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Preface

This report presents the Master Thesis as the final stage in the graduation
project to gain the grade of "Electrotechnisch Ingenieur" at Eindhoven University
of Technology, The Netherlands. The project was done within P-ASIC (Philips
- ASICs Support for Internal Customers) a central functions group of Philips
Telecommunicatie en Data Systemen Nederland (PTDSN).
The project was supervised by Prof.Dr.1T C.l. Koomen, professor in the Digital System Group (EB), Faculty of Electrical Engineering, Eindhoven University
of Technology; and by W.T.M. Kop, member of the O&E group and assigned
to the P-ASIC plant in Hilversum.
The aim of the graduation project was to study the economic and organizational aspects resulting from increased use of ASICs. The projects name was
officially: "The economic and organizational aspects due to increased use of
ASICs". The subject consisted of analysing the factors that fix the price of an
ASIC (Application Specific Integrated Circuit), and the development process of
an ASIC using the P-ASIC flow. The P-ASIC flow is the set of software tools
that is partly bought and partly developed by P-ASIC. With the help of this tool
set it is possible to develop and simulate an ASIC, and to develop a test program
for the ASIC enabling it to be be tested after fabrication. The P-ASIC flow is
still under development, and supported by P-ASIC.
A theoretic model of the development and use of ASICs, which could be
implemented in a computer program, had to be developed. The program would
the act as an aid for making decisions about the economical use of ASICs , in
terms of throughput time, costs, and so on. A global program already exists,
developed by W.T.M. Kop, which calculates the total costs of an ASIC, and the
costs of s-ystems with or without ASICs. The objective of the project was to
derive therefore a model for the development time, with the help of a theory
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of Prof.Dr.Ir c.J. Koomen. The effects of shortening the development time
on the time to market of the final product were also studied. In this report
guide lines are given to develop a theoretical model of the design process of
ASICs. Although just a global view is given how to develop this model, the
given guidelines can lead to a practical model. This model can then be used
to develop a program for costs calculation. With this program, it is possible to
decide on the use of ASICs, estimate the development time, calculate the price
of the final product, and evaluate th eadvantages and disadvantages of different
approaches.
This report can be an aid for all people who have to decide whether or not
to use ASICs, and those who want to make a model of the development time of
an ASIC.

Edwin F. van de Weijdeven,
Hilversum, March 1, 1990
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Chapter 1
Introduction
The miniaturization of electrical systems, which started with the introduction of
the transistor, is still evolving very quickly. Electrical systems are becoming
smaller and more complex all the time due to the ever changing semiconductor
technology. The transistor was followed by the SSI (Small Scale Integration),
MSI (Medium Scale Integration) and LSI (Large Scale Integration). With VLSI
(Very Large Scale Integration) the Application Specific Integrated Circuit, or
ASIC, came. New semiconductor technology, has resulted in new tools to design
ASICs, each time making it easier to design ASICs of increasing complexity.
Several approaches, and therefore different ASIC types, have been developed
(to come to the integration of a system or part of a system into an ASIC).
The choise of a particular ASIC type is made on two bases: economics (price)
or technology. This chapter examinesthe technology of the different types of
ASICs and the areas where the different types can be used. The economic facts
that influence the choice of a type are described in chapter 6.

1.1

Different types of ASICs

ASICs can be divided in;
• Programmable Logic Devices (PLD)
• Gate arrays
• Standard cell
1

• Full custom
Different design situations have different requirements for performance, complexity, and development time. For every new design, a choice must be made
of the technology which best fits for the specific purpose. Each technology has
its own application fields, which will be described in the following pages.

1.1.1 Programmable Logic Devices
Programmable Logic Devices (PLD)are uncommitted arrays oflogic gates which
a designer can program by creating (or deleting) a voltage-sensitive silicon "fuse"
to enable a gate connection. PLDs are bought like normal components, but are
programmed at the user's plant. Because PLDs can be "programmed" immediately, it is possible to verify the design on its behaviour direct after the programming. Due to this direct programming they can be rapidly customized and
changed. Ideas can be tried and faults can be corrected quickly. Many PC-based
development tools are available, making it possible to develop PLDs at minimal
cost. PLDs are also very easy to test, so no major costs are made in developing
test programs.
The main problem with PLDs is that the maximum number of gates available
is about 500, so they lack the complexity that is needed in most system designs
today. Designing a circuit with PLDs is cheap in terms of development costs,
but rather expensive on the price per piece basis. In other words PLDs are only
cost-effective at low production volumes.
Another type of PLD is the Programmable Gate Array (PGA) which consists of I/O-blocks, Logic and interconnect all of which are user-configurable.
Instead of gates as in the PLDs there are now macrocells embedded in a grid of
interconnect, so more complex functions can be made. For some types the programming be done, in the same way as PLDs, with silicon fuses. Other types
(also called Logic Cell Arrays (LCAs» have static-RAM-based programming
techniques that can be easily reconfigured. The different types of PGAs have
different performance and density levels. It is therefore possible to choose a
specific type that best fits the application.
The PGAs offer many of the advantages of the PLDs with greater density
capabilities (from 1000 to 3000 useable gates). However, the development costs
are higher because the components themselves, the hardware programmer and
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the CAE software needed to program them cost more. PGAs are also more
complex to program. Because the devices are so new, they are expensive to
use in production volumes and are nowadays primarily used for prototypes and
low-volume applications.

1.1.2 Gate arrays
Gate arrays are a form of semicustom ASICs. They are predefined, but uncommitted, arrays of logic gates for which a designer defines specific interconnections. The number of in- and output pins that are defined, can be connected
to different gates. Because only the interconnect levels must be specified and
made, the throughput-time is about 1/3 of that needed if all the chip had to be
made. About 3/4 of the process is complete and only the last steps of laying
the metal connections between the gates have to be done. The development
of the gate arrays is more flexible than that of the PLDs, but it is also more
timeconsuming. Normally there is a library that contains already defined macrofunctions, like NANDs, NORs, Flip Flops, and other elements. These can be
used to develop the circuit or a designers own Macrofuntions. To verify that the
circuit is working correctly, its behaviour is simulated. To simulate the worst
and best-case, parameters of the technology are used, to ensurethat the circuit
will work correctly. The circuit is then known in an alphanumeric form, called
Netlist, that is sent to the manufacturer. There, layout of the circuit is made, and
again its behaviour is simulated using the real physical values. For example, the
parasitic capacities are used when simulating the circuit. Normally if the design
is right, this gives no extra problems and the circuit can be made.
The advantages over PLDs are that the circuit is faster and the used silicon
area is less. However the development cost are higher because more activities
are done by the manufacturer. Because the used silicon area is less than in the
case of the PLDs the price will be lower, if the volume is high enough.
The disadvantage is that gate arrays can not be configured with specialized
elements (e.g. RAM, ROM) or analog capabilities. The number of gates is
fixed, so if a design becomes a little to large another type must be chosen that
is more expensive. There are a few types of gate arrays that have the possibility
to integrate RAM-cells but this is limited to certain dimensions. Because there
are only a few sizes of gate arrays, normally not all transistors on the chip are
used so the ASIC is more expensive than needed.
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1.1.3 Standard cells
This is very similar to the gate array, only the production process is started with
a silicon wafer that has not yet been processed. There is a library with macro
cells that are optimized to silicon usage, and speed. These macro cells represent
functions like NANDs, Flip Flops and counters. The cells were developed at
transistor level and not gate level as is done for macro functions for gate arrays.
Normally the macro cells have the same height but different lengths. Which
make it is easier for the layout-software to do the job. The cells are then, as in
the case of gate array, connected with each other by metal wires. Because the
cells can be placed as the designer wishes, the silicon is better used than with
the gate arrays. Also the number of pins and their type is not defined. It can be
application specific, therefore no silicon is spoilt. All the masks to produce the
chip are made specific only for this purpose, so it is also possible to have very
complex cells in the library. These elements do not have the standard height,
but can be implemented directly as big cells into the circuit.
Designing ICs with standard cells is almost the same as designing an IC that
will be implemented in the form of a gate array. The libraries are almost the same
only during simulation other libraries with other timing must be used. Again, a
Netlist is made and sent to the manufacturer who makes the layout, and again
simulation is done (at the developer's or at the manufacturer's location). If the
behaviour is correct the masks can be made and a prototype of the IC produced.
There are tools to help develop standard cell Ies that are workstation-based and
PC-based. With the latter the complexity that can be achieved is much smaller
than with the workstation-based tools. However developing using a workstation
is more expensive.
The advantages over the gate arrays and PLDs is a better usage of the silicon,
and the number of transistors and I/O pins that can be application-specific. The
floorplanning (placing of cells) can also be optimized. This all leads to a smaller
chip area and so to a normally cheaper production price. It is also possible to
develop macro cells on the transistor level. It is possible to integrate RAM or
ROM, of required dimensions, on the chip. If necessary it is even possible to
integrate analog cells. A final advantage is the high level of integration that is
possible in a relative small amount of time just using the standard cells. Because
of this high level of integration there can be spoken of almost complete systems
on just one chip.
Of course there are also disadvantages. The costs of the development and the
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development time at the manufacturer are higher than with gate arrays or PLDs.
More masks are needed in the production process of the IC. The throughput
time of the prototypes is also longer because all production steps of an IC have
to be done.

