
Systems, the Design Process and Models 
Objective 

In design must look at things from many points of view 
 
Customer 

Finances the development 
Directly 
Indirectly 
 

Best design of little value if no one to buy 
 
What kinds of things do we need to consider 
 
Looking at products 

• How to measure 
Costs 
Features 

• Identifying need 
Real 
Perceived 

• Tradeoff 
Technology and market area 

Difficult 
New technology in new area 

Easier 
New technology in existing area 
Existing technology in new area 

 
Deadlines and Costs 

Product development 
Based upon negotiated contract 

Company and customer 
Direct 
Indirect 

Failure to respect 
Development and delivery costs or schedules 
Leads to loss of 

Sales 
Market share 
Credibility 

Quality 
Beyond obvious need to work properly 
Product must meet the following criteria 

Robust 
Reliability and tolerance of errors and use 

 

New Old

New

Old

Technology

Market



Does it do what it’s supposed to 
How does it behave with unexpected  
 

Clear and understandable documentation 
 
Ease of use 

Intuitive 
Counter-intuitive 
 

Post sales support 
Including correction of bugs 
 

Lack of quality 
Two costs 

Obvious and immediate 
Cost to repair - often small 

Hidden 
Loss of customer confidence and sales - can be very large 
Once confidence lost very difficult to regain 

 
System Requirements  

Derived from negotiation with customer 
Direct or indirect 
 

Document written  
In customer’s language 
From customer’s point of view 
Customer may be  

Single person or multiple people 
Inside or outside the company 
 

Specifies the what of the design not the how 
 
Must be written to ensure it will be read 

Of little use if not read 
 

Poorly written or understood requirements 
Lead to misunderstanding 
Potential ill will 
Wrong product 
 



Formal Design Specification 
Derived from System Requirements documentation 

Direct 
 

Document written  
In designer’s language 
From designers point of view 
 

Must also serve as bridge between  
Customer and designer 
 

Specifies the how of the design not the what 
 
Must be written in precise language 

Stating specific requirements of the system 
May be or include  

Tables 
Equations or algorithms 
State or Flow diagrams 
Formal design language 
Pseudo English  

 
Does not include schematics, code, or parts lists 

Unless exceptional and limited circumstances 
 

Actually a hierarchy of documents 
System Specification 
Hardware and Software Specifications 
Test Specification 
Manufacturing Specification 
 

System Design and Development 
Getting Started 

Development of systems require large number of decisions 
 
Decisions require knowledge about 

• Problem 
• Tools and techniques that may be available 

Techniques - how problem is solved 
Tools - used to implement technique 

• Methods for approaching solution 
 

Based on a set of steps 
 
Each has role of  

Transforming its input (specification) into an output (a selected solution) 



Organization of the steps  
Done according to a design process model 

 
Several process models have been suggested 

Waterfall model 
V model  
Spiral model,  
Contractual model 

 
 Which ever model chosen 

Most important aspects  
Meaning and intent or objective of the basic design steps 
Specification of inputs and outputs for each step 

 
Effective approach proceeds in top-down (or modified top down) manner  

Potential overlap between steps 
Must support backwards or reverse flow - revisiting an earlier step 

Correct problems and/or enhance solutions 
 

Five Steps to Design 
     Good system designers and designs proceed using a minimum of five steps 

Requirements definition 
System specification 
Functional design 
Architectural design 
Prototyping  

 
Contemporary design process must also enforce  

IP capitalization and reuse at every design stage  
 
Traceability in both forward and reverse directions  

Captures the relationships between requirements and all subsequent design data  
     Helps managing requirements changes 

 
 Requirements Definition  

• Process of understanding what the needs of all interested parties are  
• Documenting these needs as written definitions and descriptions 
 
Focus is on what problem the system has to solve 

 
Primary step is focussing on  

World in which the system will operate 
Not on the system itself 
 

There are no formal languages currently available  
Which are able to fully express such requirements  



Natural language of experts often used  
Because the expression of requirements  

Forces the discussion of arbitrarily complex problems  
In many disciplines 
With many partners 

 
     Purpose of the Specification step is to  

Capture and express a purely external view of the system 
We refer to the public interface 
 

We identify WHAT needs to be done  
Starting from needs and user requirements 

 
This initially step requires  

A firm knowledge of the system's environment  
Then a complete modeling of the system behavior.  
 
The initial model is a functional specification  

Can be based on data-flow diagrams  
• Structured Analysis and Structures Analysis Requirements 

Techniques 
• FSMs 
• State Charts 
• Structured Design Languages 
• etc. 
 

