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• A denotational framework for MoCs 

• Semantic basis 

• Untimed MoC 

• Synchronous MoC 

• Discrete Time MoC 

• Continuous Time MoC 

• Integration and Interaction of MoCs 

• Parallel simulation 

• Mapping onto parallel architectures 

 

Overview 
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• Concurrent process networks 

• Formal definition of Communication 

• Formal definition of Synchronization 

• Formal definition of Time 
• Untimed 

• Synchronous Time 

• Discrete Time 

• Continuous Time 

• Heterogeneous MoCs  

• Execution mechanics 

• Purpose of a model: simulation, synthesis, 
verification, performance analysis 

Models of Computation 

A3 

A1 A2 
s1 s2 s3 

s4 s5 
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ForSyDe Objectives 

 

• Model time explicitly 

 

• Allow for time at all abstraction levels 

 

• Allow to mix different time models 

 

• Model process invocation explicitly 

 

• Abstract execution mechanics 
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ForSyDe Features 

A3 

A1 A2 
s1 s2 s3 

s4 s5 

Processes 

• Communicate through signals only; 

• Functional 

• State-full 

• Blocking read 

• Partition input and output signals 

• Evaluate when required input is 

available 

Signals 

•  Sequences of events 

• Preserve event order 

• Have one writer and multiple readers 

• Untimed MoC: Events are partially 

ordered 

• Discrete Time MoCs: Signals carry 

timing information 

• Continuous Time MoC: Signals are 

functions 
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The ForSyDe Design Flow 
Ideal System Model 
No resoucre limitation on 

•Processors 

•Communication bandwidth 

•memory 

Implementation model 
With finite resources 

•Processors, HW blocks 

•Reconfigurable resources 

•Buffers 

•Communication architecture 

•Schedulers, arbiters 

C program 
VHDL design 

SystemC model 
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Process constructor 

ForSyDe Process Constructors 
Process = constructor + function + initialState + invocationCondition 

state 

input 

signal 

output 

signal 

γ 

invocation 

condition 

f 

Process function 
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The combU Process Constructor 

combU (c,f) = p 

       where p(s) = s’ 

Process constructor 

<<1>,<2>,<3>,…> 1 

invocation 

condition 

f(x)=2x 

Process function 

<<2>,<4>,<6>,…> combU (c,f) = A 

       where c=1 

                  f(x) = 2x 
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Sequential 

Process Combinators 

   

Sequential 
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fA(x,y) = if (y==3) then 3 else x 

 C <1,2,3,4> = <1,2,3,4>  

     C <1,2,3,4> = <3,3,3,3>  

 

Feedback Semantics 

Process Combinators 

fA(x,y) = x+y 

C <1,2,3,4> = ? 

Least fixed point over 

signal histories 

fA(x,y) = x+y 

C <1,2,3,4> = <>  

 

fA(x,y) = if (y==3) then 3 else x 

 C <1,2,3,4> = <>  
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Feedback Semantics 

Process Combinators 

fA(x,y) = x+y 

C <1,2,3,4> = <0,1,3,6,10>  

 

fA(x,y) = if (y==3) then 3 else x 

 C <1,2,3,4> = <0,1,2,3,3>  

 

Initialized to 0 

Least fixed point over 

signal histories 
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fA(x,y) = x+y 

C <1,2,3,4> = <┴, ┴, ┴, ┴>  

 

fA(x,y) = if (y==3) then 3 else x 

 C <1,2,3,4> = < ┴, ┴, ┴, ┴>  

 

Feedback Semantics 

Process Combinators 

Least fixed point over 

values in each 

computation cycle 
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Models of Computation 

Process constructor 

state 

input 

signal 

output 

signal 

γ 

invocation 

condition 

f 

Process function 

Models of Computation 
• Untimed MoC 

   (Dataflow, SDF) 

• Synchronous MoC  

   (Perfectly, Clocked) 

• Discrete Time MoC 

• Continuous Time MoC 

Process Constructors 
• State-less 

• Finite state machines 

• Signal merge/split 

• Source/sink 

 

 

Process Combinators 
• Sequential composition 

• Parallel composition 

• Feed-back composition 
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Definition of a Model of 
Computation 

The Untimed Model of Computation is defined as 

U-MoC = (C,O), with 

C = { combU, scanU, scandU, mealyU, mooreU, 

         zipU, unzipU, zipWithU, unzipU, 

         sourceU, sinkU, initU } 

O= { ||, o, FPP } 

• Synchronous MoC 

• Clocked Synchronous MoC 

• Discrete Time MoC 

• Continuous MoC 
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Time and Process Invocation In 
MoCs 

• Untimed MoC:  

• No explicit time, ordering of events 

• Invocation based on data availability 

• Synchronous MoC: 

• Slot based time abstraction 

• Invocation in every slot 

• Discrete Time MoC: 

• Physical, discrete time in seconds 

• Invocation based on data availability and progress of time 

• Continuous Time MoC: 

• Physical, continuous time in seconds 

• Continuous invocation based on transfer functions 
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The Integrated Model of 
Computation 