1.1.4 Full custom
Full custom IC are designed using only transistors or sometimes only the smallest
possible elements like NANOs and NORs. The production process is the same
as that of the standard cells, only the designing and the layout is all done by the
developer. The manufacturer gets a description of the IC at transistor level. The
advantage is that the IC can be optimized for the area used and for the speed of
the IC. When dealing with the limits of the technology that is used, full custom
is sometimes the only solution to get the IC that satisfies the specification.
Because of the optimization, there is less silicon used and the Ie is so cheaper
in production, than if it was made with standard cells, and the specifications
(speed) can be better.
The disadvantages are the high development costs, because the development
time is much longer. As a result the price of the IC is only lower than in the
case of standard cell, if the production number is very high. Also because of the
long development time, the product comes sometimes too late in production. So
that when it comes on the market it is already old, and the high volume can not
be reached to make the development worthwhile. Also the complexity that can
be reached is normally lower than in the case of standard cells because the full
custom IC can not be simulated any more. For full custom ICimulating means
that all the transistors must be considered while in the case of standard cells,
blocks can be considered. Simulation of full custom ICs is more timeconsuming
than for the standard cell approach.

1.2

Comparison of the different techniques

In order to make already a short comparison between the available ways to
obtain an ASIC, practical data is given. The data that was obtained in practice
is described in [1]. Table 1.1 gives an overview of the properties of the different
techniques. It is interesting to note is that about 85 % of the systems that
are produced today run in quantities of less than 5,000 units. As technology
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Type of ASICs

Gate
arrays

Standard cells
Workstation
PC-based

Full custom

Fixed
logic
1,0003,000
Moderate

Logic
only
1,00050,000
Moderate

RAM,ROM

RAM,ROM

RAM,ROM

Analog
1,00010,000
Moderate

Analog
1,000
50,000
Moderate

Analog
1,000100,000
Long

<$5,000-

$5,000$20,000

$15,000$100,000

$15,000

$50,000

$50,000

$8
$7

$10-$20
$7-$15
$5-$12

N/A
$3-$4
$2-$3

$5-$10
$3-$4
$2-$3

$5-$10
$3-$4
$2-$3

N/A
$2-$3
$1

PLD
Architectural
capabilities
Density
(gates eq.)
Development
time
NRE
charges
Production
charges
(per 1,000 gates)
by volume of
<2,500
2,500-10,000
>10,000

PLD
PGA

Fixed
logic
500
Short

$6

Table 1.1: Comparison of the different techniques
develops, the market will expand further and further. The market is changing
very quickly and it is important to find the right approach and which technique
to use. Every time a new ASIC is created, a new calculation must be made about
the pros and cons of a certain approach. While most of the ASICs now contain
only digital circuits, it is clear that in the near future combinations of digital and
analog circuits will play an more important role. This possibility must then also
be taken into account. However it is clear that the use of ASICs is already so
imbedded in today's technology that there is almost no other alternative.

1.3

Design tools

The evolution of ASICs is not only dependent on the silicon technology, but
also on the development of the tools with which the ASICs can be developed.
The increasing complexities of ASICs are only possible using more and more
advanced computers in combination with equal software, called in this case Computer Aided Design tools (CAD tools). These enable more and more complex
ASICs to be made and, at the same time, decrease the work to be done by the
designer. This also supports the development of High Level Design Languages
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that make it possible to make even more complex designs.
There are already CAD tools for all the levels of the design process, so that
the designs can be done quicker and better. Because of the CAD technology it is
possible to develop ASICs inhouse and not, as in the past, at the IC manufacturer.
This trend will increase further because:
• CAD/CAE is getting cheaper and easier.
• System manufactures will increasingly start designing ICs themselves to
keep the expertise in-house.
• Manufactures of ASICs will try to "lock in customers" to keep a share of
the market for ASICs. This is done by providing easy access to CAD/CAE
which is proprietary or tuned towards their own products.
The first two factors means that the system developer still has a choice as
what to do. In the last case the choice of technology is also connected to a
choice of the tools that must be used. Almost all major manufacturers deliver
their own tools for the development of ASICs. This restricts the freedom of
the developer, because when a choice is made it is very difficult to change to
another manufacturer. Using the tools of an independent CAD deliverer, like the
tools as they are developed and delivered by P-ASIC, means designing ASICs is
done in another way. These tools are general purpose tools, so that they can be
adjusted for many different manufacturers. In the case of the P-ASIC tools this
adjustment is possible in a later phase of the design process. So it is possible
to do first a global design, and choose later a specific manufacturer and process
that meets the required specifications. The advantages over the first stated tools
are that with a new design and a different manufacturer the design style does
not have to change and be learned again. With already existing designs it is
relative easy to change to another process or manufacturer.
Not only at the design side are the tools changing; better and faster tools
are being developed for the layout of ASICs, although this is normally still so
specific that it is done by the manufacturer. For system developers this is even
better because they have only to worry about the design itself. How the ASIC
is finally produced is not important as long as it does what it has to do, so he
can spend his time working on a new system.
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Chapter 2
The P-ASIC Design Flow
The tool set from P-ASIC Hilversum is developed for the designing of CMOS
integrated circuits. With the help of this tool set it is possible to design and to
simulate an ASIC. The tool set is called P-ASIC Design Flow "PDF". It is said
that it is the most extensive CAD tool set of its kind available at the moment
on the market. In this chapter the PDF will be looked at in more detail.

2.1

PDF in general

The application of highly advanced IC technology decreases system production
costs, because the product becomes smaller and the number of used elements is
reduced, the with out its use. With the use of CAD tools the development costs
are lower, development times are shorter and the time-to-market is reduced. To
make full use of these stated advantages, tailored CAD tools must be used. The
PDF is a tool that is tailored for the CMOS technology. PDF contains tools that
were selected after a thorough investigation of the tools available on the market.
P-ASIC's own extensions complete the PDF, providing a tool that can be used
to develop, simulate and develop test programs for ASICs. The methodology
can be tuned to the customer's requirements, the technology he wants, the
complexity of the design, the customer's environment and so on.
The PDF can be separated into categories:

• The actual CAD programs; which are commercially available programmes, completed with additional functions. These additional functions
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are developed at P-ASIC because they could not be obtained from other
vendors.
• Libraries; supplied by silicon suppliers and extended with additional
views (description items) which cannot be bought elsewhere. The libraries
interface between the technology independent program, the tools, and the
IC technology selected for the design.
• Interfaces and conversions; The CAD tools are obtained from a number of vendors. To connect them, special purpose interfaces and conversions are developed within P-ASIC (to make them interact).
The most important part of the PDF is that it supports many different silicon
vendors. When another vendor is chosen there are no major problems translating
the design to this other vendor. With CAD tools that come from other companies
(mostly silicon vendors) it is normally not possible to change to another vendor
without causing big difficulties. Also the tools do not change when another
vendor is chosen, so no further learning process is required to get familiar with
the vendor and his tools.

2.2 High level design language
ASICs are becoming more and more complex. Because of their complexity it is
no longer possible to design by hand. In the past it was possible to make a design
by putting standard cells together to implement the logic functions according to
the written specification. The correctness of the design was proved by running a
number of simulations for logic- and timing verification. Production tests were
done by exercising the products with the functional simulation vectors on a tester
and comparing the results of the tester output with the simulation output. This
design flow is very error prone and therefore very time consuming.
The complex ASICs that are designed today are too complex to be designed
in this old way. It is impossible to design thousand of gates by hand in a
short time without making errors. It is also impossible to simulate the ASIC
in a reasonable amount of time. To prove the behaviour of the ASIC in its
environment is a further problem.
Adopting a more formal, hierarchical design method is a way to overcome
these problems. Designing in a hierarchical manner is also called Top Down
9

design. This means first specifying and verifying the functional behaviour of
the components used, and later on considering how to implement this functional
behaviour. Designing top down shortens the design time as was proved in [2].
High level design language : A design language that enables
designing on a high level of abstraction

(2.1)

The use of a high level design language makes it possible to design bigger
ASICs in the same amount of time. The verification of the system is also
possible, because the total system can still be understood. Some high level
design languages even make it possible to verify the design on a formal basis.
Use of the high level design language ELLA, that was chosen to be integrated
with the PDF, makes it possible to simulate the functional behaviour of the
system on a higher level than on gate level. Using this feature the designer
is already sure at an early stage of the design, that the design has a correct
functional behaviour. In other words the designer can design on a structural
correct base. By using this language he is also designing in a top down manner,
first designing the global system and later refining the system.
High-level languages lead to shorter and more readable programs. They
make it easier to understand the organization and behaviour of the programs or
systems, and result in designs that are more likely to be free of errors and easier
to debug and modify [3]. Also when a high level design language is used, the
productivity of a designer or design group is increased. By describing on a high
level, more elements can be handled than if it all had to be done by hand.
High level design languages and designing top down are a must if complex
ASICs are to be designed in a reasonable amount of time and without too many
errors.
ELLA and the P-ASIC tools provide a way to design in the above stated
manner.