Depends on the nature and the complexity of the problem 
 
Non-functional specifications have to be added  

We use these to explain constraints such as  
• Performance and timing constraints 
• Dependability constraints 
• Cost, implementation and manufacturing constraints 

 
Specification models must be executable 

Verification their accuracy 
 
Simulation is often used to verify that the model  

Does in fact  
Model the right problem  
Model the problem properly 

 
This step appears obvious but not often used in companies 
 

Many specification models and tools exist 
Often far too many for designers to keep track of 



 Functional Design  
Purpose is to find an appropriate internal architecture for the system 

Which explains the HOW the requirements are implemented 
According to an application-oriented viewpoint 
 

The description based on a  
Functional structure and the behavior of each function  
Must be technology-independent 

 
The designer uses the functional specifications  

As an entry point for this step 
 

A first functional decomposition is carried out based upon  
Search of essential internal variables and events in the system 
 

The design process then consists of successive refinements or decompositions 
For each function  

Using exactly the same process  
Until elementary or leaf functions are obtained 
 

Such functions have a behavior  
That can be expressed by a purely sequential description 
 

The functional description model is appropriate and sufficient 
To verify the design quality and to evaluate system behavior and performance 

 
The functional model is different from  

A specification model and also from the physical architecture 
The specification model normally describes  

External behavior of the system 
 

Model should also be executable  
To permit verification with respect to the specification 
 

During modeling and verification 
• Performance characteristics can be allocated to internal functions 
• Relations between such functions defined 
 
Allows one to estimate the expected performance of the system 

  
Architectural Design  

In executing an architectural design 
Goal is to define or develop the detailed solution 
 

Consists in searching 
Firstly for the executive support or hardware architecture  



Secondly for the organization of the software on each programmable processor.  
 

• First the functional description must be 
Enhanced and detailed to take into account the technological constraints 

Geographical distribution 
If necessary 

Physical and user interfaces 
Timing constraints  

 
• Performance requirements are then analyzed  

Determine the hardware/software partitioning 
 

Hardware portion is specified by an executive structure or physical architecture  
 

Mapping to an architecture includes function allocation to physical blocks 
Such a mapping completely describes  

Implementation of functional description onto the executive structure 
 

Behavior of the architectural solution  
Can be verified by macroscopic co-simulation. 

 
     The result of the architectural design phase is selection of 

The most appropriate solution to original problem 
Based upon  

• Exploration of variety of architectures and selection of best suited 
• Hardware/software partitioning and allocation of functionality 
 

     Criteria for any decision must consider the non-functional constraints such as  
• System performance 
• Any real-time constraints 
• Cost constraints 
• Any legacy components and available technologies.  

 
 

Prototyping  
 

The prototype phase leads to an operational system prototype 
 
Prototype implementation includes  

• Testing,  
• Debugging  
• Validation 

 
Prototyping is naturally a bottom-up process  

Since it consists of assembling individual parts 
Fleshing out more and more abstract functionalities 



Each level of the implementation must be validated  
Checked for compliance with the specifications  

Of the corresponding level in the top-down design 
 

Hardware and software implementations  
Developed simultaneously  

Involve specialists in both domains 
Hopefully reducing the total implementation time 

Often doesn’t happen 
Software usually leads hardware 

 
Complete solution can be generated and/or synthesized both for  

Hardware  
ASICs and standard cores 

Software  
Hw/Sw interfaces 
 

Resulting prototype is verified by co-simulation and emulation 
 
Activities in this step highly dependent on the technology used 
 
Remember 

Prototype is tool for understanding and confirming system design  
Major mistake to transformed into   

Mass-produced and marketed product. 
 

Other Considerations 
Several other factors must also be taken into consideration 

Product must be able to be  
Manufactured 
Tested 
 

Factors must be addressed early in definition and design process 
 

The two additional complementary and concurrent activities need to be considered 
Capitalization and Reuse 
Requirements and Traceability Management 
 

Capitalization… 
     Capitalization and reuse are essential activities to the contemporary design process 

Proper and efficient exploitation of IPs 
 

Consideration of component reuse is an activity to be done during  
Functional and architectural design   
Can be considered sometimes during prototyping as well 
 



Its purpose is to help designers shorten the design process 
 
Component reuse is facilitated in two ways:  present and future  

• Present 
By identifying a set of external (existing) functional or architectural 
components  

Which can satisfy some parts of desired functionality 
• Future 

By identifying components of the solution under design  
Which will be reusable in other projects or products.  

