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Hierarchical Concurrent Finite State Machines

m There are two important mechanisms that reduce the size of an FSM model:
1. Hierarchy

2. Concurrency

lmportant

o Using Hierarchy and concurrency we only reduce the size of the
graphical or textual model; the intrinsic complexity - the number of
states of the actual system - cannot be reduced.

7 However, the difficulty of realising the model is drastically reduced.
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Hierarchical Concurrent Finite State Machines

Hierarchy
o A single state S can represent an enclosed state machine F:

Being in state S means that state machine F is active — the system is
in one of the states of the state machine F (or states).

Concurrency

o Two or more state machines are viewed as being simultaneously active
— the system is in one state of each parallel state machine
simultaneously (and states).
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Hierarchical Concurrent Finite State Machines

Statecharts is a graphical language for hierachical concurrent FSMs

concurrency
y /l/ \\
A 5 B A
z T (G )
o |
S I P
< F N | CE
R | X d/g| /|
LAl
-
- . /

Hierarchical Concurrent Finite State Machines

Statecharts is a graphical language for hierachical concurrent FSMs

m System enters state Y — it will be in both A and B.

m A consists of D and C; C is initial state for A.
D consists of E and F; E is initial state for D.

Entering Y, the system
mmp will be simultaneously
in C and H;
m B consists of G, |, and H; H is initial state for B.

Y
A

*vE ~ P
/
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Hierarchical Concurrent Finite State Machines
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Hierarchical Concurrent Finite State Machines
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Hierarchical Concurrent Finite State Machines
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Hierarchical Concurrent Finite State Machines
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Our earlier example, now using Statecharts:
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Hierarchical Concurrent Finite State Machines
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Hierarchical Concurrent Finite State Machines
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Hierarchical Concurrent Finite State Machines

b L I

Vol T e T e abyaxr
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FSMs: Time and Synchrony

m (hierarchical concurrent) FSMs are synchronous models.

o Ihe synchrony hypothesis:
The time is a sequence of instants (clock ticks) between which nothing
interesting occurs. In each instant, some events (inputs) occur in the
environment, and a reaction (output) is computed instantly by the
modelled design.

- Computation and internal communication (between the FSMs
composing the system) take no time (compare to Discrete Event,
where components can have arbitrary delays!).

- Events are either simultaneous (occur at the same clock tick) or one
strictly precedes the other (as opposed to dataflow and Petri Nets
where we only have a partial order of events).
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FSMs: Time and Synchrony

input events internal events output events
FSM1 = FSM2 -
EE——

synchronized: input events are at the

same time with the internal and
output events generated as response.
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FSMs: Time and Synchrony

Question

Is the synchronous model sufficiently realistic to be used in practice?

Answer

For some applications yes!

It is the case when the following assumption is true:
[The reaction time of the system (including internal communication) i?

neglectable compared to the rate of external events.
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Why Do We Like Synchronous Models?

m A set of communicating, concurrent FSMs behaves exactly like one
equivalent FSM.
Models are deterministic.
It is possible to formally reason about models and to formally check
properties of the model. This is important for safety critical applications.

m ltis possible to efficiently synthesise (compile) synchronous models to
hardware or software.
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"Itis possible to efficiently synthesise (compile) synchronous models to hardware or software.”
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Why Do We Not Like Synchronous Models?

m Reasoning, verification and synthesis based on synchronous models are
meaningful and correct gnly as long as:

1. A completely synchronous implementation of the whole system is
possible.

2. We are sure that for the implemented system the assumption is true:
The reaction time of the system (including internal communication) is
neglectable compared to the rate of external events.

m Implementing large models as synchronous systems is expensive and often
technically impossible.
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Synchronous/Reactive Languages

m  Synchronous/reactive languages describe systems as a set of concurrently
executing synchronized activities.

o Communication is through signals.
o Signals are either present or absent at a certain tick.
o The presence of a signal is called an event.

m These language are semantically equivalent to the (extended hierarchical
concurrent) FSM model !I!!

m Esterelis a well known synchronous/reactive language. Every Esterel model
can be compiled to an extended FSM.

How to implement a synchronous system?

= In hardware:
o System described as single FSM:

- implementation as a state machine.

o System described as several FSMs:
- several communicating synchronous state machines or

- implement the equivalent single (very large) state machine

But if the system is large:

o How do you distribute the clock signal on a large chip, in order to keep
synchrony?

o If there are several chips, keeping synchrony is even more difficult.
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How to implement a synchronous system?

= In software:
o One single FSM or several FSMs:
Generate a sequential program which emulates the state machine.

Problems:
o Large concurrent systems — state explosion = very large programs.

o ltis practically impossible to implement the software on a large
multiprocessor/distributed system (extremely inefficient to keep the
global synchrony of such a multiprocessor/distributed software).
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How to implement a synchronous system?

m If the model is impossible (or very difficult and expensive) to implement,
there is no use that it is elegant, simple, and can be formally verified.
We get a correct verified model but we cannot implement it correctly!

