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From System Models to Value  
The topic of this lecture 

Communicate 

Validate - Verify 

Configure 

Analyze 

Simulate 

Decide 

Optimize 

Automation ! 
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A short recap from CPS Modeling lecture 

Abstraction  
(Simplification) 

Description  
(Specification) 

Operational  
(Executable) 

We talked about models … … and about modeling for CPS. 
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A short recap from CPS Modeling lecture 

We talked about multi-aspect modeling… … and illustrated how aspects 
can be combined to extract 
KPIs. 
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Last, but not least… 
We went into details about Semantics, Syntax,  

Models of Computation and Models of Architecture 
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Making more of a model Modeling 
environment 

Visualization 
Presentation 

Implementation 
Code synthesis 

Automatic design 
Design space exploration 
Decision making 

Configuration 

Analysis 
Validation / Verification 
Simulation 
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In this lecture 

Analysis 
Validation / Verification 
Simulation Code synthesis 

Compilers for adaptive systems 
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Cross-Layer 
DSE tool 

Simulator 

+ Debugger 

+ Profiler 

Algorithm 

Architecture 
PE 

Main 

Proc. 

Main 

Proc. 

Main 

Proc. 

Main 

Proc. 

PE PE PE PE 

Peripherals 

Main 

Memory 

(HW &) SW synthesis 

Synthesis at component level? 

High-level SW 
Optimizations 

HW/SW DSE  
& Optimization High-level HW 

Optimizations 

SW Codegen 

HW Codegen 

Legacy SW 
Compiler 

Legacy HW 
Toolchain 
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(HW &) SW synthesis 

SW synthesis > overview 

Task Management 
• Assignment (Mapping) 
• Ordering (Scheduling) 
• Timing 

Task1 

Task2 
Task3 

Task5 
Task6 

Task7 

Task4 

Core1 Core2 PE1 
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(HW &) SW synthesis 

SW synthesis > overview 

Task Management 
• Assignment (Mapping) 
• Ordering (Scheduling) 
• Timing 

Core1 Core2 PE1 

Task1 Task2 Task3 

Task5 Task6 

Task7 Task4 
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(HW &) SW synthesis 

SW synthesis > overview 

Task Management 
• Assignment (Mapping) 
• Ordering (Scheduling) 
• Timing 

Core1 Core2 PE1 

Task1 Task2 

Task3 

Task5 

Task6 

Task7 

Task4 

order order order 
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(HW &) SW synthesis 

SW synthesis > overview 

Task Management 
• Assignment (Mapping) 
• Ordering (Scheduling) 
• Timing 

Core1 Core2 PE1 

Task1 
Task2 

Task3 

Task5 

Task6 

Task7 

Task4 

time time time 
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(HW &) SW synthesis 

SW synthesis > HW management 

Task Management 
• Assignment (Mapping) 
• Ordering (Scheduling) 
• Timing 

Communication 
• Direct copy 
• DMA 
• Ordering 

Synchronization 
• Polling 
• Interrupts 

Core1 Core2 PE1 

Local 
Mem1 

Local 
Mem2 

Local 
Mem3 

Shared Mem DMA 

Memory 
• Static Allocation 
• Dynamic Allocation 
• Model-based allocation 
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(HW &) SW synthesis 

SW synthesis > Complexity 

HW resources heterogeneity 
• Processing Elements / Interconnect / Memory 

Limited HW resources 
• PE / Interconnect / Memory 

SW model complexity 
• Complex control dependency 
• Complex data dependency 
• Low predictability 
 

Karol Desnos (IETR) & Julio Oliveira (TNO) 16 



(HW &) SW synthesis 

SW synthesis > Tools & methods objectives 

Optimizing / offering trade-offs between: 
• Latency / Response time 
• Throughput 
• Load balancing 
• Memory footprint 
• Power consumption 

Adaptability to any target architecture: 
• DSP 
• GPU 
• HPC 
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(HW &) SW synthesis 

Mapping/Scheduling > Problem 

Part of “Operational Research” 
• How to organize a production line, train schedule, … 
• How to organize a project (Gantt Chart, …) 
• How to make decisions in general 

NP-Complete Problem 
• Validity of a solution to the problem can be verified in 

polynomial time (e.g. verifying that a schedule is valid). 

• No polynomial time algorithm for solving NP-complete 
problems is known (and it is likely that none exists). 

