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Supenisor: Dr. K. F. Li 
Abstract 

DAME (Design Automation of Microprocessor-based systems using an Expert sys- 

tem approach) is an expert system for configuring and designing a customized micropro- 

cessor systems ftom original specifications. This work deds with the development of the 

data transfer intdace design module in DAME: the Interface Designer. 

The automated Interface Designer is developed by extracting common features, 

functions and behavior of microprocessor components and representing them using 

knowledge representation techniques. The design is accomplished through pattern match- 

hg, by perfonaing actions and procedures based on recognition of the standard behavior 
patterns of microprocessor cornponent signals. 

The development of the Interface Designer production system is divided into three 

parts: a hierarchial network of fiames that represents the components, a hierarchial net- 

work of frames that represents the interface and a set of forward chaining d e s  that repre- 

sents the design expertise. Equivalent abstraction levels are developed for the component 

model, interface model and design rules, allowing the design process to proceed using a 

top-down methodology. 

The component behavior is abstracted at several levels. At the more abstract behav- 

ior level, the data tramfer behavior is divided into a set of fundamental information tram- 

fers, namely the address, data, request, direction, type, delay, size and width information 

transfers. At the more detded level, each information transfer is divided into state and 

timing information transfers, where state information represents the conceptual meaning 

of the state of a signal, and the timing information specifies when the state information is 

usable. Finally, the timing information is represented using a set of propagation delay 

invariant timing patterns. Only a limited number of timing patterns is required, thus allow- 

ing a limited number of design d e s  to accomplish the interface design. 

Interface design is c d e d  out by sub-dividing the interface into progressively more 

detailed interface sub-blocks, until eventually the interface is built up fiom a set of param- 

eterized primitive circuits that represents the lowest level basic building blocks of an inter- 

face. The set of primitive circuits developed gives the Interface Designer the ability to 

connect signals based on the timing patterns. The timing behavior of the output of the 

interface is determined as a function of the primitive circuit parameters and the tunuig 

behavior of the input of the interface. Once the interface design is complete, the output 
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Chapter 1 

Introduction 

1.1 Rationale Behind Microprocessor System Design Using an Expert 
System Approach 

Microprocessor based systems (also cded  microcornputers) are designed and con- 

structed using off-the-shelf components according to application specific requirements. 

The explosive growth of the range of applications for microprocessor systems, hm 

household appliances such as microwaves to scientific instrumentation such as the Mars 

Rover, indicates there is a high demand for customized microprocessor system design. 

Despite the inmeasing complexity of today's 32 and 64-bit microprocessors, embedded 

system design has remained largely as it was 20 years ago when 8-bit microprocessors 

were state of the art. Some industry andysts predict a looming cornplexity crisis due to a 
lack of trained engineers and a lack of good automation tools [61], which dl slow down 

the much heralded explosion of consumer products using sophisticated microprocessors. 

The high demand for customized designs and the complexïty of new components 

make a synthesis tool for microprocessor system design very attractive. Such a tool wodd 

allow rapid development of new products, reducing the time to market and Iowering devel- 

opment cost. It wodd relieve the designer of some of the routine drudgery of a design 

task, while at the same time reducing the number of mors in the design since automatic 

design verincation could be performed. It would allow a design engineer not familiar with 

the latest components, or a novice designer, to produce a design with those components. 

The lack of a comprehensive theory of system integration and design choices has led 

to a more or less empincal set of d e s  for microprocessor system design, which an experi- 

enced system designer can draw upon to give a solution to a design problem. A synthesis 

tool using an expert system approach would allow the categorizing and codifjhg of an 

expert's knowledge so that a microprocessor system cm be generated automatically. 

1.2 Work Covered in this Dissertation 

A design engineer with interface design expertise uses information provideci by 

component data sheets and knowledge about previous microprocessor system designs to 

b d d  the data transfer interface as shown in Figure 1-1. To automate the design process, 



FIGURE 1-1. Data Tramfer Interface Design 

the interface design engineer is replaced with an expert system. An expert systern is a corn- 

puter program that relies on a body of knowledge to perform a task normally performed 

o d y  by a human expert. 

Microprocessor system design has many aspects, from the design of the general 

architecture of the system, component selection, component intercomection and interface 

design to system implementation. To limit the scope of this work, the proof of concept 

expert system developed was confined to the design of the data transfer interface given a 

set of microprocessor system components. It is assumed that components have been 

selected and the overall architecture of the microprocessor system has been determined. 

This system is c d e d  the Interfnce Designer. 

The design process is not as straight forward as it initially seems. As a human 

designer proceeds, she will make design decisions based on experience of previous 

designs and build upon hidden, underlying assumptions. The automation of the interface 

design developed for this work requires detailed analysis and representation of these expe- 

riences and assumptions. 

To M y  automate the interface design process, a fimctional analysis and representa- 
tion of all signals involved in microprocessor interfaces is required. If a signal is present, 

what is its function? (Often a signal wiU serve several functions, even though it appears to 

o d y  serve a single fiinction). Why must it be comected? How does the signd interact 



with other signals to carry out the hction? How can its function and interacting behavior 

be represented so that design automation c m  proceed? 

Even though most of the interfaces used by the various microprocessors and related 

peripherals are fairly standardized, subtle variations exist 1521. Therefore a brute force 

approach to automated interface design, where signals having the same h c t i o n  are con- 
nected directly, will ofien fail. 

This work postdates that an automated Interface Designer can be developed by 

extracting cornmon features, fùnctions and behavior of components and attaching concep- 

tud meaning to these features through abstraction and inheritance, and representing the 

components using standard expert system knowledge representation techniques. F d e r -  

more, design can be acwmplished through 'pattern matching' by perfomiing actions and 

procedures based on recognition of the standard behavior patterns. 

Central to this work is the development of a lirnited number of representative timing 

patterns which can be used to represent the timing behavior of component signals, and a 

set of pattern rnatching rules used to capture the human designer's expertise for intercon- 

necting signals with different timing patterns using a set of pre-designed primitive circuits 

(elementary building blocks). The primary advantage of this approach is a reduction in the 

level of detail, and hence the cornplexity, of the design process and the information that 

must be modeled and represented by the Interface Designer: The level of detail needs only 

be sufficient to allow the pattern matching d e s  to select one of the pre-designed primitive 

circuits. 

Figure 1-2 gives an overview of the interface design expert system developed for 

this work. The central part in the development of an expert system is the representation of 

the body of knowledge in a form usable by the expert system. This work is organized by 

dividing the body of knowledge into three distinct parts: A component rnodel that repre- 

sen& a l l  aspects of a component, an interface rnodel that represents the interface that wiU 

be designed and the design expertise in the form of d e s ,  which represents the design 
methodology and t ethniques. 

Specifically this work makes the following contributions: 

It develops a set of standard timing patterns that can be used to represent the timing 
behavior of signals in a data transfer interface. 

It develops a set of primitive circuits that can be used to intercomect signals which 
have timing behavior based on the standard timing patterns. 



FIGURE 1-2. hterface Design Expert System 

It develops a representation of the data transfer protocol in terms of information trans- 
fers, where each information transfer is based on one of the timing pattem. 

It develops a simple and complete representation of the component incorporating the 
standard timing patterns. 

It develops a representation of interface that will be generated. 

It develops a representation of the design expertise required for interface design in the 
form of d e s .  

It develops a method of generating the output timing behavior of the designed interface, 
and it develops a technique that cm be used to veri@ that the timing behavior of the 
designed interface satisfies the timing behavior of the components being connected. 

It develops a method to allow implementation and testing of the interface in real-world 
applications. 

It implements and tests the Interface Designer using real-world interface design exam- 
ples. 



1.3 Dissertation Organization 

This dissertation contains eight chapters, including this introduction, followed by a 

Bibliography and an Appendix. 

Chapter Two gives some background information for the disciplines involved in the 

development of an expert system for microprocessor system design: microprocessor sys- 

tems, digital system design and expert systerns. The chapter concludes with a description 

of several other microprocessor system synthesis tools that have been developed. 

Chapter Three discusses the approach used to develop the automated minoproces- 

sor system designer. It fhst gives a simple example to illustrate some of the issues involved 

in microprocessor system design. It then outlines the techniques used to represent the 

component, the interface and the design d e s .  

Chapter Four develops the mode1 for representing microprocessor system compo- 

nents. The model covers all  aspects of a component, such as the behavior of a component, 

its signals and the timing relationships between signals. It presents the methods used to 

model the signais thernselves, the different states signals can attain and the timing rela- 

tionships between state changes. It develops a method of representing the protocol of the 

signals using information transfm based on a limited number of timing patterns. 

Chapter Five presents the mode1 for representing the interface that comects the 

micropro cessor system components. The hierarchy of the interface model is developed 

from the hi@ level interface blocks to the low level primitives which are used to eventu- 

ally build up the interface. A representation of the primitives is given using VHDL to fad-  
itate the eventual testing and implernentation of the interface. 

Chapter Six discusses the method used to perfom interface design. The design 

expertise is developed in the f o m  of pattern matching d e s .  The d e s  perform specinc 

actions depending on the recognized patterns at the different component and interface 

hierarchy levels. 

Chapter Seven presents the Interface Designer implemented in the Knowledge Craft 

expert system shell. It discusses the components entered into the Interface Designer corn- 

ponent library. This is followed by a step by step description of a 68000 microprocessor to 
6 1 16 memory interface design example, showing some of the data structures produced, 

including the VHDL representation of the interface. A VHDL simulation is used to verify 

the correct operation of the interface. The chapter concludes with a s u m m q  of the micro- 

processor system design problems solved with the automated Interface Designer. 
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Chapter Eight provides conclusions and discusses future work. 

The Appendix inchdes various material that supplements the main body of this dis- 
sertation. 

1.4 Trademarks 

Several s o h â r e  packages were used in the development of this work: 

Knowledge Craft is a trademark of Carnegie Group Inc. 

Mentor Graphies is a trademark of Mentor Graphics Corporation 

Q u i c W L ,  Qvhcom and Qhsim are trademarks of Mentor Graphics Corporation 

X4CT is a trademark of ;rçilinx, Inc. 

m i s  a trademark of AT & T Technologies 

SunOS is a trademark of Sun Microsystems Inc. 



Chapter 2 

Background 

This work is concemed with the automation of the design of microproceçsor sys- 

tems and brings together the three areas of investigaîion: microprocessor system design, 

digital system design and expert systems. This chapter provides background information 

for these areas. The hrst section presents the fùndarnentais of microprocessor systems and 

their organization. This is followed by an introduction of the digital system design tech- 

niques that are needed for microprocessor system design. The next section presents expert 

systern and knowledge representation techniques that can be used to mode1 the design pro- 

cess. The chapter concludes with an overview of other design automation systems in the 

literahue and their relevance to this work. 

