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1. Introduction
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Meta Model

TSM Meta Model

1. Introduction

TSM

SDF   KPN
PN SC       DE

Design

Meta Model

MoC
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2. Tagged Signal Model

Signals

1s 2s

3s
4s

5s
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Preliminary Definitions

,...},{ 21 vvV =
,...},{ 21 ttT =

Values

Tags

2. Tagged Signal Model

,...},{ 21 ttT =Tags

Event VTe ×∈ e.g. ),( 121 vte =

Signal ...},,{ 3101 eees =
e.g. )},(),,(),,{( 313622 vtvtvts =
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Functional Signals

2. Tagged Signal Model

We call a signal S functional if for all two events

follows that 

Svtevte jjii ∈== ),(),,(

ji vv =

Quiz: 1.

( ) ( ) ( ){ }3,3,2,2,3,1=S

Functional?
Yes

No
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Functional Signals

2. Tagged Signal Model

We call a signal S functional if for all two events

follows that 

Svtevte jijiii ∈== ),(),,(

ji vv =

Quiz: 2.

( ) ( ) ( ){ }abaS ,,,,, −−−=

Functional?
Yes

No
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Tuples of Signals

2. Tagged Signal Model

( )N
N ssss ,...,, 21=

1s 2s

3s
4s

5s

NSSet of all those tuples:
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Empty Signals

2. Tagged Signal Model

S∈∅=λ
{ } N

N

S∈=Λ
43421

λλλ ,...,,
N

By definition: ss =∪ λ

{ } N
N

N sssss =∪∪∪=Λ∪ λλλ ,...,, 21
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Bottom Signal

2. Tagged Signal Model2. Tagged Signal Model

From the discussion of synchronous languages, we know the bottom
symbol 

standing for the absence of a signal at a time step.

⊥

3. Holds ?( )⊥= ,itλ

Yes

No
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2. Tagged Signal Model

Processes

P2P

1P 3P
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Process

2. Tagged Signal Model2. Tagged Signal Model

NSP ⊆

satisfies if Ns P Ps N ∈satisfies if Ns P Ps N ∈

We call such an       a behavior of  PNs
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Composition

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P
2s 4s

5s

6s

7s

8s
2P

The composite should only allow
behaviors allowed both by      and       .

1P 2P
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Composition (cont’d)

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P Therefore,2s 4

5s

6s

7s

8s
2P

21 PPQ ∩=

Q Is there a problem?
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Composition (cont’d)

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P

21 PPQ ×=
2s 4

5s

6s

7s

8s
2P

Q



A Framework for Comparing Models of Computation 18

Connections

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P ( ){ }:, ssssC ==2s 4s

5s

6s

7s

8s
2P

5,4C 7,2C

( ){ }54545,4 :, ssssC ==

( ){ }72727,2 :, ssssC ==
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Composition of Interacting Processes

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P

7,25,421 CCPPQ ×××=

Q

2s 4s

5s

6s

7s

8s
2P

5,4C 7,2C
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Projection

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P

We want to hide

7521 ,,, ssss

Define Projection function:

Q

2s 4s

5s

6s

7s

8s
2P

5,4C 7,2C

Define Projection function:

Let 

then 

( )MiiiI ,...,, 21=
( )N

N ssss ,...,, 21=

( ) ( )
Miii

N
I

MN
I

ssss
tsSS
,...,,
..:

21
=
→

π
π



A Framework for Comparing Models of Computation 21

Projection

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P

We want to hide

7542 ,,, ssss

Projection function:

Q

2s 4s

5s

6s

7s

8s
2P

5,4C 7,2C

Projection function:

Let 

then

( )8,6,3,1=I
( )QQ Iπ=′
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Inputs

2. Tagged Signal Model2. Tagged Signal Model

1s

2s

3s

4s1P

Set of all possible Inputs

B

One specific input:

Q

2s 4s

5s

6s

7s

8s
2P

5,4C 7,2C

One specific input:

A

PA× are the possible behaviors
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2. Tagged Signal Model

Determinacy

P2P

1P 3P
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Functional Process

2. Tagged Signal Model2. Tagged Signal Model

I O

)()()'()( ssss OOII ππππ =⇒=

Let      be the indices of the inputs, let       be the indices of the 
outputs.