2.3

PDF in detail

To get a better insight into the PDF see figure 2.3. Cynthia P (only available
internally within Philips), Cynthia E and Scanplus are derived products of the
PDF, that are commercially available. To understand the structure of the PDF
the separate blocks can be explained:
10

Logic synthesis
Output processing
(Hii!h level sim.)

Schematic editor

-.

Vendor checks

Cynthia E

--------Cynthia P
r
Test pattern
generation

1

K

Database

}

Netlist tape

-----------1

Layout

Simulation

1

Scanplus

Layout tape

1
Test tape

Figure 2.1: The P-ASIC Design Flow.

• Logic synthesis, Output processing, (High level simulation): This
is the part that contains a language with which the ASICs behaviour can be
described. This description is the input for a logic optimiser and matcher
which makes a netlist description of the ASIC in elements such as NANDs
NORs and Flip Flops depending on the specified elements that can be used.
It makes a netlist that is free of redundancy enabling structured testing of
the ASIC. And it contains output processors (software) that translate the
netlist into various design platforms, that will be used in the next phases
of the design process.
All this is called Cynthia. The extension E and P denotes the different
input languages available. E stands for ELLA a high level design language
(not contained). This E version has the possibility of high level simulation
of the described ASIC. This version combines logic synthesis with mixed
level simulation using the ELLA simulator. So it is already possible
to simulate the functional behaviour already when describing the ASIC.
P stands for PHACO which is a Pascal-like language (contained in this
11

package), it is the beginner's system and does not have the possibility of
mixed level simulation.

• Schematic editor: With this it is possible to enter a design in a direct way,
in the form of NANDs, NORs, Flip Flops and so on, into the computer.
It can be useful for certain parts of a design that are easier to make in this
way. However, it is preferable to do the designing through the Block as
stated above, because a redesign is easier to do and easier to check if the
design is formally correct.
• Database: This is the central part where all the data needed and produced
by all the blocks is stored.
• Test pattern generation: To make it possible to verify if the ASIC
works correctly, test patterns are needed that detect all the faults that are
due to process defects. It is important that the test covers all faults (test
coverage = 100%) otherwise systems could be manufactured with faulty
devices.
Test tape:After the test patterns are generated a test tape can be made.
With this test tape the test machine in the foundry can test the ASICs that
were produced.
• Simulation: The ASIC must be simulated as it is developed to be sure
that it acts as the designer whishes. If the simulation is done correctly,
the the designer can be sure that the ASIC as it is produced, is exactly the
device he wants. With simulation it is possible to shorten the design time
and to keep the cost within limits because the ASIC does not need to be
produced many times before correct devices are obtained.
• 1/endor checks: Different requirements must be checked for the different
processes to ensure there are no problems when the design is ready, and
transferred to the vendor to be produced. For example there is a check to
make sure the maximum fan-in, fan-out is not exceeded, or that the power
that a input pin has to distribute does not exceed the maximum and so on.

N etlist tape: This tape describes all the different elements of the ASIC
and how they are connected. With this tape a vendor can make a layouttape
with what the ASIC can be produced. If there are no very strict timing
requirements (that are near the limits of the technology) this is the last
12

step for the designer. The rest of the ASIC design process is done at the
foundry.
• Layout: To produce an ASIC that has been developed, the physical layout
must be made. Nonnally is it of no interest to the designer how this layout
is made, as long as it is the correct description of the ASIC he has made.
Only if the design is critical in respect to timing or occupied space, does
the designer use automatic place and route software to make the layout
himself. Nonnally, the layout is made by the foundry where the ASIC
will be produced.
Layout tape: This tape contains the physical description of the ASIC. It
can be used directly to produce the masks with which the ASIC can go
into production. This tape is nonnally made in the foundry.
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Chapter 3
The entropy of design
In this chapter a formal medium is provided for studying the relationship between
the complexity of a design and the creativity involved in the design process. This
formal medium was first presented by Prof.Dr.Jr. C.J. Koomen in [4]. For more
detailed information, the reader is referred to this article. By making reasoning
more precise when speaking about designing, creativity, model information,
complexity, etc., the understanding of the design process will increase. When
designing large systems one faces the problem of complexity. In this chapter
the process of designing is considered from the point of view of information
theory. A convenient measure of the structural complexity of a model will be
found. The designer will be considered as a "noise generator" in the sense of
information theory as he/she takes care of the nondeterministic aspect of the
design process.

3.1

The design process

The designing (process) can be defined as:

The activity aimed at removing the uncertainty
in which way a wanted system must be realized.
The most convenient way of designing is with the help of models.

14

(3.1)

3.1.1

The definition of model

A model represents a description of the relevant system quantities (and their interrelations) at a certain level of detail. Two different kinds of model information
can be given:
• Formalized model information in terms of some well-defined design or
specification language.
• Less formalized information, usually a statement in English.
The informal information evolves during the design process, but usually
remains informal. As this type of information constrains the final system, it will
be modelled as a set of constraints. These constraints limit the final shape of
the product, so they can also be called shaping factors.
However formalized information may also be supplemented with additional
information in the form of text. This information will be considered as part of
the formalized model information.
Definition:
(3.2)
A model M is a pair {m, c}.
Where:
• m: the formalized model information in terms of some well-defined design
or specification language.
• c: the nonformalized model information, i.e. the set of constraints.
The model m is also called the operational model. This term is used in a general
sense to specify the "what", as well as the "how", of a system.
Models with a different abstraction level will be indicated with the subscript
i to indicate the level of description. In the following, the term "descriptive
statement" will be used to indicate any part of the model M.

3.1.2

The design trajectory

The design process is concerned with increasing the level of detail of the operational model, while constraints are gradually turned into descriptive statements
of the operational model, until finally a sufficiently detailed operational model
is obtained with no constraints left.
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Model M i will be called an implementation (or detailing) of model M j if
j < i. Each hierarchical layer, corresponding to the various models of the model
sequence, has its own degree of detailing, the degree being higher accordingly
to how deeply the hierarchy is examined. The fact that a system usually has a
number of users, with other requirements, will be ignored.
The transition between two consecutive models within the model sequence
will be called a detailing step. Such a step reflects the activity that, starting
from some initial model, produces a resulting model.

3.2

The information view

3.2.1 Model for the information content
Consider a system S as an ordered set of variables S = {X1 ,X2 , ... ,Xn }. Those
variables in S that can be directly observed from its environment constitute output variables. The set of these output variables is denoted So = {Xl,X2 , ... ,Xk },
with 1 ~ k ~ n. The remaining variables within S are internal variables, denoted as Sint. Hence, S = {So, Sind. Let E denote all relevant variables outside
S. For dynamic systems the entropy rate of a variable X is:

Entropy of X conditional on all its prior value is: the infor mation carried per long observation in a long sequence.

(3.3)

The total uncertainty of a long sequence (X (t), X (t + 1), ... , X (t + m)) is then
(approximately) the entropy rate times the sequence length.
The total information rate F (in bits/s) as a measure of the total processing
activity within Sis:

F

= Ft + Fb + Fc + Fn (bits/s).

(3.4)

Where:

• Ft is the throughput rate and is a measure of the relatedness between input
and output.

• Fb is the blocking rate and represents the effort needed by S in order to
block nonrelevant information.
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• Fc is the coordination rate and represents the amount of infonnation processing needed to obtain a coordinated action among the system variables
of S.

• Fn is the noise rate reflects the amount of infonnation in S that is not
reflected in the input to S.
To complete this basic description of the infonnation theory a few more notions
will be defined. Infonnation is related to uncertainty. The difference between
uncertainty before receiving a message and after receiving it, corresponds to the
infonnation in the message. If Sb denote the situation before the arrival of the
message and Sa denotes the situation after arrival, then H(Sbj Sa) denotes the
infonnation in the message. In general:

H(Aj B) denotes the amount of information in A, conditional
on B; it is the amount of information in A when B is known.

(3.5)

T(A : B) is the transmission between A and B and is a measure of the
relatedness between A and B. It is defined as:

T(A: B) = H(A) - H(AjB)

= H(B) -

H(BjA).

(3.6)

It is zero if A and B are independent and maximum if one determines the other.
In the case of a noiseless transmission channel, T(A : B) = H(A) = H(B). Let
H(A, B) denote the total infonnation corresponding to the combined occurrence
of A and B. Then the following decomposition rule holds:

H(A, B) = H(A) + H(B jA)

=H(B) + H(Aj B).

(3.7)

This fonnula states that the information in the combination of A and B is the
information in one of these plus the remaining information in the other when
the first is known.
With these basic notions, the different constituents of F can be defined as
follows (the upper bar indicates rates):

Ft

= T(E : So);

Relatedness between the environment and the output.
(3.8)

Fb = T(E : SindSo); Transmission between the environment
and the internal variables when the output is known.
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(3.9)

Fe = T(X I : X z : ... : X n); Transmission
between the variables of S.
Fn = H(S/ E); Information in S when E is known.