2.1 Microprocessor Systems 

The microcomputer era started in the earIy seventies afier technologies had been 

developed to fabricate a simple +bit CPU, called a micropmcessor on a single chip. A 
microprocessor is an entire central processing unit (CPU) and is useless without support 

circuits such as memory components, interface components, timing and control circuitry 

and a power supply. A microcomputer, also called a rnicroprocessor system, is a stand 

alone, complete computer system capable of functioning without any additional equip- 

ment[18]. 

The basic microprocessor system consists of the CPU, memory in the form of R A 4  

(read/write random access memory) and ROM (read only memory), and IO (input/output) 

components for external communication. Special purpose IO interfaces allow the micro- 

processor to receive data h m  input components çuch as keyboards and floppy disks, and 

to transmit data to output components such as displays and p ~ t e r s .  If the microcomputer 

is a single entity that has all memory, CPU and IO included on the same chip, it is often 

cdled a micmcontroIler [65]. Microcontrollers are often limited in terms of speed, amount 

of memory and IO capability: thus the need to design custom microcomputer systems has 

not been eliminated with the introduction of microcontrollers. 

In general terms a microcomputer consists of a number of modules that are hked 
together by a bus. A bus is a collection of parallel conductors designed to eansfer informa- 
tion between separate modules within a microprocessor system. A card is a collection of 



one of more modules on one physical printed circuit board that can be inserted into a con- 

nector that has a series of signal wires that connect to a system bus. Although the terms 

card and module are sometimes used interchangeably, in this work a card represents a 
printed circuit board with a bus connecter, whereas a module is a partition of a micropro- 

cessor system that performs as certain function in the same sense as in the concept of 

"modular design and rnodularity". A card that has several modules on it may have a con- 
nector that cunnects to the system bus, and may also have a local bus that connects the dif- 
ferent modules on a card. 

System 
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Lf Bus 

1)& 1 RAM 
3 
e3 

- 

ROM 

]FIGURE 2-1. Block Diagram of a Simple Microcornputer 

Peripheral 
Module 

Memory 
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In Figure 2-1[18], the three modules could be separate printed circuit boards in 

which case they could be called cards, or they could be modules that all reside on a single 
printed circuit board, in which case the whole system would be calleci a single board com- 

pter .  



All communication between components takes place over the microprocessor sys- 

tem bus. To facilitate error fiee communication, interface design requires three major con- 

sidmtions: purpose/fûnction of the interface, voltage levels and cunent levels, and timing 

requirements. In the microprocessor system design literature, three types of bus are usu- 

aUy identified: the address bus, the data bus and the control bus [9][18][35][53][65]. A 
typicd microprocessor uses a data bus to transfer information, and an address bus to indi- 
cate the extemal location where this information should be transfmed. Four functions are 

typically provided by the control bus: memory and IO synchronization, CPU scheduling 

involving intempts, bus arbitration allowing other components to use a bus, and utilities 

such as system clock and system reset. AU microprocessors have essentially similar 
address and data bus structures [6][48]. The differences are usually found in the control 

bus and it is normally the control bus signals that make peripheral components compatible 

or incompatible. 

With the advancement of semiconductor technology, faster and more architecturally 

powerful microprocessors are available every few rnonths. For the end users however, it is 

often important for the new microprocessors to be both software and hardware compatible 

with the older components. Software backward compatibility allows the software devel- 

oped for olda microprocessors, a sizable investment, to be reused with the newer proces- 

sors. Hardware backward compatibility allows microcornputers to be upgraded to newer, 

faster microprocessors by simply replacing the microprocessor chip, and it allows the 

reuse of peripheral expansion boards that were designed for systems using the older 

microprocessors. 

The desire of manufacturers to provide users with hardware and soha re  backward 

compatibility raulted in an evolution of microprocessor components over time 1651. The 

£irst 8-bit microprocessor, the Intel 8008, was followed by the Intel 8080 and 8085. Intel 

next developed the 8086 16-bit microprocessor which evolved into the 32-bit Intel 80386, 

80486 and the Pentium processor. The Motorola processors follow a similar Stream. The 
8-bit 6800 was developed into the 16-bit 68000', which evolved into the 32-bit 68020, 

6803 0 and 68040 microprocessors. 

Many other processor families exist today such as the PowerPC series developed 

jointly by Motorola, IBM and Apple, the Alpha senes developed by Digital Equipment 

Corporation and the SPARC series developed by Sun Microsystems. Many microproces- 

sors were also developed for specific applications requiring certain types of arithmetic 

1. This work uses both 680CO and MC68000 when refening to the Motorola 68000 microprocessor. 



operations. Microprocessors that are optimized for digital filtering and fast fourier trans- 
f o m  are called DSPs (digital signal processors). DSP components are usudy optimized 

to perform operations such as multiply and accumulate in a single clock cycle. They often 

have separate mernory for program and data space and are very fast when used for an 
application that uses the optimized operations. Such components include the Motorola 

56000 and 96000 series, the Texas Instruments 32020 series and the Intel 1860 series. The 
DSPs have similar interfaces to the general purpose micro processon, and therefore the 

r e d t s  of this work are directly applicable to DSP systems. 

New and novel uses of microprocessors are discovered on a daily basis, requiring 

the design of custom microprocessor systems to fit the specific applications. The explosive 

growth of microcornputer applications coupled with the rapid release of new and 

improved microprocessor system components places a high demand on skilled custom 

microprocessor system design engineers. A design system that can help to reduce the cost 

and decrease the development time of a custom microprocessor system would be very 

valuable - a major motivation of this work is to build such an automated design system. 

2.1.1 Microprocessor System Interface Protocols 

A signalprotocol refers to a set of conventions that describes the correct etiquette 

and precedence of interactions between the signals of one or more components to accom- 

plish a specific task. When developing the Intel 8086 senes (8088, 8086, 80186, 80286, 

80386, 80486, etc.) and the Motorola 68000 series (68000, 68008, 68010, 68020, 68030, 

68040, etc.) microprocessors, the component manufacturers made the devices hardware 
backward compatible in part by using similar signal protocols to rnove information on and 

off the microprocessor. Connecting two components that have an identical signal protocol 

is a simple process since the signals involved in the protocol c m  be connected directly. 

Unforhinately, when making a device hardware backward compatible, ofien only parts of 

the signal protocol were preserved. This resulted in subtle but important variations of the 
signal protocols that make interface design more dficult, since the signals often can not 

be connected directly. 

A human interface designer can recognize and manipulate the signals, even if s m d  

variations are present in the signal protocol between components, while a simple software 

based automated designer that was programmed to handle only specific signal protocols 

may be unable to complete the design. For example, the 68000 and the 68020 both use 

non-multiplexed address and data buses, and a data strobe to indicate a data transfer is in 

progress. In both microprocessors, signals are provided to indicate that the data tramfer 



will be completed, in the form of an acknowledge signal. For the 68000 a single DTACK* 

signal is provided, which must be used to acknowledge every data transfer, wwhile for the 

68020 the DTACKO * and DTACKl* signals are provided, one or both of which must be 

used to terminate the data tramfer depending on which signals on the data bus are used for 

the data transfer. A human designer who is f d a r  with interface design for the 68000 

wodd recognize that taken together, the DTACKO * and DTACKl* signals are shda r  to 
the DTACK* signal, and therefore can complete the 68020 interface design based on his 

previous experience with the 68000. One important aspect of this work is the development 

of expert system techniques to capture the essential feahves of signal protocols so that 

design of such systems c m  proceed based on the similarities between protocols. 

For this work, several major families of components were analyzed, and the similar- 
ities and differences in their signal protocols were extracted. These families included the 

Motorola 6800 and 68000 series, the Intel 8086 series, and the Zilog 280 series. Other 

microprocessors and microcontrollers were also examine- to determine the similarity in 
their signal protocols to the above f d e s  of components. These components include the 

Motorola 56000,68EIC117 6800,6809, the Intel 805 1 and the Texas Instruments 32020. 

2.1.2 Microprocessor System Cornponent Properties 

Microprocessor system design requires the analysis of several aspects of micropro- 

cessor system components. These aspects include properties such as the component pack- 

aging, component power, meaning of the binary information flowing onto and off the 

component and the characteristics of the electrical signals that are used to send informa- 

tion off and onto the component. This work develops a mode1 that allows representation of 

all these aspects of a component in a knowledge base. 

The fragile microprocessor component die is usually embedded in a plastic or 

ceramic package which brings the signals to metallic lads  cailed pins on the outside of 

the package so that they c m  be connected to the system through soldering or by insertion 

into a socket. Power is supplied to various pins on a component. LSWLSI microprocessor 

components typically require SV to operate. Some older CMOS (Complmentary Metal 

Oxide Semiconductor) f d e s  can tolerate voltages fkom 3V to 12V The latest high 

speed microprocessor components (usually CMOS) sold commercially usually operate 

using 2.W-3.3V power. 

A B i n q  Digit is cded a bit and represents a binary choice of O or 1. This binary 

choice is implemented as two voltage levels on a signal wire7 a hi& is usually 2.3V-N, 

and a low is usually OV-0.N. For a collection of bits, each bit usually is associated with a 



weight, with the most significant bit having the highest weight, and the least signincant bit 
the lowest. The weight of the bit is [n29, where n is the symbol O or 1, and k is the bit 

position. For exampley a byte has lc=û for the Ieast significant bit and k 7  for the most sig- 
ni-ficant bit. 

A microprocessor communicates with the outside world through its extemal bus sig- 

nais connected to either a local bus or a system bus. The rnicroprocessor bus is usually 

divided into data, address and control buses. The information present on the buses must be 
interpreted with knowledge of the purpose or function of the bus. For example, the infor- 

mation on the address bus indicates a location in the memory space of the microprocessor, 

while the information on the data bus can represent a floating point number, an integer 
numbeq a CPU instruction or a text character. 

Component manufachiers usually provide two types of specifications for micropro- 

cessors signals: DC characteristics specify DC voltages that are observed at device inputs 

and outputs during operation. AC characteristics specie the dynamic behavior of a corn- 

ponent. AC characteristics include the rise and fall time of signals, the signal propagation 
delay and signal setup and hold times. The rise and fall tirnes give the time taken by a sig- 
nal to change voltage levels. The propagation delay is the amount of time taken for a 
change on an input signal to produce a change on an output signal. Setup and hold times 

s p e c e  the times during which a signal is not allowed to change [85]. 

2.1.3 Microprocessor System Components 

Several different types of components are used to build up a microprocessor system. 
Memory components are used to store information. Memory is organized in blocks of 

varying size called pages. The description of which component occupies which page is 

called a memory map. A circuit calied an address decoder is built to generate a signal to 

activate the proper memory page. The speed of memory in general is specified in t m s  of 
access tirne. Access time is usually defined as the time elapsed fiom the moment that a 

memory device is told to provide some data (i.e. the memory is accessed), to the moment 

when memory provides the data [65]. 