• When the problem grows (e.g. number of cores or tasks), 
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(HW &) SW synthesis 

Mapping/Scheduling > Solutions 

Heuristic algorithms 
• Find a sub-optimal solution in polynomial time 
• No guarantee on the solution quality 

Source: Z. Peng, lecture notes of “Computer aided design of electronics”, LiU 

Problem Specific Generic Algorithms 
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• List scheduling 
• Greedy scheduling 
• Hybrid flow-shop 

• Divide and conquer 
• Branch and bound 

• Integer Linear Programming  
• Genetic Algorithms 
• Simulated annealing 
• Ant colony 

• FAST scheduling 
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(HW &) SW synthesis 

Mapping/Scheduling > List scheduling for dataflow 

1. Create a list of actors sorted in: 
• Topological order (i.e. data dependency order) 
• When equivalent, secondary sorting criteria is used: 

longest execution time, critical path before last task, … 
 

A 
1ms 

B 
4ms 

C 
6ms 

D 
3ms 

E 
3ms 

F 
5ms 

G 
1ms 

Longest  
Execution time 

A 
1ms 

E 
3ms 

C 
6ms 

B 
4ms 

D 
3ms 

F 
5ms 

G 
1ms 

Longest  
Critical Path 

A 
1ms 

B 
4ms 

C 
6ms 

D 
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F 
5ms 

E 
3ms 

G 
1ms 
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(HW &) SW synthesis 

Mapping/Scheduling > List scheduling for dataflow 

2. Map and schedule actors to the first available PE: 

Longest  
Execution time 

Core1 

Core2 

A 
 

C 
 

D 
 

B 
 

F 
 

E 
 

G 
 

A 
1ms 

E 
3ms 
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6ms 

B 
4ms 
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F 
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G 
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Longest  
Critical Path 
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C 
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With longest execution time 

13ms 

Karol Desnos (IETR) & Julio Oliveira (TNO) 21 



(HW &) SW synthesis 

Mapping/Scheduling > Multi-objective optimization 

E.g. Latency and power on heterogeneous target. 

 
Longest  

Execution time 
A 

1ms 

E 
3ms 

C 
6ms 

B 
4ms 

D 
3ms 

F 
5ms 

G 
1ms 
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(HW &) SW synthesis 

720 Read Split 

720 

740 Sobel 

370 

368 Dilat° 
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364 Eros° 
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360 Disp. 
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1 Transform 

2 Model 
3 Update 
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e 
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4  
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space 

a 

b c d e 

f g 

h i 

0 400 800 1200 

1476 

Read 

Sobel Dilat° Eros° 

Disp. 
370 

368 364 
360 

Split 

Sobel Dilat° Eros° 
370 

368 364 
360 

720 

a 
b 

c 

d f 

e g 

h 

i 

Core1 

Core2 

Memory Exclusion Graph (MEG) 

Memory Allocation 



HW/SW Cyber-System  
Modeling Tools 

1. Modeling Environment and Languages 

2. (HW &) SW Synthesis 

3. Simulators 

4. Verification / Validation 

5. Runtime Support 

 
Karol Desnos (IETR) & Julio Oliveira (TNO) 24 



Simulators 
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Types of simulators 

Static Dynamic 

Continuous Discrete 

Deterministic Stochastic 

vs 

vs 

vs 

Simulators 
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So, if simulation is a game… 

What are the rules ? 

From a model to a game playing: 

Simulators 
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Static simulations – the rules 

Simulators 
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Simulation Engine 

Static simulations – Playing the game 

Simulators 

Can you play the static simulation game to calculate the density 
of blood cells in a sample? 

x , y  random numbers  

Reality Model 

Generated ! Karol Desnos (IETR) & Julio Oliveira (TNO) 29 



Static simulators 

Simulators 

https://www.goldsim.com 

https://www.mathworks.com 
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Discrete event simulation – the rules 

A B 

C 

Time 

A 

C 
B 

C 

A 

Simulators 

DynAA Core (Engine) 

Source : Karol Desnos  Karol Desnos (IETR) & Julio Oliveira (TNO) 31 



DES – Playing the game : An example from DynAA 

 

Simulators 

Behavior aspect 

DATA_RECEIVED 

SUCCESS 

CALCULATE_DONE 

DATA_SENT 
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DES – Playing the game : An example from DynAA 

 

Simulators 

Task aspect 

DATA_RECEIVED 

SUCCESS 

CALCULATE_DONE 

DATA_SENT 

Connected to the physical view (processor) 