 
To be reused 

Component needs to be  
• Well-defined 
• Properly modularized 
• Conform to some interchange standard 

 
Requirements Traceability  

Refers to the ability to follow the life of a requirement (from the original spec) 
In both forward and reverse directions  

Through the whole design process 
 
Traceability is potentially a one-to-many relationship  

Between a requirement and the components it relates or traces to  
(or that implement it) 

 
An accurate and complete record of traceability  

Between requirements and system components  
Provides means for the project manager (potentially) the customer  

To monitor the development progress 
 

Requirements Management 
 Addresses  

• Requirement modifications 
• Changes 
• Improvements 
• Corrections  

During the design 
 
Such changes are difficult to avoid for many reasons 

Therefore a clear procedure which facilitates accommodating such modifications 
 Has to be used during the whole design process.  

 



Design Process Description Models 
The design process briefly described above 

Based on an approach in 4 conceptual steps 
• A specification approach - A look from the outside 

To characterize  
External behavior of the system  
Associated set of constraints 

• A functional approach - A look from the inside 
To identify  

Internal functions  
The relationships between them  

Which are necessary to describe the solution to the initial problem 
• An operational approach - Inside - Outside relationship 

To explain the behavior of all internal functions and actions  
On the system environment  

To identify / allocate non-functional requirements  
Such as performances and dependability 

• A technological approach - Making it work 
To define the hardware architecture and mapping of the functional 
solution onto it 

Considering all technological constraints.  
 

 Each step  
Uses a description (specification) as its input then 
Transforms that description into an output  

A selected solution 
 

Each input or output is a description  
Which needs to be well defined and formalized 
 

A sound methodological process is then based on  
Hierarchy of description models ranging from 

The preliminary idea to the final product.  
 

Specifications versus Requirements 
First consider that requirements and specifications  

Are fundamentally different types of descriptions 
 
Requirements  

A description of something wanted or needed 
A set of needed properties 

 
Specification  

Is a description of some entity 
Which has or implements those properties 
 



We consider a specification to be  
A precise description of the system  

Which meets stated requirements 
 

As such it should be as 
Independent of the users and expected environment as possible 
 

Ideally a specification document should be  
• Complete 
• Consistent 
• Comprehensible 
• Traceable to the requirements  
• Unambiguous  
• Modifiable  
• Writable 
 

It should be  
Expressed in as formal a language or notation as possible  
Ideally it should be executable 
 

A specification should  
Focus precisely on the system itself  
Provide a complete description of its externally visible characteristics 

Its public interface 
Externally visible clearly separates those aspects which are 

Functionally visible to the environment in which the system operates  
 

from 
 
Those aspects of the system which reflect its internal structure 
 

A specification is not concerned with the internal organization 
A specification is supposed to describe  

What a system must do and how well it has to do it 
Not how it does it 
 

Therefore the Specification step is a more formal process  
Translating the description of needs  

Into a more formal structure and model 
 

     So far research in system specifications has concentrated on  
Language capabilities and graphical notations  

Necessary to express and verify specifications 
 

Many specification models and methods have been proposed 
Can be found in the available literature 



 
Some are useful for 

Hardware such as ASICs 
Software 
System level specification and design 

 
Functional Model versus Architectural Model 

 
     The internal organization of any system is based on  

Components and interconnections between them 
An appropriate model has to include elements both at  

Functional level and at the architectural (or executive) level  
To be able to represent and evaluate hardware/software systems 

 
Means that in such systems 

Hardware component such as a microprocessor 
May be used to implement several software tasks 

Therefore several functions 
 

The model also has to be as generic as possible  
Permits it to be sized or scaled during the design process 
  

The Functional Model  
Describes a system by  

Set of interacting functional elements  
The behavior of each of them 
 

Described with a hierarchical and graphical model 
 
Functions interact using relations of one of the following three types 

• The shared variable relation  
Defines a data exchange without temporal dependencies 

• The synchronization relation  
Specifies temporal dependency 

• The message transfer by port  
Implies a producer/consumer relationship 

  
The Executive - Architectural Model  

 
Describes the physical architecture based on  

• Active components  
Microprocessors 
DSP specific processors, 
Analog and digital components 

 
• Interconnections between them  



The Need for Both Models 
     These two views when considered separately 

Are not sufficient to completely describe the design of contemporary systems 
 

It is necessary to add 
Mapping between the functional viewpoint and the executive one  

Defining a (functional) partition and allocation (of functional components) 
correspondence 

Also called architectural configuration 
 

The result is expressed as a triple 
 
                     Architectural solution = {Functional solution, Executive Structure, λ} 

λ: Functional Solution → Executive Structure 
 

The functional model 
Located between specification model and the architectural model 
Suitable to represent the internal organization of a system  