IO components have been developed to allow information input or output fiom the 

microprocessor system. These wmponents come in many forms including analog to digi- 

tal and digital to analog converters, timers, synchronous and asynchronous serial transmit- 
ters and receivers, keyboard and disk controllers. The signals used to communicate 
between the IO component and the microprocessor are simila. to the signals used to corn- 
municate between the microprocessor and memory. 



Many microprocessors families have special components that c m  be "attached" to 

the main CPU and that can perfonn specinc tasks more efficiently than the CPU. These 

components are c d e d  coprocessors. Coprocessors are usually tighrly coupled to the main 
microprocessor. Tightly coupled means the coprocessors were specifically designed to 

work with a specific microprocessor, having many interface signais that must be con- 

nected directly to the main microprocessor without any interface circuitry. 

Additionally, mdac tu re r s  ofien provide some components that are needed for the 

design of an operational microprocessor system. These components can be divided into 

two classes: 

1. Components required for clock generation. 

2. Components required to interface the CPU and memory or IO, called bus interface cir- 
cuits. 

These components are u d y  designed to work specifically with a component and 

are tightly coupled to that component. One such example is the Intel 8288 bus controller 

that must be used with the 8086 microprocessor [4 11. 

2.1.4 Capabilities of Microprocessor System Components 

Microprocessor system components have the ability to perform operations such as 
moving data over the data bus signal wires, or they can respond to extemal stimuli such as 
an intermpt signal. An operation a component cm perform is c d e d  a capability of a com- 

ponent. A detailed analysis of component capability is required to aflow rnodeling of the 
component for an automated design system. There are three types of capabilities that are 

commonly found in microprocessor systems: data transfer, bus arbitration and intemipt 

capability. What follows is a brief description of these capabilities. 

The data transfer capability encompasses aU operations whose task it is to move 

some specific information fiom one component to another. This infoxmation c m  be data in 
memory, which is transferred to a rnicroprocessor register, or data such as an interrupt vec- 

tor which is transferred during a CPU intempt procedure. 

A bus is a collection of signal wires which are used to accomplish some capability, 

such as data transfer. Often more than one componenti in the microprocessor system may 

want to use the bus for some purpose such as data transfer, and requires exclusive control 

1. 'Component' as used here refers to both single components such as microprocessors and to moduies of 
components such as printed circuit cards containing complete sub-systerns. 



of all the signals on the bus. ln such a case the bus must be shared between components. 

The 'sharing' process is called bus arbih-ution. If a component has the ability to share a 
bus, it has bus arbitration capability. 

A microprocessor component may have the ability to be notified by an external corn- 

ponent needing attention. The ability of a microprocessor to interrupt its curent process- 

ing and execute program code that services the component needing attention is c d e d  

intempt capability. For interrupt capability there must be a method of altering the instruc- 

tion execution path of the microprocessor, using a signal going into the microprocessor. 

Ofien the method of how the execution path is altered is done using an intempt vector: the 

intmpting component supplies an indirect address ( in tmpt  vector) pointing to the code 

to be executed for the specific intemipt. In such a case the interrupt vector transfer can be 

considered a data transfer. This shows that a capability can have other capabilities embed- 

ded within: i.e. for the example here the interrupt capability will have a data transfer Capa- 

bZty embedded within it. 

2.1.5 Microprocessor System Summary 

Microprocessor systems are built up of various cornponents such as microproces- 

sors, RAM, ROM and IO components. Each component has well defmed capabilities that 

allow it to perfonn specific operations, such as data transfer, bus arbitration and interrupt 

capability. The components within the microprocessor system communkate over specinc 

system buses. Specific tasks within a capability are performed by the component's bus sig- 

nais interacting in a protocol specified by the component manufacturers. 

A successful microprocessor system designer, and hence the microprocessor system 

design expert system, requires expertise in various areas such as microprocessor system 

architecture, the wolution of the different microprocessor families, the capabilities of a 

component and the signal protocols used to transfer information between components. 

The design process used to generate the functional microprocessor system uses the digital 

system design techniques discussed next. 

2.2 Digital Systems Design 

Digital systemr include a l l  m e s  of information processing machines which are 

designed to store, transfomi and communicate infionnation in digital form. Digital systems 

can be viewed and designed at different levels of abstraction fiom a complete system, such 

as a microcornputer connected to a laser printer, to the most detailed small building 

blocks, such as transistors, resistors, diodes and capacitors. The formal design of a digital 



systems involves several hierarchial tasks called design phases a s  shown in Figure 2-2. 

Each design phase is used to refine information obtained or generated at the higher 
abstraction levels until, at lasf a completely implemented design is obtained [25]. 

More Abstract / SpecScation Phase 

I f Configuration Phase 

{Behavior Description Phase 

Functional Block Design Phase 

C g r a t i o n  and Implementation P& More Detail 

FIGURE 2-2. Digital System Design Phases 

During the specification phase the system responsibilities, design constraints, and 

operating environment are established. In the configuration phase, the system is parti- 
tioned into functional biocks, such as microprocessors for processing information, mem- 

ory for storing information and IO fiuictional blocks for cornmunicating with the world 
outside the digital system. Interface requirements between hctional blocks are estab- 
lished at this design phase in terms of the functionality of the component. In the behavior 
description phase, the individual functional blocks are described in more detail. Typically 

the bus size, speed and more precise fûnction of each functional block are determined. 

During the hctional  block design phase an available component or group of wmponents 

is selected which most closely fits the specification from the behavior description. During 

the integration phase of microprocessor system design, the hctional blocks are con- 

nected to produce the final design. During the implementation phase, the actual digital 

system is built. 

This work is primarily concerned with the automation of the interface design 

between fùnctional blocks during the integration phase of system design. Intuition and 

experience play a far greater role in the design process than is generally recognized [86]. 
The successful digital system designer, and hence an automated digital system design 
expert system, must be familiar with system design techniques fiom circuit boards, VLSI 
components, MSILSI gates to elementq building blocks of digital system at the transis- 
tor level. Digital system design techniques are analyzed in detail in this worlc, to allow rep- 
resentation using expert system techniques. 
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2 3  Knowledge Based Expert Systems 

A general definition of an expert system fiorn a functional point of view can be 

given as: "An expert system is a [cornputer] program that relies on a body of knowledge to 

perform a somewhat difficult task usually performed only by a human expert. The p ~ c i -  

pal power of an expert system is derïved nom the knowledge the system embodies rather 

than f3om search algonthms and specsc reasoning methods. An expert system success- 

Mly  deals with problems for which clear algorithmic solutions do not exist" [66]. This 

includes the problems of machine vision, natuml language processing, pattern recognition, 

game playing, machine learning and system synthesis. 

23.1 Knowledge Representation 

We d e h e  knowledge as information about the world that allows an expert to make 

decisions [66]. Knowledge representation is the process of representing th is  information 

formally. Knowledge can be classified according to the degree to which fundamental prîn- 

ciples and causal relationships are taken into account. Shallow how1edge is only con- 
cemed with the information required to solve a particular type of problem, while deep 

bowledge represents the internal and causal structure of a system and the relationships 

between its underlying components. For microprocessor system design, we must be able 

to represent both shallow and deep knowledge. Shallow knowledge is required to repre- 

sent the overall input-output behavior of the intended system, while deep knowledge is 

required to represent the internal structure of the fiindamental components and their inter- 

action. 

Since knowledge varies greatly in terms of content and appearance, many different 

howledge representation schemes have been developed. Some of the general lmowledge 

representation techniques include semantic networks, inclusion hierarchies, fiames, sche- 

mata and production d e s  [79]. 

The term semantic network has been used by many different people to mean many 

diE'erent things [66]. The earliest definitions of semantic networks reflected the psycho- 

logical models of human memory and built structures that represented the meaning of 

words. In general, semantic networks rely on two fundamental concepts: 

Nodes, which are used to represent concepts, objects or events 

Links (also called relations), that represent relationships between the nodes 

For a graphical representation, relations are drawn as arrows and nodes are drawn as 

rectangles, ovals or boxes. The nodes in a semantic network can be given as sub-classes of 



other nodes using the is-a relation as shown in Figure 2-3. The is-a relation demonstrates 

ï n s t a n ~ e - o f ~ ~ ~ ' o m  

FIGURE 2-3. Semantic Network for John 

the concept of inheritance since it links a class with its super-class, where the super-class 

represents a typical member of the class. The instance-of relation identifies a specific 

physical instance of a class. For example, Ca.mq-no-123 inherits the property that it is a 

Toyota through the Camry super-class. 

Hurnans' knowledge about the world seerns to be often organized hierarchidy by 

grouping items we know of into classes, superclasses aod even bigger super-super classes . 
An inclusion hierarchy represents this class structure by relating classes wiîh the "is-a" 

inclusion relation. Inclusion hierarchies are important for knowledge representation since 

they provide a fiamework that allows properties £iom a superclass to be inberited by all its 
child classes. Figure 2-3 shows a graphical representation of a semantic network. 

The basis for inheritance is the concept that objects or concepts form groups whose 
members tend to share common properties. Inheritance allows us to fkd information that 

is not stored where we look initially. This leads to what is sometimes called cognitive 

economy, where information is stored in ody one place, but c m  still be retrieved fiom 

many places [66]. Inheritance reduces storage requirements, simplifies maintenance and 

provides a method for reducing the complexity of the representation of an object through 

abstraction and information hiding. 

Afiarne is a collection of knowledge relevant to a particular object, situation or con- 

cept given in terms of atûibute names crilled slots and values for the attributes calledfillers 

[79]. Frames provide an effective method of organizing knowledge as simple, easily 



inplemented data structures for information entry and retrieval. Default values andor 

information associated with a slot are called slot attachrnents. Attachments can be con- 

straints that must be satisfied by the fUed in value, a procedure that can be used to deter- 

mine the value of the slot (called an if-needed procedural attachent), or a procedure 
called after a slot has been med in (called an if-added procedural attachment). 

A fiame that is associated with a class of objects or a category of situations is some- 
times called a scliema or templateframe. A schema is a general h e  that can be used as 

a template or plan for creating a specsc instance of a fiame by instantiating this general 

fiame. A schema provides a simple method of representing inclusion hierarchies: each 

class in the inclusion hierarchy is represented by a schma fiame- 

The concepts of inclusion hierarchies, -es, schema and semantic networks are 

brought together in theframe based semantic networks developed for this work. In fiame 

based semantic networks, the dots represent the relations of the inclusion hierarchy, while 

the fiames represent the nodes. An example fiame for John fiom Figure 2-3 is shown in 

o m  1 Camryamrynool23 I 
TABLE 2-1. Semantic Network Frame for John 

FRAME: John 

Slot 

instance-O f 

Table 2-1. For this work, a specific relation wil l  be given as "relation-name, while a fiame 
will be given as f rame-name. For example, the fiame John shown in Table 2-1 is an 
"instance-of the fiame Homos api  ens . 