Then, a process is functional if

)()()'()( ssss OOII ππππ =⇒=

Then there exists         s.t.

Pss ∈∀ ',

( ))()( sFs IO ππ =

Ps ∈∀

F
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Functional Process (cont’d)

2. Tagged Signal Model2. Tagged Signal Model

I O
A process may be functional with respect to different assignments for

and :

1s

2s
2,1C 1s

2s
2,1C
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Determinacy

2. Tagged Signal Model2. Tagged Signal Model

A process is determinate iff

1≤× PA



A Framework for Comparing Models of Computation 27

Determinacy

2. Tagged Signal Model2. Tagged Signal Model

2P
4,3C

1s

2s 3s

s s

5s

4. determinant if        and

determinant?

Yes

No

1P
4s

6s

1P

2P
Q

Q



A Framework for Comparing Models of Computation 28

Determinacy

2. Tagged Signal Model2. Tagged Signal Model

2P
4,3C

1s

3s

s s

5s

5. determinant if        and

determinant?

Yes

No

1P
4s

6s

1P

2P
Q

Q
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Agenda:

1. Introduction

2. Tagged Signal Model

3. Modeling of Time and Causality

4. Transformations of Tag Systems

5. Summary

�
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The Role of Tags

2. Tagged Signal Model3. Modelling of Time and Causality

The natural interpretation

PK = {(( , 0),( , 15 min))}

Is this interpretation generally useful?
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Global Order vs. Partial Order

2. Tagged Signal Model3. Modelling of Time and Causality

It does not matter in which order the items are cooked. Maybe they 
are cooked simultaneously?
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Establishing Order

2. Tagged Signal Model3. Modelling of Time and Causality

Ordering of tags:

21 tt ≤
Relation is

• reflexive
• transitive
• antisymmetric

T ≤T with such a relation      is called ordered.

It is globally ordered if                                or 

partially ordered otherwise.

ji ttji ≤∀ :, ij tt ≤
≤
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Establishing Order (cont’d)

2. Tagged Signal Model3. Modelling of Time and Causality

eett ≤→≤( ),vte =

Event ordering depends on tag ordering:

2121 eett ≤→≤
( )111 ,vte =
( )222 ,vte =
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Timed Models of Computation

2. Tagged Signal Model3. Modelling of Time and Causality
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Metric Time

2. Tagged Signal Model3. Modelling of Time and Causality

( ) ( )
( ) ttttd

ttdttd

=′⇔=′

′=′

0,

,,

The tags adhere to a metric:

( ) 21, ttttd −=′

( )
( )
( ) ( ) ( )ttdttdttd

ttd

ttttd

′′≥′′′+′

≥′

=′⇔=′

,,,

0,

0,

Frequently used:
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Discrete Event

2. Tagged Signal Model3. Modelling of Time and Causality

PGiven:

Ps N ∈

( ) Tst N ⊆
P

1s 3s

2s

( ) Tst ⊆

( )Nst is order isomorphic to a subset of integers.

1t 3t
2t

4
6

2

32 tt <
21 tt <
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Circuit Simulators

2. Tagged Signal Model3. Modelling of Time and Causality

architecture foo_a of foo_e is 
begin 

t0 t0+∆ t0+2∆ t1

a 1 1 1 1 begin 
x <= a and y;
y <= a or b, 

end foo_a; 

a 1

b 1

x 0

y 0

1

1

0

1

1

1

1

1

1

1

1

1
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Circuit Simulators (cont’d)

2. Tagged Signal Model3. Modelling of Time and Causality

The tag consists of two parts:The tag consists of two parts:

( ) NNttt ×∈= 21,

Simulation Time Delta Time
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Circuit Simulators (cont’d)

2. Tagged Signal Model3. Modelling of Time and Causality

There is no order isomorphism between  and a 
subset of integers.