(3.10)

(3.11)

The dimension of these tenns is in bit/so In the following the infonnation
per observation will be considered. This means that a static interpretation of
these terms will be made. So the bars may be removed, and "rate" should be
interpreted as "value". This means that will be spoken in terms of bits, rather
than bits/so In the nonnal information theory [5] it is assumed that the noise
rate is zero, but in this case the noise will play the important role.

3.2.2

An information model of the design process

Formula 3.11 corresponds to the amount of infonnation generated by S, which
is not reflected in the input E. In tenns of design, S is the designer and H(S/ E)
is the information created by the designer, where E is his input, which is the
specification of the required system. The part of the H(S/ E) that is directly
observable at the output So of S is the noise of S which is defined as:

Fn,o

= H(So/ E).

(3.12)

Using 3.7 it follows that Fn,o is related to Fn by:

Fn = Fn,o + H(Sinti E, So).

(3.13)

The designer's "noise rate" reflects the unexpected, the unpredictable, the creative act. In the detailing step from M I to M z the designer uses a certain design
language LIZ. This language is related to the two description levels associated
with M I and M z. The designer comes up with his design M z, he reduces the
uncertainty with respect to the model M z. If M I is known, the information in
M z can be calculated. The amount of information added to M I by the designer
D can be expressed as:

H(DIMI ) The information in D conditional on MI.

(3.14)

The designer produces at least two things; the design language LIZ and the
model M z. The production of the language may consist of the selection of an
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already existing language from a set of possible languages. With respect to the
information model we assume that the design can be modelled in terms of the
language used and the resulting model M 2 • So the D can be substituted by the
pair (L 12 ) M 2 ), which leads to:
(3.15)

Using 3.7 results in:
(3.16)

The first term expresses the information corresponding to the creation of the
selection language L 12 , whereas the second term expresses the information in
M 2 depending on the language used and the model from which M 2 was derived.

3.2.3

Some quantitative considerations

The design process is preceded by a phase in which user requirements are formulated. This user requirement phase is characterized by a large input of information, the extraction of relevant information, and the translation of this information in terms of user requirements. The blockage rate is very high (blocking
nonrelevant information). The coordination rate is also very high because one
has to discover the interrelationships that exist between the information items.
This requires that the noise rate is also very high. Hence, in the user requirement phase the available "processing power" of the person(s) who make(s) the
requirements is consumed by three terms:
F,...,

H + Fc + Fn

(user requirement phase).

(3.17)

During the design process, the blocking rate is less relevant as only relevant
information is used. So:
F ,..., Fc + Fn (design phase).

(3.18)

The development of new concepts may be greatest in the initial phases of the
design process, and hence the term H(L 12 /M1) of 3.16 may be dominant;
whereas in the final phases, where more strictly defined languages are used,
the H(M2 /M1l L 12) term may be the dominant factor in terms of information
production.
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3.2.4 Further decomposition of the expression for the information content
In order to measure the information content of a model, it must be defined in
such a way that it can be calculated (in terms of bits). The term H(LI S) gives
the information in the language L relative to the specification. This term reflects
the fact that the designer has to create the primitives (building blocks) that he
will use for his next implementation. If L is an existing language the term
denotes the information associated with the selection of this language. In the
case of a new language, this part constitutes the main design effort. To express
the information in L another language is LL is needed in which to express L
in, and so providing an expression for the information in L relative to LL.
A distinction will be made between the formalized model information (m)
and the nonformalized information (the set of constraints c). With M = {m, c},
1= {m[, CI} and S = {ms, cs} and using 3.7 the following is derived:
H(IIS,L)

=

H(mI,cf/ms,cs,L)

=

H(CI Ims, cs, L) + H(mI I CI, ms, Cs, L).

(3.19)

Where:
• The term on the lefthand side is the information gap between the two
models.
• The first term at the righthand side is the information in the constraints of
I.
• The second term at the righthand side is the structural information of the
implementation.
For this last term an upper limit can be found:
H(mf/ms,L);::: H(mf/c/,ms,cs,L).

(3.20)

Model m will be given as a pair {B, 13} where B is a set of "blackboxes"
Le., elements from the language L, and 13 is the pattern of relations between
these elements (in terms of hardware design, the interconnections between the
elements; in terms of software design, the orderings of statements). The lefthand
side of formula 3.20 breaks down further into:
(3.21)
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3.3

Some rules governing design systems

3.3.1 Rules for the design process
The creation of infonnation plays an essential role in system design. This implies
a nondetenninistic character of the design process. It was shown that noise tenns
are essential during system design. The output noise H(Mi+I/Mi) of a system
design is greater than zero if Mi+1 is a non-trival implementation of Mi. The
output noise must be less than infinity, as infinite infonnation corresponds to an
infinite amount of energy. Hence:

0< HUjS) < 00.

(3.22)

Design can be considered as a learning process during which design knowledge
is obtained. Let K denote this design knowledge. If K is such that it enables
the designer to derive I from S, then by definition it follows that:

HUjS,kl = 0; First information law for system design.

(3.23)

Expression 3.23 also implies that if K can be expressed in some fonnal language, then the transfonnation from S into I can be obtained using a deterministic machine, if the latter is given the design knowledge K in a fonnalized
manner.
Considered as an infonnation processing system, the designer has a finite
infonnation processing capacity. In other words the designer's total infonnation
rate F is limited. The total number of elementary mental discriminations, expressed in the Stroud number [6], is limited. The Stroud number S is defined
as:
(3.24)
S = the number of "moments" in a second.
With a moment:

Moment: The time required by the human brain
to preform the most elementary discrimination.

(3.25)

J. Stroud [7] found that these "moments" occurred at a rate of "from five to
twenty or a little less" per second. It could be hypothesized that the noise rate
is related to the Stroud number.
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Let Cd(S, t) denote the amount of infonnation that a designer can produce
within a time t with a view to finding an implementation of S. Suppose a designer has a time td available for the implementation step from S to I. Then the
following expression relates the infonnation production to the capacity function:

H(1/ S)

~

Cd(S, td); Second information law for system design.

(3.26)

provided that the implementation I is a correct realization of the specification
S. It is also hypothesized here that the capacity function may not increase very
much (or even decrease) beyond a certain td. This effect is called saturation
effect, which may be due to the assumption that the number of relations between
the variables of a model should not exceed a certain upper limit if design errors
are to be avoided. The consequences of rule 3.26 are that if the expression
does not hold, the next model M i +1 cannot be found without design errors, as
there is not yet sufficient design knowledge.
A solution could be increasing td but, in many cases the maximum allowable
time is fixed. According to the hypothesis and also in the literature [8] there are
certain indications that Cd(S, td) does not increase very much beyond a certain td.
Another solution is to decrease design complexity by introducing intennediate
levels (like in the hierarchical design method). Still another solution would be
to increase Cd(S, td) by putting more people onto the problem or by adding
computer power. Adding computer power leads to an increase of the designer's
F n , as the computer takes over certain tasks.

22

Chapter 4
Shortening the design time
Before the design process starts, a specification must be made. In this specification the final system is described, usually as statements in English, in the form
of user requirements of the system. To make the design as effective as possible,
the specification must be complete. This means that user requirements stated in
the specification are all implemented in the final system, and the system is just
what the user wanted. The specification should contain only relevant information
otherwise time is lost seperating relevant from non-relevant information.
In this chapter it is assumed that the specification is complete, so only the
design process itself must be considered. The information one designer needs
during the design process, he obtains on his own. So he does not ''lose'' time by
talking to other designers. The time a designer needs to go from specification
to implementation will be stated at 100 %. Involving more designers changes
the time needed for a design.

4.1

Involving more designers in one design

When there are more designers involved in the design, the design must be divided
between the different designers. To avoid that time is wasted by designing parts
more than once, this division must be very strict to ensure there is no overlap
between the segments. But dividing the design between designers does not mean
that information is not required about other parts of the design. Of the time a
designer has available, parts must be used to obtain information about other parts
of the design. Also information must be passed through to the other designers
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about his segment of the design.
A design must be divided in more or less equal segments, so that all the
segments take the same amount of time to design. When the time periods
needed to design the different segments are not equal, the time that could be
won by designing parts in parallel will not be maximized. Of course it must be
possible to divide the design into different blocks that all will take more or less
the same amount of time for the different designers. In the following only this
case will be considered.

4.2

The man-man interface

In chapter 3 a formal medium was provided for studying the relationship between
the complexity of a design and the creativity involved in the design process. This
medium can be used to derive a description of the design process with one or
more designers. Formula 3.4 stated F as a measure of the total processing
activity within the system S:

F = Ft + Fb + Fc + Fn (bits/s).
Where:
• Ft

= throughput rate

• F b = blocking rate
• F c = coordination rate
• Fn

= noise rate

If the specification of the design is complete, the specification contains only
relevant information. When there is just one designer involved, only the term
F n contributes to F.
The term Ft has no influence because no information must be put through
to others.
The term Fb is not important because blocking of non-relevant information
is not needed. The design starts with the complete specification and contains,
as was supposed, only relevant information.
The term Fc plays no role because there is no coordination required with
just one designer involved.
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Lets's now state that F equals the Stroud number S (see 3.24). The Stroud
number gives the total available moments (see 3.25) of a designer. S has a
value of between 5 and 20 moments per second. A moment can be seen as
an elementary decision like yes or no, F is measured in bits/ s, and the Stroud
number in moments per second, so they are of the same magnitude. To conclude
when one designer is designing, all his moments are used for the design in the
form of F n • So this leads to:
(4.1)

When more designers are involved in one design, these designers have to
interface to another. This means that they need time for interfacing. Or in other
words they need time for coordination. Fb is again not relevant. Ft does not
count because all the information that is given to other designers was produced,
or processed, by the designer him/herself. So when more designers are involved,
the available moments F are not only used in the form of to Fn but also for Fc •
So when more designers are involved, the terms to consider are:
F = Fc + Fn (bits/s).