Fiiler 

Homosapiens 1 

A fiame based semantic network was chosen for this work to represent al1 aspects of 

the components and interface. The h m e  based method was necessitated by the diversity 
and repeatability of the information and made it possible to represent the components and 

the interface in a hierarchial fashion. 

Pmduction rules, also sometimes called productions, are condition-action d e s  

developed in the human modeling world. Whereas fiames represent knowledge about the 

objects or concepts, production niles represent knowledge about how to manipulate andlor 

use the infornation found in fiames. The action of a production rule specifies what the 
d e  should do, while the condition specifies when the action should be performed. 



23.2 Productions Systems 

A production system is a program that consists of a series of production rules, a 

Interpreter Infaence Engine I 
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Knowledge ! 
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1 Condition 1 Action 

1 
I 

FIGURE 2-4. Structure of a Production System 

1 
1 

database of state information and a method of invoking the production d e s  caIled the 

inference engine as shown in Figure 2-4. Knowledge is encapsulated in both the produc- 

tion d e s  and the database of state information. 

Condition 

The database of state information is stored in what is fkquently called the working 

memory, while the production rules are stored in the production memory. The inference 

engine takes the production d e s  and tests if any of the conditions are satisfied by check- 

ing the database of the state information and then modifies the database of state informa- 

tion according to the said action. The state information is sornetimes cailed facts, while the 

production rules are sornetimes simply c d e d  rules. The facts can be dynamic or static: as 

the inference engine matches conditions and executes actions, some parts of the database 

of state information will be modified (dynamic), while other parts of the state information 

will never be rnodified (static). 

Action 

. . . 
Condition 

A production system is a powerful tool that provides a reasoning process that can be 

used with the fhme based semantic networks used in this work. Two different reasoning 

processes are possible with a production system, forward or backward chaining. 

. . . 
Action 

A rule such as "If the timing belt has cracks, then replace timing belt" can be viewed 

as either a forward rule: 

If the timing belt has cracks 

Then replace the timing belt 



Or as a backward rule: 

replace the timing belt 

If the timing belt has cracks 

For inference using the backward d e ,  the goal is taken as a hypothesis. A series of 

sub-goals are derived which are required to prove the original goal. If these new sub-goals 

are not immediately available in the form of facts, they are treated as new hypothesis that 

m u t  be proven correct, Reasoning of this type is called backward chaining inference since 

it proceeds fiom the hypothesis to the data. 

For inference using the forward d e ,  available facts are used to deduce new facts 

that hopefùlly will lead to the eventual deduction of the final goal. This is called a forward 

chaining inference. In a forward chaining production system, when all conditions in a d e  
are satided, the d e  is said to be tri,ggered. All d e s  that are triggered make up the con- 
frict set. When actions of a rule are performed, it is said to have beenfired. The determina- 

tion of which of the trîggered d e s  should be tired is cailed the conpict resolurion shategy. 
Several codict resolution strategies exist, such as specificity ordering (the most spec3c 

d e  triggered will be fired), recency ordering (the most recently triggered d e  will be 

fired) or context limiting (ody a d e  active in the current context will be fied) [87]. 

The choice to use forward or backward chaining infaence depends on the situation. 

In general, if the solution space is large a forward chaining approach is more efficient, 

while a backward chaining system is more efficient for a more restricted solution space. 

Microprocessor system design has a very large solution space: a large number of different 

possible systems can be designed. The possible number of hypothetical solutions is too 

large to be checked against the available facts collected fiom the input specification. For 

the interface design application, the more efficient forward chaining inference method was 
therefore chosen. 

2.3.3 Expert System Shells 

By separating the knowledge of an expert system f?om the inference engine, expert 
system tools can be developed which provide a generic inference engine and knowledge 

base management functions. Such an expert system development tool is also called an 

erpert system shell. The use of a commercial expert system shell ailows the knowledge 

design engineer to focus on fundamental problems of knowledge representation and orga- 

nization, and the rapid prototyping of new ideas and concepts. 



The expert system shell chosen for this work is Knowledge Craft, since it was avail- 

able in the laboratory and provides all the requùed facilities. Knowledge Cr& is a sophis- 

ticated expert system shell that provides access to its kmwledge engineering facilities 

through a graphical user interface called a work center [16]. The work center provides a 

knowledge base editor to allow easy e n w  of fiame based semantic networks, user defmed 

relations and production des .  It also provides access to the forward and backward chain- 

ing inference engines and includes debugging facilities that assist in the expert system 

development process. 

2.4 Design Automation 

The development of computer aided design started in the 1960s with the develop- 

ment of simple design progams used to assist in the layout of engineering drawings, pri- 

m d y  for printed circuit boards. As the evolution of CAD systems wntinued it was 
realized that the design program could actually relieve the user of some of the design deci- 

sion and perform some of the design and design verifkation tasks automatically, and not 

just act as drawing aids. With the advent of microelectronics, the complexity of designs 

increased to such an extent that CAD with increasingly sophisticated design capability 

became a necessity. The manual design of integrated circuits of more than 10,000 gates 

has been found to be almost impossible [7]. The tremendous growth of ASIC (Application 

Specific lntegrated Circuit) designs in the late 198 Os, in the fom of gate arrays and cus- 

tom silicon designs, necessitated the development of automatic synthesis tools which 

could be used by designers inexperienced in the art of VLSI layout. The automatic synthe- 

sis tools were able to translate a design entered into a CAD schernatic capture program 

into a PC board layout [36], while others were used for the programming of programma- 
ble logic devices using a language such as PLASM 1331. Silicon compiler tools were 

developed that were able to translate designs represented using hardware description lan- 
guages into low level silicon designs [15]. 

2.4.1 FIigh-Level Synthesis of Digital Systems 

Designs can be described at v ~ o u s  levels of abstraction detail as seen in Figure 2-5. 

At the top level is the P-M-S (Processor-Memory-Switch) system description which gives 

the behavior in te- of comunicating processors and the structure in ternis of proces- 

sors, memory and switch descriptions. This lwel is followed by the Instmction Set level, 

also called the algorithmic level, which describes the system's behavior in temis of input 

and output and the structure as mernory ports and processors. 
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FIGURE 2-5. Abstraction Levels for Digital Systems 

The next lower detail lwel is the Register Transfer level which gives the behavior in 

terms of information transferred between registers in the system and the structure in t a s  

of registers, multiplexors, ALUs and buses. The next level is the Logic level which gives 
the design behavior in terins of logic equations utilking structures such as gates and fip- 
flops. The bottom level is the Cimit level which givesthe design in ternis of network 
equations and a structure of transistors and their connections. For this work, high level 
synthesis refets to automated design covering al1 abstraction levels fiom the P-M-S level 
to Circuit level. 

High level synthesis promises several advantages for system design: 

The design cycle is shortened. 

The number of errors is reduced. 

Dzfferent design options c m  be c o d e r e d .  

Documentation about the design process can be generated automatically. 

The number ofpeople able to use astom IC technology is increased. 

2.4.1.1 High Level Description of Digitai Circuits 

To generate the interface between two components, digital design techniques have to 

be used. Several techniques have been developed for the automatic design of digital cir- 

cuits, though not specifically for microprocessor system design. Most of these techniques 
work with a hi& level description of the digital circuits required and translate the design 
into a bgic level description of the circuit which can be directly implemented in VLSI cir- 

cuits or gate package designs. Some of the models are based on high level design descrip- 
tion languages. For example ASP (A circuit Synthesis Program) is a system based on a 



high level design description language which uses both expert-system based and algorith- 

mic methods to accomplish the design [4]. 

E D L  (very high speed integrated circuit (WSIC) Hardware Description Lan- 
guage) Cl] 1321 [2 J and Yik:REOG [8 13 are standardized hierarchic hardware description 

Ianguages (HDL) which c m  represent components from the system level, to the compo- 

nent level, and to the gate level. 

A sophisticated hardware description language such as VHDL usually provides the 

following [8 51 : 

A method for decomposing the design hierarchially. 

A well defined interface for each design element, to allow elements to be connectai to 
each other. 

A precise behavioral specification to allow the element to be simulated. 

A behavior specification that c m  be aven as either an algorithm or a hardware structure 
to d e h e  an element's operation. This makes it possible to initially descriie an element 
using an algorith, and to allow higher level elements that use it to be verified. Later, 
once the hardware structure has been designed, the element can be replaced with the 
actual hardware structure. 

A method for modeling concurrency, timing and clocking of both synchronous and 
asynchronous structures. 

Compilers that allow hardware structures to be directly synthesized fkom algorithms. 

2.4.1.2 High Level Synthesis of Microprocessor Systems and HDL 

The design of the intaface between components is one step of the microprocessor 

system design process. If a representation of the component intdace can be generated in a 

HDL format, HDL synthesis tools cm then be used to directly translate the interface 

design into hardware at the gate level. Since HDL synthesis tools can not be used to gener- 

ate the HDL description of the interface itself, even if a HDL representation of the cornpo- 

nents is available [52], other techniques have to be used to design the interface and 

generate a HDL description of the interface. 

This work develops a microprocessor interface design expert system using a rule 

based production system. High level synthesis languages are inconvenient to use for the 

state information database of such a system, since the knowledge must be represented as 

fiame based semantic networks, which is impossible with a HDL. However, the output 

fiom the Interface Designer is best given using a HDL such as VHDL, since it then is pos- 



sible to use synthesis tools to translate the interface into hardware designs using various 

implementation technologies. 

This work uses VHDL to represent the designed interface between components. 

VHDL uses some unique terrninology to desmibe circuits. A design with input and output 

signals is called an entiîy. The inputs and outputs to an entity are calledports. An architec- 

ture describes the fûnction of an entity. The architecture can be given either behaviorally 

or structurally. A behavior description is given algorithrriically using processes, which can 

be sequential or concurrent. A structura[ description is given using instances of other enti- 

ties and by specifyiog how their ports are ~ O ~ e c t e d .  An instance of an entity is called a 

component. 

2.4.2 Expert Systems and Artificial Intelligence for Design Automation 

Knowledge-based expert systems have been integrated into CAD design synthesis 

tools to automate the design process of VLSI systems including logic synthesis, layout 

synthesis, system behavior simulation, circuit behavior simulation, chip behavior simula- 

tion and so forth [15]. However most of the individual tools are not integrated with each 

other, requiring manual intervention at many stages of the design process. In the field of 

computer s yst ems design some expert systems exist which c m  produce designs automati- 

cally, but they are ofien restricted in terms of flexibility and sophistication. 