This is because there can be an infinite number of delta steps between 
two simulation steps. Consider, e.g.

NN ×

two simulation steps. Consider, e.g.

architecture foo_a of foo_e is 
begin 

a <= not a; 
end foo_a; 
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Circuit Simulators (cont’d)

2. Tagged Signal Model3. Modelling of Time and Causality

It can be proven that if a fix point is found, that it is unique

� Determinacy

The fix point iteration converges under the condition that there is a delay The fix point iteration converges under the condition that there is a delay 
on feedback loops.
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Synchrony

2. Tagged Signal Model3. Modelling of Time and Causality

• Two events are synchronous have they have the same tag.

Greek: sun ↔ together
khronos ↔ time

• Two signals are synchronous if for each event in the one signal, 
there is a synchronous event in the other signal.

• A tuple of signals is synchronous if each pairs of signals are 
synchronous.

• A process is synchronous if all its behaviors are synchronous.
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Synchrony: Results

2. Tagged Signal Model3. Modelling of Time and Causality

• Synchronous languages like Esterel are synchronous if       is 
considered to be a value.

• Synchronous Data Flow is not synchronous.

⊥
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Untimed Models of Computation

2. Tagged Signal Model3. Modelling of Time and Causality
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Rendezvous

2. Tagged Signal Model3. Modelling of Time and Causality

2P1P1s
3s 2s

( ) ( ) ( )321 ,, sTsTsT are each totally ordered

Rendezvous: ( ) ( ) ( )321 eTeTeT ==
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Kahn Process Networks

2. Tagged Signal Model3. Modelling of Time and Causality

( ) ( ), sTsT

Channels of Kahn Process Networks 
are FIFO. Therefore,

2s

3P

( ) ( )21 , sTsT
are totally ordered.2P1P 1s

2s
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Kahn Process Networks

2. Tagged Signal Model3. Modelling of Time and Causality

( )∑ sDefine sequence 
2s

3P

( )∑

2P1P 1s
2s

Then, a Kahn Process is defined by:

( )( ) ( ){ }∑∑ =∈= N
O

N
I

NN ssFSsP ππ:
What is the constraint on F s.t. the KPN is deterministic?
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Data Flow

2. Tagged Signal Model3. Modelling of Time and Causality

SWITCH

0
1

SWITCH

SWITCH SWITCHSWITCH SWITCHSWITCH
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Data Flow

2. Tagged Signal Model3. Modelling of Time and Causality

∑
=

=
k

i
ik vb

1
,2

3ss
mbm

vv

vv

=

= ,1,3

2s

SWITCH

3s

4s
1s

n

m

bnn

bm

ee

ee

−>

>

,2,4

,1,3

nbnn vv −= ,2,4
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Petri Nets

2. Tagged Signal Model3. Modelling of Time and Causality

( ) ( ), sTsT1s
Very similar to data flow.

( ) ( )21 , sTsT

2s

1s
Notable exception:

are not totally ordered

Semantics in TSM: 12: ssf → ( ) 2eef < 2se∈∀
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Agenda:

1. Introduction

2. Tagged Signal Model

5. Tagged Signal Model

3. Modeling of Time and Causality
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5. Summary

�
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System Refinement

2. Tagged Signal Model4. Transformations of Tag Systems

TTf ′→:

Suppose we have two tag systems and an order 
preserving mapping

TT ′,

( )tf

Then we can refine the system by replacing each tag     in each 
event in every process by        

Obviously, this preserves the designs properties.

t
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Agenda:
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5. Summary

Alternative View on Presentation

Synchrony
Determinacy

Concepts

Current Situation

Tagged Signal Model

Confusion

Possible Solution

Composition

Functionality

Kahn Process Networks

Data Flow
Petri Nets Event

Refinement

Rendezvous

Metric Systems

Discrete Event

Models of Computations

Definitions

Tagged Signal Model

Process

Signal
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Thank you

for your attention

Slides: twelp@berkeley.edu
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