By explaining  
All necessary functions and couplings between them  
Expressed from the point of view of the original problem 
 

Using such a scheme leads to a technology-independent solution 
In particular with this kind of model 

All or part of the description can be implemented either in software or 
hardware  
 

Consequently such a model is appropriate as a basis for Hw/Sw CoDesign 
 
The functional model is the basis for coarse-grain partitioning  

Such a partitioning leads naturally to the selection of 
Which functions to implement in hardware or software 

 
The executive structure (hardware architecture) 

Derived from the partitioning or can be imposed a priori 
 
The allocation of functions to executive blocks 

Is also derived  
Specifies the mapping between the  

Functional description 
Executive structure 
 

Partitioning 
Let’s look briefly at partitioning and things to consider 
 
Partitioning is the process of decomposing system into  



Hardware and software components 
 

Must consider process from following viewpoints 
Taking only single point of view or neglecting any one 

Can have significant long term affects 
System does not meet customer or performance specifications 
  

Functional 
Result - functional architecture 
Criteria - effectiveness, cohesiveness 
 

Spatial 
Result - distributed functional architecture 
Criteria - performance, communication costs 
 

Resource 
Result - resource architecture 
Criteria - performance, cost, dependability 
 

Hardware / software 
Result - hardware architecture 
Criteria - performance 
 

Analyzing the System Design 
Motivation 

Verify the solution meets specs 
Make various architectural vs. functional trade-offs  

According to well defined criteria 
Retain knowledge gained during early development 
Work towards an implementation 

 
Static Analysis 

Should consider 3 areas 
Coupling 

Related to number and complexity of relationships 
Coupling also a measure of implications of a change 

Cohesiveness 
Measure of functional homogeneity of included elements 
Applies to both components and relations 
Can be external or internal 

External 
Appropriate name and meaning for elements 

Internal 
Structure and relationships among components 
Coupling through shared data more coherent than messages 

Messages imply temporal dependency 



Complexity 
Functional complexity characterized by number of 

• Internal functions 
• Relational components 
• Interconnections 
 

Behavioral complexity characterized by number of 
• Inputs 
• Outputs 
• Description length 
• Structure of the control 
• Number and structure of state variables 
• Readabiliy 

 
Dynamic Analysis 

Dynamic analysis considers the following 
Behavior verification 

Ensures the behavior of system within its environment  
Meets functional specification 
 

Performance analysis 
Ensures the behavior of system within its environment  

Meets operating specification 
 

Trade-off analysis 
Necessary to determine optimal solution  

Given constraints and objectives 
Analysis based upon small set of performance criteria 

May make product succeed or fail 
 

Performance 
Quantify the behavior of a system according to observable criteria 
 
Performance measures can be 

External 
Response time or throughput 
 

Internal 
Resource utilization, bus capacity, etc. 
 

Methods 
Variety of methods available 

• Analytical modeling 
• Simulation 
• Benchmarking 



• Monitoring 
 

Context 
Performance measurement only valid 

When considered in context of environment 
Environment establishes system workload 
 

When to evaluate 
Performance analysis cannot be delayed 

Until design completed and product ready to ship 
At that time it’s too late 

Cost of recovery may be too high 
 

How to evaluate 
During development 
 

Early 
Performance Modeling 
Modeling requirements 

When developing performance model following should be considered 
Hierarchical 

Permits modeling complex systems by decomposing system 
Into simpler parts 

Useful techniques include 
Refinement 
Abstraction 
Reuse of existing components 
 

Interdependency Model 
Should be able to express  

Concurrent and temporal interdependencies 
Among physical and modeled elements 

Graphical 
Graphical presentation makes interaction easier 
Not necessary however 

Parameterizable 
Model should be parameterizable to permit 

Worst case and scenario analysis 
Tracability 

Should be able to verify and repeat  
Performance of system model forwards and backwards in time 

Mid States 
Prototyping components and subsystems 
 

Later 
Exercising integrated subsystems 



Summary 
     Design is process of translating customer requirements into working system 

Complexity of contemporary systems  
Demands more formal approach and methods 
 

Following formal specification 
Formulate a functional model 

Then develop and refine the model  
 

Eventually map functional model on to architectural design 
Also called executive structure 

 
Conclude with a working prototype 

Test against original specification and requirements 
 

The functional and executive models are graphical and hierarchical 
 

Each constituent component is  
An encapsulation unit of behavioral and structural characteristics 

 
     These models naturally facilitate  

Capitalization and reuse of functional and architectural IPs.  
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