DATA_SENT 

Data Processing Task 

DATA_RECEIVED 

Data Sink Task 

DATA_RECEIVED 

Determines the MoC ! 
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Discrete event simulators 

Simulators 

https://www.mathworks.com 

Find us Inside ! 
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Continuous simulations – the rules 

Simulators 

Play the game by advancing the time, step by step, and evaluating the function 

𝑥, 𝑡  
𝒚 = 𝒈(𝒙, 𝒕) 

𝑦, 𝑡  

? 𝑓(𝑡, 𝑦) =
𝑑𝑦

𝑑𝑡
 

𝑥, 𝑡  𝑦, 𝑡  
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Continuous simulations – the rules 

Simulators 

Euler’s method : the simplest solver 
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Simulation Engine 

Continuous simulation – Playing the game   

 

Simulators 

Environment Model 

Environment aspect 

𝑥, 𝑡  
𝒚 = 𝒈(𝒙, 𝒕) 

𝑦, 𝑡  
𝒚𝟐 = 𝒈𝟐(𝒚, 𝒕) 

𝑦2, 𝑡  

Choose the solver wisely ! 

Environment Model 2 
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Short view on Hybrid simulation    

 

Simulators 

Data Processing Task 
Data Sink Task 

Environment Model 

Environment aspect 

DATA_RECEIVED 

SUCCESS 

CALCULATE_DONE 

DATA_SENT 

DATA_RECEIVED 

Looks the 
same, feels the 
same, but 
much more 
difficult !!! 

Video ! 
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38 

https://nl.mathworks.com/videos/solving-odes-in-matlab-7-stiffness-ode23s-ode15s-117651.html


Continuous (Hybrid) simulators 

Simulators 

https://www.mathworks.com 

https://www.modelica.org/ 
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Analysis / Optimization 
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Development  and Analysis of a Simplified Doors Control 
System 

 

• Monitor and Control Passenger Doors, Emergency Exits, and Cargo Doors 

• Design a system out of existing components for best weight, cost, power etc. 

Analysis / Optimization 
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Geometrical 

Functional 

Technical 

From user story to model 

 

Analysis / Optimization 
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Component library 

Requirements & Constraints  

Optimization Auto-Generation 

P1: whenever [E] occurs  [SC] holds during following [I]

P2: whenever [E1] occurs [E2] implies [E3] during following [I]

P3: whenever [E1] occurs [E2] does not occur during following [I]

P4: whenever [E] occurs [E/SC] occurs within [I]

P5: [SC] during [I] raises [E]

P6: [E1] occurs [N] times during [I] raises [E2]

P7: [E] occurs at most [N] times during [I]

P8: [SC] during [I] implies [SC1] during [I1] then [SC2] during [I2]

Automatic 

Generation 

Optimization Problem 

Formulation (CPLEX) 

par [block] EPS_Technical [Cost_Algebra]

PDB

«block,catalog»

TotalCost:RhpReal

«catalog»

SystemCost:RhpReal

«Attribute»

PowerCable

«block,catalog»

TotalCost:RhpReal

«optimized»

EPS_Technical.CF:CostFormulae

1 «ConstraintProperty»

 Constraints

System_Cost = PDB_Costs->sum() + Cables_Costs->su...System_Cost:RhpReal

Cables_Costs[1..*]:RhpReal

PDB_Costs[1..*]:RhpReal

Objectives 

DMS_Technical

«block»

switches1..*

power

switchToSwitchConnector

RDCs1..*

power

network

doorClosedSensors1..*
power

output

latchActuators1..*
power

control

controllers1..*

power

network

powerBays2

power

doorLockedSensors1..*power
output

doorLatchedSensors1..*

power

output

lockActuators1..*

power control

switchToSwitchConnector
DMS_Functional.doors_R:DoorFunctionality

4 «Function»

Locking
1 «Function»

LatchSensing
1 «Function»

Latching
1 «Function»

LockSensing
1 «Function»

CloseSensing

1 «Function»

Functional::DMS_Functional.ctrl_R:Control
1 «Function»

Functional::DMS_Functional.ctrl_L:Control
1 «Function»

Technical::DMS_Technical

«block»

latchActuators:DoorLatchActuator
1 «expand,catalog»

«allocate»

controllers:Controller
1 «expand,catalog»

«allocate»