The Integrated Model of Computation is defined 
as 

HMoC = (M,C,O), with 

M = { U-MoC, S-MoC, CS-MoC, T-MoC, CT-MoC} 

C = { intSup, intSdown, intTup, intTdown,  

          stripT2S, stripT2U, stripS2U, 

          insertS2T, insertU2T, insertU2S, 

          a2dConverter, d2aConverter  } 

O= { ||, o, FPP } 
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MoC Interface Processes 

Downstream the Time Abstraction 

p1 p2 pU2S p3 

U-MoC S-MoC 

3 2 2 1 1 
pS2U p3 

T-MoC 

pT2C p3 

C-MoC 

n number of tokens 

per synchronous 

slot 

Each synchronous 

slot lasts x nano 

seconds; 

Time relation is 

fixed already; 

        time structure propagates time relation is fixed 

Interpolation of Data Interpolation of Data No Change in Accuracy 
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MoC Interface Processes 

p1 pC2T p3 

C-MoC T-MoC 

2 

pT2S p3 

S-MoC 

pS2U p3 

U-MoC 

Each synchronous 

slot lasts x nano 

seconds; 

Time relation is 

fixed; 

Only valid data are 

communicated; 

time structure propagates time relation is fixed time structure does not 

propagate 

Sampling of Data Sampling of Data      No loss of Data 

Upstream the Time Abstraction 
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Heterogeneous MoCs 

p4 pU2S p3 

S-MoC 

pS2U p2 

T-MoC 

pT2C p1 

C-MoC 

p8 pC2T p7 pT2S p6 pS2U p5 
1 1 

2 

2 

3 3 

1 slot – 1 tocken 10 ns – 1 slot 10 ns – 10 ns 

10 ns – 10 ns 10 ns – 1 slot 1 slot – 3 tokens 
U-MoC 
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• Process compilation and synthesis 

 

• Communication Refinement 

 

• Targets: 

• Hardware implementation 

• Multi-core software generation 

• Parallel simulation 

Implementation 
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Communication Channel 
Refinement 

C I ConsumerI

Consumer

Producer

Producer

ConsumerI I

Producer

Ideal Communication 

Asynchronous 

Interface 

Realistic 

Channel Model 
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Refinement for Reliability

Interface

Refinement for Performance

NoC

Interface

NoC

Refinement for Power

Mapping to NoC Services

Consumer
Producer I/R I/RC

ConsumerAProducer A C

Consumer
Producer I/R/P/P C I/R/P/P

Consumer
Producer I/R/P C I/R/P

Refinement and Validation 



23 

Asynchronous Interfaces 

ConsumerI IProducer

• Selection of communication mechanism 
• Send/receive 
• Shared memory 
• Buffering 

• Introduction of flow control 
• Specification of requirements on 

• Performance 
• Power 
• reliability 
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• Delay 

• Jitter 

• Reliability 

• Stochastic model 

Modelling the Channel 

Producer I
Consumer

I C



25 

• Design for a fault hypothesis 

• Corrupted data 

• Delay faults 

• Transient faults 

• Permanent faults 

Refinement for Reliability 

Producer I/R
Consumer

I/R C
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• Mapping to lower level services 

• Buffer dimensioning for hiding jitter and 
delays 

 

Refinement for Performance 

Producer
Consumer

I/R/PI/R/P C
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Options for power optimizations 
• Mapping to lower level services 

• Minimizing traffic 

Refinement for Power 

Producer I/R/P/P
Consumer

I/R/P/P C
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• Selecting type of service 

• Static/Dynamic allocation of connections 

• Merging of channels into connections 

• Instantiation of adapters 

Mapping onto NoC Services 

NoC

Interface
Producer

NoC
A

Interface
C

ConsumerA
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• P1  R1 

• P2  R2 

• Q  R3 

• Ch1  vc1 

• Ch2  vc2 

 

Audio Amplifier Example 

• P1,P2  R1 

 

• Q  R3 

• Ch1  vc1 

• Ch2  vc2 

 

• P1,P2  R1 

 

• Q  R3 

• Ch1,ch2  vc1 

Mapping Alternatives 

Mapping a Synchronous MoC model onto an MPSoC 
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Audio Amplifier Example 
• P1,P2  R1 

 

• Q  R3 

• Ch1  vc1 

• Ch2  vc2 
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ForSyDe Status 
Ideal System Model 
No resoucre limitation on 

•Processors 

•Communication bandwidth 

•memory 

Implementation model 
With finite resources 

•Processors, HW blocks 

•Reconfigurable resources 

•Buffers 

•Communication architecture 

•Schedulers, arbiters 

C program 
VHDL design 

SystemC model 

Stable Modeling technique 

U-MoC, S-MoC, 

D-MoC, C-MoC 

ForSyDe Libararies 

Set of transformations defined 

Verification of local  

transformations 

CoSimulation by Wrapping 

 

Refinement by Replacement  

Methodology 
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• Questions 
 
 
 
 

Questions ? 