{

Synchronous models are very good for relatively small systems
implemented in hardware or software.

» For larger systems we have fo give up the assumption of global synchrony.
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GLOBALLY ASYNCHRONOUS LOCALLY
SYNCHRONOUS SYSTEMS

1. Globally Asynchronous Locally Synchronous Systems

2. Globally Asynchronous Locally Synchronous System Models
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GALS Systems
Globally asynchronous and locally synchronous (GALS) models:
\/FSIVIQ,\ m Each FSM individually behaves like a
TN 77_7;.5;,-/-"/’\.\#, synchronous systems — reacts
FSMq|— | instantaneously on a set of available
\F j' \\ inputs and generates output.
L r' >, m The global system is asynchronous —
= H + FSM\I communication time is finite and non-
| | | \ 3) zero; reaction time of each FSM, as
Al ‘\" y viewed by other FSMs is finite and
VRN e
(FSMs)| ' non-zero.
N |
B \t:“ / m  With global asynchrony, buffering of
\FSM‘U signals could be needed.
NS
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Ol e I alaidl "The global system is asynchronous™
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GALS Systems

m  With a GALS model, the set of FSMs is not any more equivalent with a single
FSM (as was the case for the synchronous model).

}

Several nice features are gone:

o With synchronous FSMs we had the nice theoretical background and
the possibility of formal verification of the whole system. Not the case
with GALS.

o Every implementation of a synchronous FSM model is guaranteed to
be functionally equivalent to the initial model and behave exactly and
deterministically like the model (in the case we are able to produce an
implementation!). Not the case with GALS.
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GALS Systems

m The GALS model is not deterministic, in the sense that its behavior depends
on the amount of time taken for a certain communication or transition.

{

Two different implementations of the same GALS model can behave differently.
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GALS Systems

— L

|\(SM1\ ': H(FSW )
N J N4

m A GALS model: FSM4 and FSM; communicate through a single-slot buffer.

s FSM4 outputs a signal (writes into the buffer) every 2 ms (we neglect
communication time).

1. If the reaction time of FSM3 is 6ms, every third signal from FSMq will be
reacted on.

2. If we have a faster implementation of FSM3, with reaction time 2ms,
every signal from FSM4 will be captured.
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GALS Systems

m Each individual FSM can still be verified and formal methods can be used.

m However, individual correctness of each FSM does pot guarantee the
correctness of the whole system. The system behaves correctly only if, jn
addition, certain assumptions regarding the timing of components and of
communications are satisfied.

VAR VAR
FSMq )| F—={FSM2)
\__/ N4

— —

o Each FSM can be functionally verified individually.

o The global system will be correct (no signal is lost) if FSM3 has a
reaction time which is smaller than the production rate of FSM1.

o Estimation and simulation can be used in order to verify that a certain
implementation (like FSMq as software on a certain uprocessor, and
FSM3 as an ASIC) satisfies this assumption.

Sl 355 0of 13) LSty 2.8 2 9 Jlgad) o bludl 1aas a8y At pé GALSALaST () Lidye o aay
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"However, individual correctness of each FSM does not guarantee the correctness of the whole system.” o
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"Estimation and simulation can be used in order to verify..." °
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GALS System Models

m A GALS system is modelled as a network of FSMs:

o Each FSM has a locally synchronous behavior: it executes a transition
by producing a single output reaction based on a single, snap-shot
input assignment in zero time.

o A System has a globally asynchronous behavior: each FSM reads
inputs, executes a transition, and produces outputs in a finite amount
of time as seen by the rest of the system.

GALS alasi 7303
GALS &olas¥ "z 3Las" sbiy 248,8 W puas domsy 4l o
Bagumll Wl T e 48ES GALS plias 4> Jei 0i"A GALS system is modelled as a network of FSMs" e
Bagaze Ul A1 9o 098 S e (3] 1) SLsSUI e 2S4S allail) Jlaws Lot 2 3wl 5,860 ©
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Jlie (ol pllaiS (apazs (FSM) Ul 2l S s ls
CiBll e " yaue" § (zy5e) Jad B3y g clohe Flug g Alad § Lo s el Bpgd dadl" 5l 8 ©
Akl
s Bazmill (Sasg o i Jlis @lle (2 dlane e Jiaay L) Jlaidl wie By Sl g lda o
(Globally Asynchronous) Lile oyel5ill p& &lelud! -2
ALY e Apps o) Buleall s s calladd] SligSe &y s g 0 o lemls O
kg d9dzma i Sy 9a Lpla e iy (LIl dudit (Lpdls e 8e,a) ¥ dB,anad gll cdsll O
Sy
O3be el ol e OLud Yl Jad 8yt mpgi Jle O
ALl "d0y98" ALl 95 a5 guanll Bl Al (Ledome) Lty
Ly e Aaoely ualll Aazed o el JolBy (ard> By lia (lidlyy pasdd Aeudll Gaglss
L9 Aadly Ayl 4359 «(uniatll hun Las) 098 IS Aial g ddlie Al 1 Ady tonindy O ¢80 pazmy GALS 7 3503t uadlied