2.4.2.1 The XCON Configurer of Cornputer Systems 

A successful commercial system for the configuration of computer systems is the 

d e  based XCON [SI] (originally called R1 before commercialization). It was developed 

to configure Digital Equipment Corporation's (DEC) VAX computers. XCON takes a list 

of components on an order and constructs an acceptable configuration of the components 

by detennining if any modifications have to be made to the order for reasons of system 

functionality. It will produce a diagrarn of the system layout to show how the different 

components will be associated. It will check for items such as correct cable length and 

adequate power supplies. The XCON system is not capable of performing system synthe- 

sis, only system verification. The verification in the XCON system occurs at the P-M-S 

level of abstraction. 

Initial attempts by DEC using conventional programrning languages to build a pro- 

gram to configure VAX computers failed due to the lack of algorithmic solutions clairned. 

The R1 system developed at Carnegie Mellon University in cooperation with DEC used 



the 'do whenever' style of forward chaining d e s  and succeeded in the task of configuring 
VAX systems [66]. 

2.4.2.2 The DEMETER Design Environment 

One experimental expert system to perform systm design is DEMETER (761. 

DEMETER integrates a series of separately developed tools into one coherent design envi- 
ronment with emphasis on the highest levels of system design. It perfonns designs above 

the Register Transfer level. It provides tools to enter complete system specincation, check 

for consistency and perfonn optimizations. 

2.4.2.3 The MAPLE and PECOS Hardware Synthesis Systems 

Two different experimental systems dweloped to perform microprocessor hardware 
design at the component level are MAPLE [77] and PECOS 1771. Both are expert hard- 

ware synthesis systems which will produce a component list f?om an input specification. 

The system interacts with the designer to produce system specifkations which will facili- 

tate the selection of chips which satisfy the design at the P-M-S level of abstraction. They 

have a naturd language interface and are able to explain the selection of components fiom 
a tirary of components. These systems do not provide information about how to connect 
the components together. 

The MAPLE and PECOS systems contain databases with information about compo- 
nents of microprocessor systems (mernories, microprocessors and peripheral compo- 

nents), about pre-designed boards that can be used to assemble a system, and about reports 
of past designs. W L E  emphasizes the case based reasoning approach by searching a 
case history database for a case matching the input specification. If none is found, it modi- 

fies a similar case to meet the input specification. 

2.4.2.4 The KDMS Hardware/Software Synthesis System 

The KDMS expert system is a tool under development that can be used for the inte- 

grated design of hardware and software of microprocessor systems [45]. KDMS synthe- 

sizes a system by invoking a sequence of problem solvers. Problem solvers are provided 

fiom the high abstraction P-M-S level to the detailed circuit levels. A problem solver's 
responsibility is to find a path fiom some problem state to a solution state. 

Besides synthesizing the microcomputer hardware, the KDMS system also gener- 
ates a control program that directs the activity of the entire machine that has been 
designed, in a d e d  high level language. The high level language program is then trans- 



lated into processor specific assembly language. KDMS uses a top d o m  design approach 
to implernent a microprocessor based system f?om the initial specincation by recursively 

breaking the system d o m  into a fiame based set of sub-modules. When the system 

encounters a circuit function too specific to be realized in an existing device, the user m u t  

provide the HDL description and timing specification before proceeding. 

2.4.2.5 The MICON Single Board Cornputer Designer 

MICON [10][11] is a knowledge-based single board cornputer designer which can 

produce complete designs fiom original specifications. It accomplishes the low level 

design by connecting modules together which have compatible interface signals. Compat- 

ible interfiace signals are assured by manually designing a standard intdace for each com- 

ponent in the component liirary, whose signals c m  be comected directly to other 

components. The predefinition of interface logic limits the fiexibility of the MICON sys- 
tem since incompatible interface signals cannot be connected together. It also may 

increase the maintenance costs of the system because the interface logic rnust be prede- 

signed for each new conponent that is entered into the library. The MICON system avers 
ail aspects of the design abstraction levels f?om the P-M-S level to the circuit level. 

2.4.2.6 The DAME Microprocessor System Designer 

The DAME (Design Automation of Microprocessor-based systems using and 

Experî Systems approach) system [22] [23] [24] [25] [38] [39] [40] is aiming to produce a 

customized microprocessor system fiom original input specifications. There is an ever 

increasing number of components available for microprocessor system design. Often, 

components fiom Merent manufacturers or even components from the same manufac- 

turer cm not simply be connected directly since they have different interface specifica- 

tions. None of the microprocessor design systems discussed above is capable of 

autornatically generating the interface for two components that cm not be directly con- 

nected. The automatic generation of interface logic is one of the primary goals of the 

DAME system, which sets it apart fiom other microprocessor design expert systems. This 
work focuses on the interface design aspect in the htegration phase of the DAME system. 

The complete DAME design system d l  eventually cover system abstraction levels fiom 
the P-M-S level to the circuit level. 

One of the main difficulties in the automated design of the interface occurs for the 

intercomection of components that do not have identical signal protocols. Viriations of 

the details in the signal protocols are numerous and ofien specific to a component. This 



work solves the problem at a fiindamental level by analy;iing and modehg the protocols 

of the signals used in the interface and designing an interface based on the protocols. 

Abstraction is employed to extract sùnilarities between protocols, d o h g  a limited num- 

ber of design d e s  to be developed that can generate the interface. 

Microprocessor system design is the process of constructing a microprocessor sys- 

tem that satisfies a given specification. The microprocessor system design process requires 

domain knowledge or expertise in the architecture of microprocessor systems and their 

components. A microprocessor system designer must be familiar with every aspect of a 
component, be it the component's capabilities, packaging, power requiremen& organiza- 

tion and interpretation of the information sent via the component's signals. 

A microprocessor systern is a sophisticated digital system, which requires the 

microprocessor system designer to have expertise about digital system design techniques 

fiom the spedication and configuration phases to the integration and implementation 

phases. 

The developrnent of an expert systern requires the storage of an expert's domain 

knowIedge. This c m  be done by representing the domain laiowledge as hierarchial, fiame 

based semantic networks and production d e s .  A production system consisting of an 

inference engine, a database of state information and production d e s  is then used to 

accomplish the automated design. 

Several expert systems have been developed that automate the microprocessor sys- 

tem design process. The main diffërences between the diffaent automated design systems 

is the detail to which the design process is automated. The MAPLE hardware synthesis 

system uses information about microprocessor system components and pre-designed 
boards to mod* a previous design found in a case history database. The MAPLE system 

can not design a complete system, it c m  only modify an existing system. The KDMS sys- 

tem requires the user to enter the HDL timing description of any undefined functional 

interface blocks. This requires the user of the system to have expertise in microprocessor 

design techniques. The MICON system uses standard component building blocks as tem- 

plates to assemble a system starthg with hi& level requkements. The MICON systern 

requires the manual pre-design of a standard interface for any component that is entered 

into the MICON component database. This work, which is part of the DAME system, 

solves the problem of interface design by abstracting the often complex protocols of the 



signals as a limited number of timing patterns. Because of the abstraction, it is possible to 

develop a limited number of d e s  that c m  accomplish the interface design. The next chap- 
ter presents an overview of the Interface Designer of the DAME expert system. 



Chapter 3 

Interface Design Expert System Development issues 

3.1 Introduction 

The goal of this work is the development of a proof of concept expert system that 

c m  automatically design an interface between microprocessor system components. This 

expert system is refmed to as the Interface Designer in th is  work. 

Interface design is the process of intercomecting several microprocessor system 

components using a digital circuit that enables them to operate correctly. Correct opera- 

tion means a l l  components in the microprocessor system operate within the specfication 

provided by the component manufacturers. Correct operation is the primary design goal, 

while secondary design considerations are speed, cost, power consumption, size, weight 
and the time to market of the final product. 

The dominant problem encountered in interface design is the large number of design 

possibiüties, that may operate wrrectly or incorrectly, that exists in the design space. Fur- 

thennore, the design space is problem specific and therefore there is no guarantee that a 

particular design methodology will work in al1 cases [52]. This work emphasizes a well 

structured, hiermchial organization of the design space to make the complex design prob- 

lem more tractable. 

This chapter gives an oveMew of the organization of the Interface Designer. A sim- 

ple example of a data tramfer interface is given to put the microprocessor interface design 

process in perspective. Next, the general approach and methodology of the system devel- 

oped are discussed. The Interface Designer's structure is divided into three parts: a compo- 
nent model representing the components to be connected, the inte$ace model representing 

the circuitry used to comect the components and the design latowledge representing the 
design expertise to build the interface. 

3.2 Data Transfer Interface Example 

This section gives a simple data tramfer interface design example to illustrate 
important concepts, the problems encountered, the issues to be considered in interface 

design, and how a himian interface designer resolves them. A similar design problem was 

considered by the interface Designer and is presented in Chapter 7. 
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3.2.1 The MC68000 System Interface Example 

Figure 3-1 shows a Srpical interface between a MC68000 CPU and a memory bank 
made up of two MK6116 2K by 8 static RAM components [18]. The MC68000 is a 
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FIGURE 3-1. Interface Between MC68000 CFU and MK6116 Static RAM 

rnicroprocessor with 32-bit interna1 registers, but has an external 16-bit data bus (DO - 



DI 5). The MK6 1 1 6 static RAM contains 2048 intemal 8-bit wide storage locations acces- 

sible over an %bit data path (DO -ni'). The two memory components are arranged in paral- 

le1 to provide 8 or 16-bit data to the MC68000. 

The MC68000 provides a 23-bit address bus (AI 4 2  3), to address individual mem- 

ory locations. The AS * ' signal is activated whenever the address signals are valid and con- 

tains usable information. The least significant address signal on the MC68000 is the Al 

signal, addressing data on a 1 6-bit boundary. Two signals, m S  * (Upper Data Strobe) and 

LDS * (Lower Data Strobe) are used to indicate which 8-bit half of the 16-bit wide data 

path (DO -Dl 5) is used for data transfer: an active UDS * indicates that (D8 -~15) is used, 

while an active LDS * indicates that (D O - ~ 7 )  is used. The R / W * meamri te )  signal is 

used to indicate if the data transfer is a read or write operation. The DTACK* (Data Trans- 
fer Acknowledge) signal is used to terminate the data tramfer cycle: data transfer is con- 

sidered in progress until an active DTACR* signal is received by the MC68000. 

The MK6 1 16 provides an 1 1-bit address bus (A0 -AlO), which is used to address 

individual rnernory locations. AO is the least signincant address signal. The CE * (Chip 

Enable) signal must be activated whenever the M.6116 is accessed. The OE* (Output 

Enable) signal must be activated during a read, while the WR* (Write) signal must be acti- 

vated during a write. Data is ~ansfened over the data signals (DO-~7). 

3.2.2 The Timing Diagram of the Example Components 

The timing diagram gives the voltage state of signals as a function of tixne: it shows 

when a signal is at a high or low voltage, when the signal voltage changes or when the 

voltage present on a signal can be used for some purpose. For example, a timing diagram 

of a read data transfer cycle for the MC68000 can be seen in Figure 3-2 [18] while a tim- 

ing diagram for the MK6 1 1 6 data transfer read cycle is shown in Figure 3-3 [ 181. 