(4.2)

Fj is now defined as the total amount of moments for one designer in a group
designers. For one designer Ii equals the Stroud number, a value that is between
5 and 20 moments per second. The value depends on the designer and his
attention to the design. When working with more designers, not all the available

moments are used for the actual design. Moments are used for coordination with
the other designers. So free moments for one designer Fn ; that contribute to the
actual design process are:
Fn ; = Fj

-

Fc; (bits/ s).

(4.3)

To find Fn ;, first the value for Fc; must be found. For Fc; the number of
connections possible will be used. The total number of connections must be
examined because when one designer needs specific information from another
designer, one of them may also need to talk: to another designer to get an answer.
So all the possible connections must be examined, to calculate Fc;. Because a
moment is an elementary decision like yes or no, the base-two log of this number
is taken . This leads to:
Fc ; = log2 # of connection possibilities.
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(4.4)

The total number of connections is ",(",-1), with", the number of designers.
But when a designer gets asked a question and must think about the answer, this
can be counted as ", extra connection possibilities. This leads to the total:

Number of connection possibilities

= ",2.

(4.5)

With formula 4.3, formula 4.4 and formula 4.5, this leads to the total number
of free moments of one designer that actually contribute to the design:

Fn • = Stroud number - log2

",2.

(4.6)

Now Fn • has been found, the total amount of moments F n that contribute to
the actually design can be calculated:
1]

(4.7)

F n = LFn •.
i=l

Now the coordination between the different designers has been eliminated,
formula 4.1 can be used again.
If the Stroud number and the number of designers are known, the time needed
for a design when more designers are involved, relative to the design time when
just one designer is involved, can be calculated:

. d"
re1atzve
eszgntzme = FS

* 100

01.

-/0.

(4.8)

n

The problem is now that the Stroud number is between 5 and 20 moments,
so it is not yet known exactly. Two methods can now be used to obtain a value
for S:
1. Measuring the Stroud number itself.

2. Measuring the reduction in design time and finding the value of S.
The first approach is possible and was already done by Stroud [7], who
found the values between 5 and 20. But because so many factors influence the
design process, these can not be included easily. Trying to measure S exactly
is also difficult. The time that must be measured to include all the unknown
elements of a design process would be very long, and then it is still not certain
that everything is included.
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# of designers

Fc;

1
0.0

2
2.0

3
3.2

4
4.0

5
4.6

6
5.2

7
5.6

8
6.0

9
6.3

10
6.6

Table 4.1: Influence of # of designers on the coordination rate.
The second possibility does include the unknown factors because alreadyfinished designs can be used. All the different factors of many designs are
also included so a real practical value can be found. This was already done
for the development of software by Halstead [6]. He found with very strict
circumstances, like full concentration, that the value was 18. This value can not
be correct for a large design because a designer can only concentrate fully for a
limited time. So for a large design the value of S must be measured again.
Therefore when practical figures are known about the shortening of the design
time due to the use of more designers on one design, then a way has been found
to get a practical value for the Stroud number.
To get a picture of what this all means for the total design time, a theoretical
value of the design time reduction can be calculated. The number of designers
fix Fc ; as was shown in formula 4.4 and formula 4.5. The calculated values for
the coordination rate F c; are shown in table 4.1
With the values for the coordination rate, the relative design time for the
different values of the Stroud number can also be calculated with formula 4.8.
When the time needed for a design is longer with more designers involved, this
value is not included. The results are shown in table 4.2.
It can been seen that the shortening of the design time is not linear because
of the need for coordination between the designers. There is also a limit to the
number of designers that can be involved more designers can even make the
design time longer. When the relative times are calculated for the given Stroud
numbers with even more designers, it shows that there is always a limit to the
shortening of the design time. The real value for the Stroud number can be
derived when realistic figures are known.

27

S
5
7
9
10
11
12
13
14
15
18
20

1
100
100
100
100
100
100
100
100
100
100
100

# of designers
2
4
3
5
83 61
58
70
64 52 45 41
63 49 42 37
61 47 39 34
60 45 38 32
59 44 36 31
58 43 35 30
58 42 34 29
56 41 32 27
56 40 31 26

6

40
35
31
29
28
27
26
23
23

Table 4.2: Relative design time in %.

4.3

Structural solution for shortening the design time

The last section showed there is a lower limit for the design time. If the design
time must be shorter, or the design is to complex to be done in a reasonable
amount of time, another solution must be found. This solution is structural in
the sense that there is a design leader who controls the design, and not just
a group of designers. Again the same can be said about dividing the design
process as was already said in section 4.1. The difference between this structure
and the situation in the last section is that there is only one person who controls
the design process. One designer, the design leader, talks to all the different
designers and obtains all relevant information about the different parts (just like
all the designers did in the last section). Any other designer only talks to this
design leader, to obtain from him the information needed to do his part of the
design, therefore it looks just as if there are only two designers, he himself
and the design leader. But for the design leader this is not the case, he must
also block non-relevant information. But this means that now the term F b in
formula 3.4 is also important. The term Ft is again not important because the
design leader is not putting information through but he is blocking parts of the
information he has obtained. Formula 3.9 showed that for H could be stated:

Fb = T(E : SindSo); Transmission between the environment
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# of designers
# leaded designers (

Fb

8
7
1 2
3
4
5
6
0 1
2
4
6
7
3
5
- 0.0 1.0 1.6 2.0 2.3 2.6 2.8

10
9
8
9
3.0 3.2

Table 4.3: Influence of # of designers on the blocking rate for the design leader.
and the internal variables when the output is known.
(4.9)
With fonnula 3.6 and the static interpretation described at the end of section 3.2.1, fonnula 3.9 can be written as:
(4.10)
This can be written, with the help of fonnula 3.7, as:

H = H(Sint, Sol E) + H(Sint, So)

(4.11)

When looking at the design leader the second tenn on the right side can be
neglected, because the individual designers do not know anything about the
rest of the designers, there is no relation between the internal variables and the
environment. Only H(Sint, Sol E) is important for Fb• As in the last section, the
number of designers (="1) that are involved is the important factor. Again the
number of possible connections between the design leader and the designers can
be looked at. But in this case, only the number of designers under the design
leader ( (= "I - 1) must be counted, because there are no other connections
possible. So for Fb is found:
F b = H(Sint, Sol E)

=logz

# of designers under design leader

The calculated values for the blocking rate
in table 4.3

H

=logz (.

(4.12)
for the design leader are shown

As in section 4.2, the free moments for the design leader can be found.
Values for the designleader will be indicated with the sub-sub-index d instead
of i. The total of free moments can be calculated from:
(4.13)
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# of designers

S
5
7
9
10
11

12
13
14
15
18
20

1
100
100
100
100
100
100
100
100
100
100
100

2
83
70
64
63
61
60
59
58
58
56
56

3 4
74 60
55 43
48 37
46 35
44 34
43 33
42 32
41 32
41 31
39 30
39 29

5
48
34
30
28
27
26
26
25
25
24
23

6
40
27
25
24
23
22
21
21
21
20
20

Table 4.4: Relative design time in % for a structured design group.
The specific value of the free moments for the design leader is now found.
For a normal designer the free moments that are available are equal to those in
the situation when there are only two designers involved. For the total of free
moments of a structured group this leads to:

Fn = Fnd + (

* (S -

FC2 ).

(4.14)

So if the Stroud number and the number of designers are known, the time
needed for a design with a structured group of designers can be calculated with
the formulas 4.14 and 4.8. Because the value for the Stroud number is not yet
known, the results are given for the different values of S. The results can be
found in table 4.4.
There is a limit to the number of designers who can work under one design
leader. The limit is when all the time of the design leader is taken up by just
coordinating and blocking.
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Chapter 5
The design process of ASICs
Using the fonnal medium described in chapter 3, the relationship between the
complexity of a design and the creativity involved in the design process can
be studied. First the complexity of an ASIC design will be examined and a
way to calculate this complexity will be provided. Next, a way to derive the
infonnation content of a design language will be provided. The complexity of
the design and the infonnation content of a design language will be used to find
a way to calculate the time that is needed to design an ASIC with the help of
tools.

5.1

The complexity of an ASIC

In this section the theory described in chapter 3 will be used to find a measure
for the complexity of an ASIC design. To have a measure for the complexity of
the design, it is enough to find the infonnation content of the system model. An
indication for the complexity can be the elements used for the design. Nonnally,
the number of gate equivalents is an indication of the number of elements used
in a design, with gate equivalents defined as:

1 gate equivalent = 4 Transistor gates suitable for implementing
basic logic functions as two - input NAND or NOR gates. (5.1)
The number of gate equivalents can help to find the infonnation content,
and therefore the complexity, of a design as will be shown in the following
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subsection.