«allocate»

doorLockedSensors:DoorLockedSensor

1 «expand,catalog»

«allocate»

lockActuators:DoorLockActuator

1 «expand,catalog»

«allocate»

doorLatchedSensors:DoorLatchedSensor

1 «expand,catalog»

«allocate»

doorClosedSensors:DoorClosedSensor

1 «expand,catalog»

«allocate»

«allocate»

«allocate»

«allocate»
«allocate»

«allocate»

«allocate» «allocate»

Analysis / Optimization 
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1. SysML modeling 

2. Run Optimization and show alternatives 

Results 
 

Analysis / Optimization 
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Runtime support 

Overview 

Runtime adaptation layer: 
• Services needed to run an application 
• Provided by “classic” OS, and/or model-aware utilities. 

Example: SPIDER Runtime 

Archi 

model 

SPIDER 

Pthreads 
Win / Linux 

Bare metal 

Vendor 
library 
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Different Runtime Strategies 

Core1 Core2 PE1 

Task1 Task2 Task3 

Task5 Task6 

Task7 Task4 

Mapping 
Core1 Core2 PE1 

Task1 Task2 

Task3 

Task5 

Task6 

Task7 

Task4 

order order order 

Scheduling Timing 

Source: E. Lee, “Scheduling Strategies for Multiprocessor real-time DSP” 

Mapping Scheduling Timing 

fully dynamic run run run 

static-assignment compile run run 

self-timed compile compile run 

fully static  compile compile compile 

Performance++ 

Core1 Core2 PE1 

Task1 
Task2 

Task3 

Task5 

Task6 

Task7 

Task4 

time time time 

Adaptivity++ 
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Fully static runtime support 

Computation 
• Non-preemptible processes/threads  
• Bare-metal or real-time OS 
• Global clock 

Communications 
• Non-blocking 

Used for: 
• Hard Real-time systems 

Thread/Core 2 Thread/Core 1 

Read/Recv A 
C 

B 
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Self-timed runtime support 

Computations 
• Processes/threads/tasks  
• Bare-metal or OS 

Communications 
• Blocking 
• Synchronization mechanism:  

    Barrier, Mutexes,  
    Semaphores, … 

Used for/by: 
• Real-time systems, statically schedulable MoCs 
• E.g. Preesm, Syndex 

Core 2 

Thread/Core 1 

Actor A 

Actor B 

Actor D 

Actor E 

Actor C 

Core 2 

Actor C 
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Static assignment runtime support 

Computations 
• Processes/threads/tasks  
• OS with scheduler 

Communications 
• Blocking 
• Synchronization mechanism:  

    Barrier, Mutexes,  
    Semaphores, Yield… 

Used for/by: 
• Dynamic/Reconfigurable models (e.g. Kahn Process Network) 

• E.g. Open RVC-CAL Compiler (ORCC), PaDaF 

Core 1 

A 

B 

Active process 

Idle processes 

D 

Core 2 

F 

C 

Active process 

Idle processes 

G H 
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Fully dynamic runtime supports 

Master/Slave model 
• Pros:  

–Adaptivity 
–Controlled decisions 
–Compatible with  

heterogeneous target 
• Cons:  

–Master overhead 
–Master bottleneck 

 

 

Thread/Core 2 

Master/Slave 
(e.g. Spider Runtime) 

Master Operator  

Multicore 
Runtime 

Core 1 

assigns 

finished 

Dequeue Job 

Process Job 

Signals finished 
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Fully dynamic runtime supports 

Work queuing 
• Pros:  

–Adaptivity 
– Light/No Overhead 

• Cons: 
– Shared queue bottleneck 
–No “intelligence” 
–Non-determinist 

 

Work-queueing 
(Apple Grand Central Dispatch, OpenMP) 

Thread/Core 1 

Core 2 
pops 

pushes 

pops 

pushes 

Dequeue Task 

Process Task 

Enqueue Task(s) 
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Fully dynamic runtime supports 

Job Stealing 
• Pros:  

–Adaptivity 
– Light/No Overhead 
–No bottleneck 

• Cons: 
–No “intelligence” 
–Non-determinist 

Job stealing 
(Cilk, Intel Threading Building Blocks) 

Thread/Core 1 

pops 

Core 2 

pops 

Core 3 

pops 
steals 

pushes pushes pushes 

Dequeue Task 

Process Task 

Enqueue Task(s) 
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Final words 
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