Timing diagrarns also provide important information related to the overall operation 

of a device. Important signals such as UDS * , LDS * and AS * in Figure 3-2 and CE * and 

OE* in Figure 3-3 are used to activate and terminate the data tramfer cycle. These signds 

must be asserted and negated once and only once for each required operation. Any state 

change of these signals during a read or write cycle, even for a short period of time, is ille- 

gal and may cause malfunction of the component A short, unwanted transition of a signal 
is often called a glitch. Figure 3-4 shows some illegal glitch transitions for the MK6116 

1. A '*' at the end of a name indicates that the signai is active low: the asserted state is represented by a sig- 
nai at Iow voltage Ievel. 
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input signals that can cause device malfunction. As shown in the next sections of the 

detailed analysis of the example interface, human designers take several precautions to 

assure that the required signds are glitch fiee. 

Timing diagrams provide lcnowledge about interrelationships between signals, the 

meaning of information found on signals and relation of signals to the overall operation of 

a device. For example, in Figure 3-2 the timing diagram provides information that an 
address is required for data tramfer and when the address is valid relative to the AS *, 
UDS* and LDS * signals. Knowledge and understanding of the timing diagram of a com- 

ponent is therefore one of the most important requùements to interface design. This work 
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develops an efficient method that encapsulates the important aspects of a timing diagram 

in a data structure that can be used by a pattern matching, rule based expert system. 

3.2.2.1 Interface of the Address Signals 

Figure 3-1 shows some of the address signals on the MC68000 (AI-~11) are con- 

nected to address signals on the MK6 1 16 (AU -AI O). Since the MK6 1 16 has 2K locations, 

11 address signals are required. A l  of the MC68000 is C O M ~ C ~ ~  to A0 on the MK6116. 

An address decoder is used to detennine where in the MC68000's address space the 

mernory is located. The decoder ensures that the MK6116 mernory components are 
mapped to a specific range of locations in the MC68000's address space. The address 

decoder uses the ( ~ 1 2  -AS 4) signals to produce the Addres s-Sel ec t signal, which 

will be asserted (low) whenever the MC68000 requires access to the MK6116 memory 

components. The Address-Select signal is then used in combination with other con- 

trol signals to generate the CS* (Chip Select 1) and  CS^ * (Chip Select 2) signais, which 
are used to enable each of the memory components. 

3.2.2.2 Interface Data Signais 

The interface data signds in Figure 3-1 are connected so as to dlow 16-bit word 

access to the memory fiom the MC68000. This means that DO -D7 fiom the odd memory 

byte MK6116 are connected to DO-D7 on the MC68000, while D O 4 7  fkom the even 

byte MIS6116 are connected to D8 -Dl5 of the MC68000. 



3.2.2.3 Other Control Signals 

The address decoder in Figure 3-1 generates a signal that is low when the correct 
address for the MK6 1 16 RAM components is present on the address bus by decoding the 
high order address bits. The Address-Select signal is combined using a logical 

AND with either the LDS * or UDS * and the AS * address strobe to generate the CS1 * 
and CS2 * signals which are comected to the CE* inputs of the MK6116s. The LDS * and 
m S *  signals are used to indicate data transfer over the DO437 and 0 8  - 0 1 5  signals of 
the MC68000 respectively. By ANDing the LDS* or üDS*  signais with the 
Addres s-Sel ect signal, the CE * signal is generated for the appropriate RAM corn- 
ponent. From the timing diagram provided by the manufacturer of the MC68000 shown in 

Figure 3-2, it can be seen that ~ J ~ I S  *, LDS * and AS * are activated only when the R/w* 

signal and the address signals are stable andor valid. This means, that after ANDing the 
AS *, LDS * or UDS * and Addres s-Select signals together, the resulting CS 1 * and 

CS2 * signals will be glitch free signals activating once and only once for every read or 

write operation. 

The C S l *  and CS2 * signals in tuni are logical ORed to generate a 

Bank_Select signal, which will be active when either of the two memory components 
is selected. The t e m  bank is used to indicate a colIection of memory components that are 
addressed as one block. The Bank-Select signal is also used to generate the DTACK* 

signal by passing it through a delay found in the DTACK Generator. A memory cycle is 

not tenriuiated until the DTACK* signal is received. Thus by inserting a different delay, 
memory with different access times c m  be used for the design. For rnemory with longer 
access t h e ,  a longer delay will be provided. 

3.2.3 Observations about the Interface Design Example 

The end product of data transfer interface design is an interface similar to the one 

shown in Figure 3-1. This work is concemed with the automation of the design process, 

which requires a fundamental understanding of what needs to be done, why it must be 

done and how it is done. This section discusses some concepts used, the steps taken and 
the reasoning behind the steps taken in the data tramfer interface example. The summary 

points in italic, following each bullet point, are provided to give the reader an overview of 

the types of concepts and heuristics that must be represented in the knowledge base. 

The interface smes  a purpose. The objective of the interface is to transfer some spe- 
cinc data over the (DO -DIS) data signals of the MC68000. other signais in the 
interface are used to facilitate this data transfer. 



The inte?$ace design ispe$ormed in the c o n t a  of a spec$cpu>pose. 

The interface connects signals which are used to send idonnation in and out of a corn- 
ponent. Signals are connected after analyzing the information that is transferred over 
them. 
Signals and the information on signals must be represented su they can be analyzed. 

Signals are grouped according to the fimction of the information on them. 
Signals murt be classijFed and gmuped according to the jùnction they pe$orm. 

Signais are comected between components, sometimes directly, sometimes through 
intervening circuitry. 
A method must be provided to connect components directly through wires, ifappropd 
ate. Ifsignals can not be directly connected, an inte$ace circuit must be generated. 

Sipals with similar function are directly comected together For example the address 
signals (AI -AI 1) on the MC68000 are connected to address signals (AO -AI 0) on the 
MK6116s. 
Design knowledge tu recognize and connect signals of similar finetion is required. 

Some signals must be converted to the proper format before they can be connected, 
such as the R/W* of the MC68000 signal being connected to the OE* signal on the 
MK6116. The format includes characteristics of the signal such as the polarity, and the 
method of encoding information on the signals. 
A method tu represent the information signal format is required. 
Design knowledge that enables design of integ7iuce circuifst tu convert a signal to the 
proper polarity is required. 

Some signals must be 'conditioned' with other signals before they become usable by 
another component. The term 'conditioned' refers to combining two signals in a bool- 
ean logic operation to produce a third signal. An example of this is the R/w* signal 
being ANDed with the AS * signal to generate the required glrtch fkee m* signal on 
the MK6 1 16. The selection of signals for conditionhg requires the detailed analysis of 
the tjming diagrams. 
Design howledge of how to generate clean, glitch fiee signals is required. 
A representation of timing diagrams b required. 

A component that connects to a microprocessor WU have a select input m 6  1 16 CE * 
in the example) which will be asserted ody when the component should be active. The 
design engineer must consider the conditions under which the cornponent should be 
activated, where in the address space the component is located, what type of data tram- 
fer the component should respond to, and which part of the data bus the component 
connects to. The designer wiil ofien generate a single signal for each condition. All of 
these signals are then ABDed together to obtain the resulting select signal. 
Design knowledge on how tu activate a unique component is required. 
Design knowledge to generate a signal for each activation condition is required. 
Design knowledge is required to pmduce a single signal fiom multiple signalî. 



Components are placed in the address space of the processor by decoding the address 
into a signal such as Address-Select , which is then used in the generation of a 
signal that activates the corresponding device. 
Design howledge for generating an addms select signal is required. 

A component can have signals that indicate which part of the data bus will be used for 
data tramfer. In the example these signals are the LDS * and UDS * data strobe signals. 
Design knowledge about how to activate and use the correct data signals is required. 

Some signals are multi-purpose. The LDS * and UDS * signals in the design example 
cany information about both the missing MC68000 A0 address bit, about how wide 
the data transfer is (8-bit or 16-bit) and about when the data transfer occurs. 
A rnethod for representing and utilizing multi-purpose signals is required. 

Different signals fiom different fiinctions may be combined in some fashion to generate 
new signals. For example the address select signal is AM)& with the LDS * and vDS * 
signals to generate the C S 1  * and CS2 * signals, which drive the CE* signds on the 
RAM components. The CS1 * and CS2 * signals are combined usuig an OR fùnction to 
generate the Banks elec t signal. 
Design knowledge about why and how tu combine signals must beprovided. 

A method may be provided to adjust the time allowed for the completion of the data 
transfer. This makes it possible to use memory devices with different access times. In 
the example this is done using the DTACK* input signal on the MC68000. The DTACK 
generator produces a delayed ~ank-~elec t signal which terminates the data &ansfer 
afier a certain time interval has elapsed. 
Design knowledge about how to change the time to completion of data tramfer is 
required. 

Signals may be generated that will only be used internal to the interface. For example, 
the BankSelect signal in Figure 3-1 is generated but does not connect directly to 
either the MC68000 or the MK6116. Such a signal is called an internal signal. 
A rnethod for generating internal signals is required. 
Design knowledge on how to generate and use the correct internal signals is required. 

By analyzing many microprocessor components, Eaiowledge representations have 

been developed for this work in the fom of the component model, the interface model and 

design d e s  given in later chapters. 

This work emphasizes the reduction of the complex design and data representation 

problem through abstraction. The next section gives an overview of the approach used for 

the development of the Interface Designer and explains how abstraction is used to reduce 
the complexity of the design problem. 



3.3 Approach Used for Development of the Design Automation System 

This section gives an overview of the approach and methodology used in the devel- 

opment of the Interface Designer. 

3.3.1 Imitating a Human Designer 

Humans are in general better in grasping the overall structure of designs and coming 

up with high level strategies to solve the problem than in systematically workuig through a 

series of detailed steps in an algorithmic methodology. One of the goals of this work is to 

give the synthesis system the ability to perfonn higher level reasoning and make design 

decisions that are based on human experts' knowledge through the recognition of pattern. 

Sometimes new goals, constraints or other conditions emerge only as the design proceeds, 

requ-g human intervention in the design process [52]. This work develops techniques 

that allow the human expert's knowledge to be captured in the database so that the design 

can be completed without human intervention. 

3.3.2 Partitioning of the Interface Design System Knowledge 

The Interface Designer is structured as a production system as shown in Figure 3-5. 

The representation of knowledge is divided into three parts: the component library (the 

component rnodel), the interface data structures (the inteface rnodel), and design knowl- 

edge in the form of production d e s  (design rules). 