5.1.1

Deriving an analytical expression for the information content in an ASIC design

To find the information content in an ASIC design, the case will be considered
where is a complete specification of the ASIC that must be made. In terms of
chapter 3, model ms is the operational model of the specification. The final
ASIC design is in the form of a netlist that describes all the elements of the
ASIC, how these are arranged, and the way they are all connected. This netlist
is the model mJ, and allows the ASIC to be physically realized. Designing the
ASIC involves going from model ms to model mI. For the information that
has to be produced formula 3.21 was found:

H(mI/ms, L)

= H(BI/msl L) + H((3I/ B Il ms, L).

The design is made with the help of a design language L that consists of elements
that can be used to make an ASIC. The number of elements of L will be denoted
by ~.
Looking at an ASIC design the starting point is the model ms which leads to
the next model mr with the help of a specific design language L. For example
the design language L, contains little building blocks like NANDs, NORs, FlipFlops and buffers. The information in L and the way it was obtained will not be
discussed, only the information in mr will be examined. The set that implements
ms will be denoted by B r:

Br

= the set of building blocks for the implementation of m s •

(5.2)

The number of elements in B r will be denoted by N. For example 20 NANDs
and 5 Flip-Flops give 25 building blocks hence B r=25. To find the information
carried by B r first the number of different sets of B 1 elements that can be made
using the vocabulary of L must be calculated. This is the same as a select
drawing (with replacement) of N elements out of~. This number is [9]:

(5.3)
The information carried by B r with ms and L is known as:

H(Br /ms l L)

= log2

( e+ NN 32

1) .
(bzts).

(5.4)

The other factor of formula 3.21, the total information content of the design,
is the information in the interconnection pattern H(f3d E], ms, L). To calculate
this term, the syntax of L has to be accounted for. For the analysis the following
rules will be used:
sl : Each terminal can be connected to any other
terminal except itself.

(5.5)

s2: Terminals of building blocks are unique and
connections have a direction.

(5.6)

Let O!](ms) denote the sum of the number of terminals of ms and the number
of terminals of all building-blocks within B](ms). Q:](t) will denote the total
number of terminals of element t from ms and of the elements implementing t.
Using the rules sl 5.5 and s2 5.6 there can be found:
Total # of possible connections x = Q:(O! - 1).

(5.7)

with O! = O!](ms) possible connections and:
Total interconnections patterns = 2:1:

(5.8)

Normally are there some identical patterns, because interchanging two building
blocks of the same does not result in a different pattern. So the number of
possible patterns should be divided by the number of ways in which similar
building blocks can be interchanged. To generate this number a function K will
be used. The value for K(B] )can be found by taking the product of the factorials
of the number of times a building block of a certain type appears in B]. This
leads to:
(5.9)
K(B]) =
K(B1(t».

II

v t E types(ms)

where:

p

K(B](t» =

II n](k, t)!.

(5.10)

k=l

The p is the number of different types of black boxes in B](t), and n](k, t) is
the number of black boxes of type k in B](t). For brevity n(k) will be written
instead of nI(k, t).
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For the information content in the interconnection pattern

L

H(!3If m s, B J) =

/h is found:

H(!3I(t)/t, B J).

(5.11)

'V t E types(ms)

where !3J(t) is the interconnection pattern used for the implementation of element
t from the set types(ms). For the right side of formula 5.11 can be found (with
Q

= QI(t»:
H(!3I(t)/t, B 1) = logz([2 exp(Q(Q - 1)]/ x;(B1(t»)
p

=

a? -

Q -

L logz n(k)! (bits).

(5.12)

k=l

The two right factors of the right side of formula 5.12 are not important in
relation to the factor c? as for most designs they are not significant for the total
information content. Especially for larger designs with more that 1000 gates
these factors count for less than 1%of the total information content. Looking
at the following case which can be seen as a normal situation when designing
an ASIC, if there is a library with about 100 elements, and every element is
being used 10 times, this leads to just 0.3% of the total information content in
the case of an ASIC that has 1000 gate equivalents. The percentage these two
terms contribute to the total information content is in most cases even less so
they do not need to be counted.
Combining these results there is found:
(5.13)

So this is the measure for the information content of the design and so for the
complexity of this design. Q can now be written with formula 5.1 That:
Q

= # gate equivalents * #connection possibilities of one g.e..

(5.14)

So counting the gate equivalents of a design is a way of finding the information
content of an ASIC design.

5.2

Influence of a high level design language on the
design process

Using a design language for the design means that part of the information that
would have had to be produced by the designer is already there in the language.
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In other words part of the infonnation content of a design made with the help of
a design language was already produced when the design language was made.
If a certain design language is suitable for doing a design, the information that
has to be put into the design is already there so the information that must be
produced by the designer is less and the time needed for the design is reduced.

5.2.1

Deriving an analytical expression for the information content of a design language

The information contained in a design language was produced during the design
of the language itself. To see how this infonnation content influences the design
of an ASIC, the important information for the design of the language must be
considered. Looking at fonnula 3.4, the total processing activity within system
S was found to be:

F

= Ft + Fb + Fc + Fn (bits/s).

(5.15)

The tenns that add to F do not all have to be considered. The throughput
rate Flo the blocking rate Fb, and the noise rate Fn were already produced when
the design language was designed. These terms cannot be changed any more.
The coordination rate Fc is the only term that can be changed when using a
language for a new design. If an expression for this tenn can now be found,
the influence of the design language on the design can be found. Looking at
the last chapter, an expression for the coordination rate was already found in
formula 4.4

Fc; = log2 # of connection possibilities

(5.16)

Looking now at the total connection possibilities of a design language, a
measure of the way all the different words can be arranged can be taken. Assuming that all the different elements of the design language are used just once
in one expression, this leads to:

# of connection possibilities

= n!

(5.17)

with n = number of elements of L.
For the design which is being made with the help of this language, this means
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that a part of the infonnation that would have had to be produced if the design
language had not been used, does not need to be produced. By dividing the
total infonnation amount in the design by the infonnation already contained in
the design language, the infonnation that really has to be produced is found. So
the infonnation that a designer has to produce when doing the design is:

. f
.
d d
information in design
'tn ormatwn pro uce = -----=.--------=--information in design language

(5.18)

Using the tenn information produced, a measure for the infonnation to be
produced is found.
The results of this chapter, with using a correct practical value of the
Stroud number, can lead to a model of the design process of ASICs. Dividing information produced by the practical value of the Stroud number S,
gives the minimum time to do a ASIC design. The in this way obtained model
can help to make plannings to get an optimal use of the available manpower.
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Chapter 6
Cost factors of ASICs
The use of ASICs in a system influences the design, the production, and the cost
of a system. To understand the possible consequences, the general structure of
the cost price of a system will be examined as well as the influence of ASICs
on this cost price. The base for this part was laid by W.T.M. Kop former O&E
of P-ASIC, see [10] for a practical view. With the most important factors put
together, a program can be developed to calculate the costs of ASICs and of a
system using ASICs.

6.1

General cost price structure

Several aspects fix the cost price of a product or a system. For justification the
cost price can be defined as:

Cost price = Manufacturing cost + (Initial cost / Product volume).
(6.1)

The manufacturing costs and initial costs can also be split up further:
• Manufacturing costs;
costs of:

- Material: All types of components (ICs, transistors, PCB, connectors, cables, housing, etc.).

37

- Labour: All operational activities (insertion, onsertion, manual assembly, soldering, in-circuit/functional test, incoming inspection, mechanical assembly etc.).
- Overhead: All regulating and general activities and costs (freight
cost, interest, insurance, risk, accommodation, service and support to
the operational activities, policy and support from general staff etc.).
• Initial costs;
costs of:

- Development: hardware and software product development, system
development.
- General: development and pre-development.
- Other: items such as qualification, starting up, tooling, after-care
etc.
By analysing these aspects of the cost price; e.g. expressing the material costs in
costs per component, the Printed Circuit Board (PCB) area each component will
require, what the placement of a component costs, what the costs for testing are,
the overhead costs per component, and so on, and including the cost of power,
cooling, interconnections etc., the total manufacturing costs of a product can be
calculated.. The development costs for an ASIC can be calculated with the help
of the results in chapter 5. Looking at every specific element of the above stated
costs, the total product cost can be calculated.

6.2

ASICs cost parameters

Because P-ASIC develops software for the development of ASICs, the development costs of an ASIC will be examined in more detail. For the system
development and costs see [10].