(ol @l 4 a> (uSay Low) bS8 s edle Lol Al e

GALS System Models

m FSMs communicate through signals.

o A signal, in general, carries an event and associated data.

o A signal is communicated between two FSMs via a connection that has
an associated input buffer.

o A sender can communicate a signal to several receivers; each receiver
buffers the signal in its own input buffer (of a certain size) associated
to the connection.

o Communication is asynchronous and has undefined (finite) delays.
Each input buffer stores the most recently received events and values.

o In general, the transmitter sends without waiting for the receiver;
nothing prevents the transmitter from sending a new event before the
last one was consumed and, thus, potentially, overwriting it.

GALSz 3Las 3 Juol gl lll
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GALS System Models

m A FSM reacts when at least one event is available on any of its inputs; in
this case the FSM
o reads and consumes the available input signal(s);

o identifies the matching transition and performs the corresponding
state transition with the associated action set;

o writes the outputs associated to the transition.

m The reaction takes a certain, finite, amount of time.

After executing a transition, the FSM will be ready to react to new inputs.

Question: When? Immediately, just after it finished the current transition?
Answer: Not necessarily!

When a certain FSM is ready to check inputs and react, depends on the,
execution platform, the execution times, periods, and the scheduling policy
used at implementation.
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GALS System Models

uP
- [ Period T1 =100 us
(7 | Task 1 {
_/ - WCET C1 =40 us
uP
[ Period T2 =30 1s
( = \3 Task 2 <
2 - WCET C2=10 us
1P
- [ Period T3 =25 us
i/rg ) =~ Task 3 4
N - WCET C3=10 us

Each task implements an FSM (in software).

Works! No problem!
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GALS System Models

Period T1=100 us
Task ~
P 1 <
“ WCET C = 40 ss
4—/ / B
-\ \\71/..

[ Period T2 =30 1s

Task » ¢
WCET C2=10 us
Does this work? )
Can each of the tasks work at the Period T3 =25 us
required rate (period)? Task 73 <

WCETC3=10 us

= 71 heeds to run for 40 us every 100 us: 40% of CPU
m 72 needs to run for 10 us every 30 us: 33% of CPU \ Total: 113%
m 3 needs to run for 10 us every 25 us: 40% of CPU | This will not work!

If the total utilisation is not larger than 100% it
is possible to implements the tasks!
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Ao JSI" (CPU Utilization) glall aflaseis!” o "deatl pce” Mms (3 ez o Jlgad ! da e ozl Y
Olels e SO wldanll o

By dais (of s do¥1 Aadl o (Gad. T = 100 pis Aagdl 4 dais oof quzmy g0l Jaall 22 (Period T) 55401 1
(deadline) JLal Lade so g 1n . 4L9,55L 100 S

https://manara.edu.sy/



https://manara.edu.sy/

iz

6)liaJl

Leiid g Loie Llae e lall (pe Zal) dlizes by (qadl ga: (WCET C) dudiild (e lgwl 2

oo golby B Byslxe

:obluxll o
Al9,S4Le 100 S lall by (he 43lig,Sile 40 zLims s Ty Akl ©
Pl a8l 10 40% 1140/ 100=040 aloziadl i ®
Alig,Sile 30 US 3lig,Sula 10 zLims T2 Akl ©
Flall a8l 0 33% s1:10/302033 aluxiadl 4o =
Ailg,Sule 25 S 2lig,Sile 10 lims T3 Al ©
Blall 8l 0 40% s1:10/25=0.40 sl dud =
ol dmddl e
0f i sl lall e JSI Jaad) ecie pami boie ©
%113 = %40 + %33 + %40 = pgazell  ®
il (y0 %113 Ay lall domy o Tolind Jemadl 0 ©

(Lo of) pldl sda e J8¥ e 5u>1g (This will not work!). =i o Slielgll sl paesad! 1 ‘15! o
Al Jad J) 035, 18 Lee ALl laselse Sisdie

el Youzdl 5acld
ST laalt JSI alasiaad] (585 o 13] " gartg gl Loy 99 il gl Aalail 3 qadd) oog5lall W puaas sl Ay, 21
"aled! dudis (Sakl (a3 %100 (e
%100 39l 13) %100 goluuy o cyo J3T lall alusinl gazme 05Ss Of cumy cpllasll 7 s 3 Jol lia 0 (S sl gy 1
" (scheduler) sl ll wlaie" 8 iS (e I3 oy satay o Digarin ] 4S9 «5Scon 7 Lills (3T OIS 13] Lol .y g Jalld
Aalzsll oLl e @bl g 5550 )

https://manara.edu.sy/



https://manara.edu.sy/