The system state database contains knowledge about the components that are being 

c o ~ e c t e d  and knowledge about the interface connecting the component. The knowledge 

about the components is static: it is supplied by the manufacturer of the component and is 

stored in a hirary. The knowledge about the interface is dynarnic: the interface data struc- 

tures are created and mod5e.d during the execution of the Interface Designer production 

system. The inference engine builds up the interface data structure using the production 

d e s  and data fiom the component library. 

3.3.3 Abstraction of the Design KnowIedge Representation 

The description or specitication of a system where some aspects are emphasized, 

while others are suppressed, is called abstraction. A good abstraction emphasizes details 

that are significant to the task at hand, whiie it suppresses those details that are insignifi- 

cant or immaterial [72]. At the highest abstraction level, only general aspects are given, 

while at the lower levels more and more details are provided. The design rules are 

abstracted in a similar fashion: the more abstract Ievel design d e s  are concemed with the 
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general aspects of a design wMe the more detailed level design d e s  accomplish the more 

detailed specific tasks. 

The abstraction levels developed for the component model, the interface model, and 
the design rules follow each other closely. For each abstraction Ievel in the component 
model there is a corresponding abstraction level in the interface model and corresponding 
design d e s  to accomplish design at that level. 

Abstraction of the interface design process is achieved through limiting the context 

of the design des:  the condition of each design nile includes a test for the current design 
level. Only if the current design level is active, cm the d e  be fied. 

3.3.4 Design Based on Recognizable Patterns 

A panent is the configuration, behavior or other feature characterizing observable 

system properties [75]. From analyzhg interfaces designed by design engineers it was 
found that some of the designs were accomplished by recognizing patterns and perfolming 
certain actions according to the recognized patterns. For example, a designer might recog- 
nize that component A and component B both have signals whose f'unction is to convey 

the address of a data transfer, and therefore decides to comect them to each other. The 
designer then looks at the timing diagram of the address signals i?om the manufacturer's 



data sheet and recognizes that address fkom one component is multiplexed, white the other 

is non-multiplexed. The designer therefore decides to insert a latch which converts the 
multiplexed signal to a non-multiptexed signal. This example also illustrates abstraction in 

the design process: the recognition that an address exists is perforrned at a higher abstrac- 

tion level than the recognition of the address signal timing behavior as rnultiplexedhon- 

mul tiplexed. 

Rule based production systems are powerful tools that are capable of pattern recog- 

nition and can be used to perform design provided that the relevant patterns can be repre- 

sented in appropriate data structures. A large part of this work is concemed with the 

development of a method for representuig the design knowledge using pattern based data 
smctures and d e s  that c m  manipulate these structures. 

Frames d o w  for the organin'ng, describing, relating and constraining of knowledge 

and therefore provide a method to represent typical features or patterns. Since they also 

provide a method for inheritance, data abstraction and information hiding, fiames were 

chosen as the primary lmowledge representation method for the Interface Designer. 

3.4 Representing Components and their Behavior 
The behavior of a component is the way it acts, reacts or functions under particular 

circumstances. A component model has been created that c m  represent the behavior as a 

set of hierarchial f i m e  based objects. At the higher abstraction levels the behavior 

describes operations a component can perfom at the system level, such as tramferring 
data or interrupting the processor, while at the lower abstraction levels, the operations are 

broken d o m  into detailed description of the signal behavior involved in the operation, 

such as signal A changes state l h e c  before signal B changes state. This section presents 

an overview of the component model. The details are provided in Chapter 4. 

3.4.1 M o d e h g  Capabfities of Components 

A component's ability to perform certain operations at the system level, is called the 

capability of a component. For this work, capabilities have been classined into two types. 

Type 1 capabilities accomplish identifiable tasks that c m  be found in components of differ- 

ent f a d e s  and by different rnanufacturers. For a Type I capability the interface between 

the components is not predetemiined: the manufacturer specifies how the signals behave, 
not which signals must be comected together. The system designer must decide which 

signals should be connected and what interface circuitry must be inserted between signals. 



The common Type 1 capabüity classes of a microprocessor component are intempt capa- 

bility, bus arbitration capability and data transfer capability. 

Type II capabilities accomplish tasks that are more difficult to ident* and are spe- 

cinc to a set of components. For example it is difficult to describe the task accomplished 

when comecting the 8288 bus controller and the 8086 microprocessor. The 8288 bus con- 

troller was made to be used specincally with the 8086 microprocessor, and the interface 

between them is fked (also called tightly coupled): The manufacturer specifies which 

electncal signals must be connected together between the components. There is no choice 

or flexibility in designing the interface. Interface design for a Type II capabiïty is straight 

forward and can be accomplished using a simple procedure that directly connects each 

signal. 

This work develops an expert system that can design Type 1 capability interfaces. A 
model was developed to represent components with Type 1 capabilities as hierarchial data 
structures. The behavior of a capability is given in terms of its protocol. Specifically, the 

component model developed abstracts the protocol of a capability into several hierarchial 

levels, where the higher levels give the protocol in abstract, general terms, while the lower 

abstraction levels reveal more detail. 

3-42 M o d e h g  the Capability Protoc01 

Each system component will cary out the task of the capability by communicating 

various infonnation over signal wires. The communication of information over signal 

wires is called an infonnation transfer. Each of these information transfers will accom- 

plish one specific task associated with the capability. The interaction of the different infor- 

mation transfers used to carry out the task of the capability is called the capability 

protocoz. 

AU information transfers involved in a capability are classified according to their 

function. For example the passing of an address fiom one device to another is called an 

address information tramfer. By studying many different microprocessor components, a 
set of information transfer classes was developed that c m  be used to represent the data 

transfer capability of most microprocessor system components. 

3.4.2.1 Synchronizing the Protocols between Components 

It was found that the function of one of the infonnation transfers was to indicate 

when a protocol starts. For example a data transfer protocol will have a signal indicating 



when the data transfer commences and bus arbitration will have a signal indicating when a 

bus is requested. The start information is used to synchronize all information transfm 
between components: all information transfers will take place relative to the start informa- 
tion. Similarly, there will be an information tramfer indicating the end of a capability pro- 

tocol. The data transfer capability protocol developed for this work will have specific 

information transfers indicating the start and the end of a protocol. 

3.4.2.2 Overail Control o f  a Capability Protocol 

The start and end information transfers are used to synchronize the protocols 
between components. The method of determining the time between the start and end 

information transfm is called the overall control of a capability protocol. If the t h e  is 
fixed, it is called synchmnour overall contml, if the time cm be changed through the use 

of another information transfer, it is called arynchmnous overall conhol. 

3.4.3 Modelling Information Transfers 

The information tcansferred between components can be divided into two parts: the 

information that is embedded in the states of signals, called state infornation, and infor- 

mation that indicates when the information transfer takes place relative to a time refer- 

ence, called timing information. 

An information transfer is nomally associated with a time reference signal and sig- 

nais with state information as shown in Figure 3-6. The transition on the time reference 

signal is used as a tirne reference. The signals with the state information will hold useful 
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FIGURE 3-6. Lnformation Embedded in the State of Signals and its Time Reference 

information for some time interval relative to the transition. Some components may use 

more than one signal and more than one transition as the time refaence. 



These states are usually the voltage ievel of the signal (e.g. N for high logic level or 

OV for low logic level). Information is embedded in the state of signals, and some kind of 

mapping is required fiom the physical manifestation of the state to the meaning of the 

state. The representation for the state information of a signal developed for this work is in 

the form of a List of states and their associated meaning. For example, the R/W* signal of 
the MC68000 microprocessor is used for the direction information, which indicates 

whether a read or a write operation is being performed, The state information representa- 

tion will associate a logic 1 on the R/w* signal with a read operation and a logic O with a 

mite operation. 

The timing behaviors of many microprocessor components were investigated and it 
was found that many variations of the relationship between the tim5 reference and the state 

signals exist. The essential feahires and behavior important to modeling timing S o m a -  

tion were extracted f?om the timing diagrams of many microprocessor components. The 

result was a set of universai timing patterns, called timing templates which are used to rep- 

resent the timing information for data transfer of any microprocessor component, which 

will be discussed in Chapter 4. 

3.5 Representing the Interface 

This work develops an expert system that can design the digital system which com- 

prises the interface between components. The expert system requires a representation of 
the interface digital system which will be built up during the interface design process. An 

interface model was developed for this purpose, which represents the interface between 

wrnponents as a set of hierarchial objects. This section presents an ovemiew of the inter- 

face model. The details are provided in Chapter 5. 

3.5.1 Partitioning the Interface 

One cornmon approach to represent a digital system such as the data transfer inter- 

face is to partition it into more tractable pieces called sub-systems [71] as shown in 

Figure 3-7. The term 'more tractable' refers to sub-systems that are less complex than the 

entire system they make up and therefore are easier to design [45]. 

This work takes the approach of partitioning the interface digital system into sub- 

systems which can be designed fiom components we are familiar with. A familiar compo- 

nent for digital design might be a Flip Flop or an AND gate, and they are consideredprim- 

itive since they can not be fiutha sub-divided. For more complex systems, the partitioning 

will have a number of layers. This means that the digital system is first partitioned into 
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FIGURE 3-7. Partitionhg a DigitaI Systems into Sub-systems 

sub-systems, and then those sub-systems are partitioned into smaller sub-systems, until 

the sub-system cm be readily designed out of simple primitive components at the bottom 

most layer. This type of design structure is ofien called top down design and integrates 

weU with the hierarchial component model developed. 

3.5.2 Hierarchy of the Interface Digital System 

Emphasis was placed in the development of the abstraction hierarchy of the inter- 

face model to follow the abstraction levels developed for the component model hierarchy. 

This provides a significant advantage when developing the design rules since it allows the 

design process to be organized to proceed at the same hierarchial levels. 

The interface abstraction layers are shown in Figure 3-8. An inte>face block (IB) 

c o ~ e c t s  two components with capability x. An Il3 is sub-divided into Interface Sub- 

Bloch (ISB). Specifically each information transfer of x, such as information Y, is con- 

nected by an information connection ISB within the IB. The Information Comection ISB 
is divideci into State ISBs and Eming ISBs for comecting the state and timing information 

of Y, respectively. 

The ISB primitives (ISBP) are the elementary building blocks that can be used to 

build up an interface. The ISBPs are classified into two groups according to how they are 





connection) and various parameters that will be relevant for a connection. The generation 

of the co~ect ion request is outside the scope of this dissertation and it is assumed to be 

provided either manually by a design engineer or by another sub-system of the DAME 

expert design system. 

Rules are provided for the various levels of design. At the highest level, d e s  are 

provided to check the existence of the required capability of the components being con- 

nected and if both components have the required capability, an IB will be created for the 
capability. 

Kuowledge is provided about how to connect a capability in terms of the idonna- 

tion -fers that make up the capability protocol. The howledge is in the form of d e s  

that indicate what to do with each information, or what to do if the idornation is not 

present. 