6.2.1

Development of ASICs

The tools developed at P-ASIC are only concerned with the development phase
of an ASIC. However the total process of designing and producing ASICs consists of:
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• Functional specification:
- specify functionality
- choose a limited number of interfaces
- specify test facilities needed
- determine pinning requirements
- choose foundry tools
- estimate development capacity needed
- perform a preliminary cost price calculation

• Development: (in this phase the PDF is used)
- organise a design team, depending on complexity of the design
- develop physically realizable description
- choose of process
- simulation
- make a test program

• Foundry:
- generate layout
- simulate with the physical layout
- generate mask
- chip finishing
- produce and deliver first samples

• Development test:
- preform functional test and model test
All these activities have an impact on the design throughput time so they are
worth considering when developing an ASIC.
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6.2.2 ASIC cost analysis
Before a point of no return is reached in the development process of an ASIC, a
well considered decision must be made re:garding the most suitable implementation of the design. A key factor in the ASIC cost price calculation is the gross
chip area. This can be stated in advance if the following data is given:

• Total number of gate equivalents of the design; G: Also needed
for the estimation of the design time. If this number is known the chip
area can be calculated, assuming the process and process parameters are
known.
• Design efficiency E:
defined as :

(the actual number of used gate equivalents / mm2 for the design)
(the maximum number of gate equivalents / mm2 for the process used)

_

Gdeaign

-

Gproceaa'

(6.2)

E is expressed as a factor and ranges for a gate array from 0.3 to 0.7, for a
standard cell from 0.5 to 0.8 and for a full custom from 0.7 to 0.95. Once these
two parameters, G and E, are known, the chip area can be calculated:

gross chip area

=G/

(Gproceaa

* E)

+ bondpad area.

(6.3)

Another factor of cost is the package type used. A plastic or a ceramic package
can be chosen, depending on system requirements (e.g. system lifetime, environmental requirements), but also on cost price (ceramic is more expensive).
The number of connections to the outside world is important for the package
type to be chosen. A wide range of packages is available, such as Dual-In-Line,
Small-outline, Plastic leaded Chip Carrier, Quad Flat Pack, Leadless Ceramic
Chip Carrier, Pin Grid Array etc.. The number of leads varies from 8 to 400.
The ASIC cost price is build up out of:

• Chip costs:
- Wafer costs: wafer price depends on supplier, process and wafer size

40

- Cut and polish: each wafer must be polished before it can be used
and it must be cut into pieces when it is processed, fixed price/wafer.
- Gross chip area: chip size depends on the size of the circuit (see
above).
- Yield: depending on the process and the control of it, only some of
the chips are produced without failures (e.g. chip area of 30 mm2 ~
60%, chip area of 50 mm2 ~ 30%).
• Test cost: depending on the complexity of the chip, the chip stays longer
in a testing machine when it is more complex and so the testing is more
expensive.
• Assembly cost: comprises the cost. of packaging and die bonding. The
cost of bounding and packaging can be expressed in $/pin. In addition,
because of handling during this phase, the chip can be damaged and therefore lost:
- Mounting yield: e.g. 95%.
- End test yield: e.g. 90%.
• Overhead cost: the overhead cost of the factory that must be paid by the
customer (30% to 50% of the total factory cost).
When all the factors in this subsection are considered, the ASIC cost price
can be calculated.

6.3

Comparison different design approaches

Using practical data for the facts stated in the last sections, a comparison of
different design approaches was made. As an example, three different (fictive)
design approaches for the same logic function with a complexity of 10,000
gate equivalents were considered. The components used in the designs were
of different types. They were mounted on a PCB and assembled in the same
factory (same organization). The same cost price calculation was used.
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~ Product
~A
Discrete Components
40,000
SSI/MSI
LSINLSI
ASIC(semi custom)
ASIC(full custom)
Number of connections 100,000
Cost of components
$800
Cost of PCB
$900
~ Total matenal costs
~ $1,700

IC
2,000
400

300
50
4

-

I

-

-

10,000
$54
$99

2,000
$89
$20

$153

I

100
5
1
1

-

-

1
68
$13
$1

550
$28
$5

-

$108 ~

Table 6.1: Material costs comparison for 5 design approaches

6.3.1

Component price and integration level

The three products mentioned have been labelled C, D, and E. Products A and
B were built with discrete components and small scale ICs respectively, just to
illustrate the dramatic price differences between the materials, and costs of the
various design approaches ( see table 6.3.1). However for a cost comparison
they are not relevant nowadays.
The products C, D, and E can be described as follows:
• Product C consists of discrete components and off- the-self standard logic
components.
• Product D consists of discrete components, of-the-self standard logic components, and an ASIC (standard cell or gate array).
• Product E consists of just one full custom design ASIC.
• All components are mounted on a bi-Iayer PCB.
By examing the product manufacturing cost (about double the total material
costs), development costs, and the product volume, a quite realistic cost estimation was found. Figure 6.1 shows that depending on the product volume a
certain approach is the most economical. Again see [10] for more details.

42

Total COSII' volume ; Y-uiJ COIla in $
C: Diacrete compooeDll + off the abelf lItIJldanIlogic
D: AI Cbul with aASIC(ataDdard cell, gue uny)
E: Full CUllOm ASIC
(LOO)

2O.0E3

V

to.OEl
/

/

I

L-; V

I
t.0E3

V
/ L..--

V
I

I
I

7

V

V

I

100.0

P

./

/-"

V

I

too.O

lo.oE3
1.0E3

too.oEl
(LOO)

Product....volume

Figure 6.1: Comparing design approaches C, D, and E.

6.4

Trends

Because the technology in the ASICs world is changing so rapidly, the facts
stated in this report are just a snapshot of today's situation. To be sure that
these facts are still correct they must be verified.
Feature trends can now already been pointed out, and are therfore given in
the following. Off-the-shelf standard lCs will be replaced by custom designed
large scale les. The increasing availability and perfonnance of design methods
and tools makes it possible to integrate not only more system functions but also
auxiliary functions such as test, repair, etc.. Due to the possibility of building
increasing complex products and systems, the organizations that produce these
systems will also change. The consequences for systems and products are:
• Lower cost price
• Shorter time to market
• More competitive
• More innovative:
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- complex PCBs become simple
- emphasis shifts from software to ASIC hardware
- systems become smaller
• Product generations (life time 1 year). This will have considrable effects
on the organizations:
- Lower initial costs and a shifting or combination of departments and
CAD activities
- Low production costs on material labour and overhead level
- Possible cash flow to foundries
- Long term product planning
- Cost savings on end price
- Support for internal customers/designers
- Quality issues
This chapter gives a basis for a calculation model that can help in making
decisions. It can also be helpful in planning the division of resources over
the projects that need to be completed.
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Chapter 7
Market aspects
This chapter attempts to give a description of the influence that the length
of the time between a concept and the market introduction of a product
(also called time to market) has on the profit that could be made by
producing this product Because of the complexity of this subject, it is
only possible to indicate the influence on the time to market.

7.1

Throughput time

The time period that lays between the begin of a phase, also just after a
milestone, and the next milestone is called the throughput time of such a
phase:

Throughput time : time needed for a certain phase to come from
the beginning point to the end point of this(7.1)
phase normally stated in days or weeks.
The time to market is the time needed to come from the first milestone
(feasibility study) of a product to the last milestone (approval for delivery),
the date when the product can be delivered to the market. If the throughput
times for all the earlier mentioned phases are known, the time to market
is found by just adding this values.

Time to market: Time needed from the feasible idea to make a
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final product that can be delivered to the market.(7.2)
The time to market will be considered in more detail in section 7.3 of this
chapter.

7.2

Company types

To get a better insight into the influence of the time to market on the profit
that can be made by producing a certain product, a basic knowledge of
company types is needed. Four types of companies can be defined:
- Market leader
- Market challenger
- Market follower
- Market nicher
In the following subsections the advantages and disadvantages of each
type will be described in more detail. For a more detailed view, see [12]
which was also the source for this section. The division into these types
was derived for the classified firms by the role they play in the target
market, that of leading, challenging, following, or niching. The firm with
the biggest share of the market is called the market leader. The firms
that occupy second, third, and lower ranks in an industry can be called
runner up or trailing firms. These runner-up firms can be divided into two
categories. If they attack the leader and other competitors in an aggressive
bid for further market share they are called market challengers. If they
just try to keep up with the market they are called followers. If the firm
is only filling demands in very specialized parts of the market, it is called
a market nicher. In the following subsections these will be described in
more detail with the advantages and disadvantages of each type.

7.2.1

Market leader

This firm has the largest market share in the relevant product market. It
usually leads the other firms in price changes, new product introductions,
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distribution coverage, and promotional intensity. The leading place of
this firm is acknowledge by the other firms and is for them an orientation
point. The other firms will keep challenging its strengths or trying to take
advantages of its weaknesses. The market leader can easily miss a new
development and fall to second or third place. Firms of these type want to
remain number one and must acte on three fronts. The firm must find ways
to expand total market demand. The firm must protect its current market
share through good defensive and offensive actions. And the firm must
try to increase its market share further, even if the market size remains
constant.

7.2.2

Market challenger

These types of firms try to get a bigger share of the market mostly
throughoffensive strategies. A market challenger must first define its
strategic objective, and then act according to this objective to obtain the
desired result. Normally the objective is to increase its market share and
hope that this bigger share leads to greater profitability. Deciding on the
objective, whether it is to crush the competitor or reduce its share, depends
on who the competitor is. There are three kinds of attack possibilities:
- Attacking he market leader.
- Attacking firms of a similar size which are not doing the job and
which are underfinanced.
- Attacking small local and regional firms that are not doing the job
and that are underfinanced.
The issue of choosing the opponent and choosing the objective itself are
related. If the attacking company goes after the market leader, its objective
may be to snatch away a share of the market leader's market. If attacking
a small local company, its objective may be to drive that company out of
existence. The important principle is that every action is directed towards
the main objective.
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7.2.3

Market follower

A market follower is tries to get a market share by just following the leader
of a certain market. It tries to use its own competence to participate in
the growth of the market. The strategy of product imitation might be
a as profitable strategy as product innovation. The innovator bears the
huge expenses of developing the new product, establishing distribution
channels, and informing and educating the market. The reward for this is
normally the market leadership. However another firm might come along
and copy or improve the new product, and launch it, without bearing
the great risks of an innovator. Normally this market follower will not
overtake the leader, but he can achieve high profits because he does not
have the innovation expenses. He will also not try to attack the leader
because of the strength and the power of the leader. If he wants to attack,
his only chance is a pre-emptive strike, in the form of a substantial product
innovation or distribution breakthrough, but it is often preferable to follow
than rather than attack the market leader.
A follower is not without strategies, it must keep hold to current customers
and win a fair share of new ones. Each follower tries to bring distinctive
advantages to its target market (location, services, financing). The follower
is a major target of attack by challengers. So a market follower must keep
its manufacturing costs low and its product quality and services high. As
new markets open they must be entered. Followering is not the same as
being passive or just a coping the leader. Three broad follower strategies
can be distinguished:
- Following closely.
- Following at a distance.
- Following selectively.
One specific follower strategy must be mentioned, a high parasitic form.
By making and selling copies (imitations) of the real product a share of
the market can also be obtained. The brand leader faces a major threat
and must find a way to defeat or wipe out these "followers".
In many cases, Philips is a market follower (e.g. most of the Consumer
Electronics Division). Only in a few other branches is Philips the market
leader (e.g. Light Division) or even a challenger (e.g. P-ASIC).
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Figure 7.1: Examples of learning curves.

7.2.4 Market nicher
A market nicher is mainly a smaller firm that chooses to operate in some
parts of the market that are specialized and unlikely to attract the larger
firms. They normally become specialists in some end use application,
customer size, specific customer, geographic area, product or product line,
product feature, quality/price level, service, or channel. To reduce risk it
is preferable to focus on more than one market niche. When one niche
dries up or is attacked by another firm, the firm is still able to survive.
Although the firm has only a small share of the market it can still be
profitable. Many of the most profitable small and medium-sized firms
owe their success to a niching strategy.
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7.3

Time to market and market introduction time

The elapsed time between the end of the feasibility studies (when the
product is accepted for production) and the moment when a product is
ready to be produced and can be delivered to the market, is called the
time to market (formula 7.2). The influence of the time to market is
different for the described company types. To understand this, a few facts
will be given. The results that are given are based on a model created by
Mr.C.Gordon [Gord] and where used in [13].
The time at which a product is introduced to the market (and therefore
development throughput time) has an influence on the profitability of the
product
The influence of introduction time on the profitability can be assessed by
looking at the learning curves. The learning curves are calculated with
the help of the following rule:
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Learning curve : Each doubling of the quantity manu factured reduces the cost to a percentage
(eg. 90%) of its previous value.

(7.3)

A learning curve of 80 % means that with a starting production of 1000
pieces and manufacturing costs of 100, the manufacturing costs will be
halved after the production of around 8000 pieces. Examples of these
learning curves can be found in figure 7.1. The market behaviour of a
arbitrary product is shown in figure 7.2. This has been used as a the basis
for a series of worked examples. It is assumed that every entrant into a
market follows this market behaviour. The products are assumed to be
technically equal. The sales volume achieved by a competitor is assumed
to be independent of the other competitors. The competitor with the lowest
price sets the market price, which is the same for all competitors.

7.3.1

The effect of late market entry

Looking now at an example of a three competitor market, the following
can be seen. The first competitor enters the market at the beginning of
year O. The second and third competitors enter after 3 and 6 months.
All have the same starting costs. All have a 80 % learning curve. The
first competitor sets a sale margin of 17 % of sales price. The other
competitors sell at the same price. As soon as the market takes off for
the first competitor, the sales price falls. This forces the second and third
competitors to take negative margins, because they are not yet as far as the
first one on the learning curve. Because the first one sets the selling price
and takes a margin on it ( always 17 %) the first competitor always makes
a cumulative profit, whereas the other competitors make early losses. This
is shown in figure 7.3 for the 80 % learning curve. When the same would
be done for a market with a higher price erosion ( in other words a learning
curve of 70 %), competitor 3 would not obtain any profit, competitor 2
would obtain just a little bit, and competitor 1 would have obtained half
of the profit he obtained in this example. To conclude:
In a market of equals, it pays to be first.
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Figure 7.3: Effect of late market entry on profitability (80 % learning curve).
As this example shows, the time to market is very important if a company
wants to be profitable, so shortening the design time can lead to (more)
profit.
To make the comparison with the different types of companies, company 1
is the market leader and 2 and 3 are market challengers. In the above cases
of equal learning curves, it means that these market challengers can not be
very successful because they can not reach the price level of company l.
To be successful as a challenger these challenging companies have to have
a better learning curve (e.g. 70 % instead of 80 %). Figure 7.4 shows this
difference. Company 1 has a learning curve of 80 %, company 2 has a 6
months delayed entry and a learning curve of 70 %. The steeper learning
curve of company 2 cuts costs faster and forces competitor 1 into losses.

7.3.2 Effects of lower starting costs
The moment of market introduction is not the only influence on the profit;
the starting costsare also important. Even with the same learning cure (
80% ), a company that comes later on the market but has lower starting
costs can be successful. In the example used there are three competitors.
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Figure 7.4: Effect of different learning curves on profitability.
The second competitor enters six months after the first, on the same learning curve, but with starting production costs at 90 % of the starting costs
of the first competitor. The third competitor enters two and a half years
after the first, on the same learning curve. The third entrant uses a newer
production process and his initial costs are 50 % of the initial costs of the
first competitor (but higher than the costs of the first two at his point of
entry). With lower starting costs, the third entrant achieves lower costs
than the others, 3 years after entering the market. He becomes therefore
the market leader and can set his selling price to give him a 17 % margin.
This is shown in figure 7.5 for a 80 % learning curve.
For a 70 % learning curve the third entrant makes never profit, because
the first competitor is able to reduce his manufacturing costs drastically.
For a 90 % learning curve, the third entrant has starting costs below the
costs of the other competitors at his point of entry and sets the market
price immediately, causing the other competitors to make losses.
To make again a comparison with the different types of companies, company 3 can be seen as a market follower type. He uses his own specific
competences, to get a share of the market. When he obtains lower costs
than the others he can become the market leader. By just keeping up
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Figure 7.5: Effect of lower starting costs on profitability.
with the others he can obtain a share of the market and a big profit, it all
depends on what he wants. When he obtains lower costs than the others
and tries to be offensive he can be classified as market challenger. But in
most cases, a firm that enters the market at this time is a follower.

7.4

Conclusions

Using the facts stated in the last sections, conclusions can be made for
using ASICs:
- In most cases, when using ASICs, it pays to be first on the market
Design times can be shortened to be certain when developing a new
product that the company will be first on the market
- The steeper the learning curve is, the more important it is to be early.
Using ASICs can help being earlier on the market
- If a competitor is not first, he still can win by entering with lower
production costs and therefore a cheaper product Using ASICs helps
to obtain lower production costs.
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- Competitors with a steep learning curve will ultimately set the market
price. Using ASICs can help to control the production process better, because there are less possibilities for failures in the production
process, thus providing a steeper learning curve.
What has not yet been mentioned but what is obvious, is that by shortening
throughput time more products can be developed. With more products
more profit can be obtained. By looking at a specific environment the best
strategy can be choosen to obtain the best result. Although only rough
guidelines and examples were given, this chapter can help in making the
correct decision.
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Chapter 8
Conclusions
This master thesis demonstartes that it is possible to make a model of the
design process for ASICs using the formal medium for the design process
described in [4]. By showing that it is possible to use this formal medium
to describe practical design situations that fit the practice, it was indirectly
shown that the formal medium can be of practical use.
By understanding the reasoning behind the development of the model,
more insight can be gained into the development process. By ensuring
that the assumptions made by the development of the model are fulfilled
a better way of designing is obtained, and more accurate planning can be
made.
By finding an optimum 'between costs and man power, with the help of
the reduction in design time and the time to market aspects, better and
cheaper products can be obtained. Also planning in advance of a project
can help to make better use of both man- and computerpower.
The tool set P-ASIC provides can shorten the design time of ASICs and
so of a product. The shortening of the design time is of particular importance for the profitability of a product. Depending on the company type
or chosen strategy a decision can be made whether it is worthwhile developing a certain product, this minimising the risk involved in developing a
new product. Using ASICs can help reduce the risk of developing a new
product, although the risks of developing ASICs must not be forgotten.
Considering the theory that was used to obtain the results, it shows that
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this theory can be of great help to understand design processes better.
Future research with this theory is recommended to make full use of the
possibilities of the theory.
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