Rules are provided for sub-disridhg the Information Comection ISBs into State and 
Timing ISBs for connecting the state information and timing information. The d e s  devel- 

oped are independent of the class of information being connected allowing the same set of 

d e s  to be used by all classes. 

Knowledge is provided to fdl in a State ISB with the appropriate ISBP. The ISBP 

can be anything fiom a simple inverter to a multiple input/multiple output cornbinatonal 

circuit. Knowledge is provided in the form of d e s  that can utilize information about the 

states going into, and the required state on the output of the Information Comection ISB. 

Timing information is co~ec ted  using a Timing ISB. Knowledge at this level cornes 

in the form of d e s  that can recognize signal behavior in relation to a time reference and 

that can make adjustments to the signal so that it has a different relationship to the time 

reference, if necessary. The adjustment is accomplished by inserting an appropriate m a -  

ory ISBP into the Timing ISB. 

Other design knowledge in the form of d e s  is represented by the Interface 

Designer. This knowledge includes heuristics about minimizationhaximization of all 

aspect of the design, such as cost, power consumption or system speed and it uicludes 

checkkg a design for completeness to make sure that al1 signals are connected and that al1 

ISBs are completed. This knowledge also uicludes d e s  to verify timing behavior of the 

interface to assure that the tind design meets the manufacturer's specscation for the mm- 
ponent. 



3.7 Frame Representation of the Components and Interface 

The data structures used to represent the components and the interface are broken 

d o m  into a set of frame based hierarchial objects. This section introduces the prototype, 

device and instance fiames that were developed to represent a component and interface at 

different levels of abstraction. 

A component or interFace is bufit up fiom a set of device fiames. AU fiames will 
have slots that are Med either with static values, such as numbers, or the names of other 

1 
\ 

uses-timing 

FIGURE 3-9. X2000 Device Frames 

fiames. For example, Figure 3-9 shows some device fkames for the hypotheticd X2000 

microprocessor. The X2000 component is represented by the device fiame named x2 O O 0. 

The 3lumber-of-pins slot is nIled with the number of pins (40), and the %as-capability 
slot is fXed with the name of the device fhme representing the data tramfer capability of 

the X2000, namely X2 O O O -DATA-TRANSFER-CAPABILITY- The data  ansf fer capa- 
bility in tum has the "uses-timing slot fUed with the x2 O O O -mDRESS-TïMïNG device 

MICROPROCESSOR X2000 1 1 DeviceFrame 

has cababilicy 1 IRototypeFrame 
I 

uses-timing 

SIGNAL.-TIMING k-a X2000-ADDRESS-TIMING 

FIGURE 3-10. Device and Prototype Frames 



A device fiame is created by generating an instance of a a template fiame, called a 
prototype fiame, as shown in Figure 3-10. Each device fhme is linked to its prototype 

using the %-a relation and will inherit characteristics fkom its prototype fiame. A device 

frame will have the same slots as its prototype fiame. The slots of the prototype frame are 
either empty or med  with default data. 

The prototype fiames are organized into a hierarchy of classes and sub-classes. This 
allows knowledge relating to components to be organized into prototype name classes 
whose members tend to share common properties and concepts. Inheritance d o w s  us to 

fhd information (knowledge) about a prototype fiame fiom its parent fiames. This leads 

to an efficient knowledge representation rnethod since infornation that is common to sev- 
eral child protome fkames can be stored in a single place in the parent prototype h e .  

The more abstract, general prototype -es are near the top and the more detailed and 
specific prototype frames are near the bottom of the hierarchy as shown in Figure 3- 1 1. A 

ir-a ir-a I I 

MICROPROCESSOR 

is-a is-u 

is-a is-a 

FIGURE 3-11. Prototype Elierarchy 

prototype frame will inherit ail slots f?om its parent through an "is-a relation. In Figure 3- 

11, the COMPONENT prototype representing any rnicroprocessor system component is 

divided into MICROPROCESSOR and MEMORY component sub-classes. In turn the MEM- 

ORY components are divided into RAM and ROM component sub-classes. 

A more cornplete example of device and prototype k e s  is shown in Figure 3- 12. 

The MC6 8 0 0 0 and 28 0 device Srames are created by instantiating the MICROPROCES- 

SOR prototype, the MK6116 device is created by instantiating the RZlM prototype hune 



and the MK2 7 64 is created by instantiating the EPROM prototype fiame. Ali four devices, 

the MC 6 8 O O 0, Z 8 O O 0, MK6 11 6 and MK2 7 6 4, axe considered sub-classes of the COMPO - 

I 1 Prototype Frame is-a I , A 
1 I 

COMPONENT k is-a f MICROPROCESSOR 

e 

is-a 

- -- - - - - - - - 

FIGURE 3-12. Example Device Frames 

NENT prototype &me and inherit al l  COMPONENT properties (such as 'Uses Power') 
through the %-a relations. Device properties can be specüled in the device fiame, or they 
can be inherited fkom the prototype default values. For example, the MK6 11 6 is a 24 sig- 

nal pin device, which is the default specified in the 'humber-of-pins slot of the COMPO- 
NENT protome fiame. 

The component prototype fiames represent the set of possible -es that c m  be 

used to build a component in the component library. The interface prototype fiames repre- 

sent the set of possible fiames that can be used to build an interface. The device frames 
represent instantiations of the prototype fiames used to represent a spedic components or 

interface. The number of prototype *es is W t e d  by the interface design rule base. 

Only those prototype fiames that can be manipulated by the d e  base are dowed to exist. 
The number of component device frames is limited only by the number of devices entered 
into the component library, while the number of interface device fiames is limited only the 

nmber of different intdaces that can be designed. The strict separation of the device and 

prototype m e s  provides an important advantage for the maintenance of the Interface 



Designer: If device fiames of a new component are created by instantiating existing proto- 

type fiames and entered into the component library, the rule base does not have to be mod- 

ined to be able to design with the new cornponent. In other words, the maintenance of the 

component prototype k e s  and the rule base is separated fkom the maintenance of the 
component Library. 

The MC 6 8 O O O device h e  represents ail MC68000 microprocessors. To represent 

a single, specinc MC68000 in the microprocessor system to be designed, an instance of 

the MC 6 8 O O O device fiane is created, and given a name such as U1, as shown in Figure 3- 

I I  Device Frame 1-1 Prototype Frame 
r----- I 
t I instance Frame 
&-----A 

FIGURE 3-13. Component Instance Frames 

13. The instance fkme is lidced to the device fiame through the Ainstance-of link. The 

instance fiame is used to represent an actual physical device that will be installed in a sys- 

tem. A fiame at the instance level c m  not be instantiated since it represents an actual com- 

ponent. An instance fiame will inherit all properties fiom the parent device fiame and the 

grandparent prototype hunes through the Ai~tance-of relation. The example in Figure 3- 
13 shows the instance fiames of a small microprocessor system that consists of a 

MC68000 microprocessor, two MK6 116 RAMs and one MK2764 EPROM. 

This chapter developed the overall structure of the d e  based interface design sys- 

tem. The design system was partitioned into a component model that represents the static 
components, an intdace model that represents the interface between the components, and 

the design knowledge in the f o m  of design d e s  which build up the interface, as shown in 
Figure 3- 14. The abstraction levels of the cornponent model, the interface model and the 

design d e s  follow each other closely. This facilitates the development of well stmctured 



,More Abstract 

F'IGIXE 3-14. Interface Designer Knowledge Representation 

design niles that can perform design at each level of the hierarchy. The component mode1 
is abstracted into capabilities whose protocol is built up fiom information tramfers. The 
information transfers are abstracted into state and timing information transfers. In turn, the 

timing information trmfers are built up fiom timing templates. During the design pro- 
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ces ,  design d e s  create IBs that comect capabilities. The IBs are sub-divided into ISBs 
using design des .  The ISBs are finally sub-divided into ISBPs which can be implemented 
using discrete logic or VLSI gates. The ISBPs are chosen using d e s  that recognize the 
timing behavior of the timing templates. 

The next three chaptm give a detailed description of each of the three parts of the 
interface design system: the component model, the interface model and the design d e s .  



Chapter 4 

Microprocessor System Component Model 

4.1 Introduction 

The development of a production system based interface designer requires a repre- 

sentation of the components in the fom of a component library. This chapter discusses 

how a component is represented as a frame based semantic network called the component 

more detail 
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model. The component model is able to represent al1 aspects of a cornponent's behavior 

f h m  the abstract capability to the detailed voltage specification of a signal's logic level. 

The primary objective in developing the component model was the development of a 

representation that is d c i e n t  to accomplish reliable interface design. This means that 

only the aspects that are required to carry out and complete the task of interface design are 

modelecl, 

An outline of the component model and its abstraction hierarchy was given in chap- 

ter 3. This chapter gives a complete description of the component model, starting with a 

detailed description of the electrical signals and working up to the abstract description of 

the capability protocol. The order of presentation is shown in Figure 4- 1. First, the repre- 

sentation for the signals and the electrical states of signals is given. This is followed by a 
representation of state changes of signals in the f o m  of transitions and events. The time 

behavior of the signals is developed as a Iimïted number of timing patterns, such as multi- 
plexed and non-multiplexed signal timings. The concept of information transfer between 

cornponents is developed as a combination of state information and timing information 

transfers. A description of the data transfer capability protocol is presented in terms of the 

information transfer, which ha l ly  allows the description of a component in t m s  of its 

capabilities. 

Devices such as microprocessors and mernories have pins. A pin is a metallic con- 

tact which connects electrically to circuitsr inside a device package. A pin used to transfer 

information to or from a device is called a signal. A signal is represented by a name such 

as A17 or R/w*, its location on the package such as pin 3 1, and its elecûical characteris- 

tics. 

The signals in microprocessor systems are often divided into groups according to 

their hction. A group of signals associated with a specific fimction is calied aport. For 

example AO, AI, A2 etc. are signals associated with the address port of the MC68000. 

Each port will have an abstract classification associated with it, which represents the kind 

of information being transfmed over the port signds, such as address, data or direction 

information. A unique name is used to designate each port such as mz, ADDmSS,  

DATA. 



4.3 The State of a Signal 

The logic state of a signal is a c h ~ z ~ c t e ~ M c  that can be propagated through a wire or 
through a logic circuit. Every logic state has a unique name and has a physical manifesta- 

INPUT OUTPUT 

FLOAï'ING 

"" 
ENABLED OPEN 

INVALID1 VALID1 A 
A "" """"O 

NEGI ASSI NEGO ASSO 

FIGURE 4-2. Logic S tate Hierarchy 

tion that corresponds to one or more elecûkal state. AU the logic states defuied for signals 
are given in Figure 4-2. 

The logic states are organized as follows. A signal cm receive information, called an 

INPUT state or transmit information, called an OUTPUT state. A s ipal  in OUTPUT state 

can be  either OPEN (discunnected) or ENABLED. An ENABLED signal supplies either a 

high or a low voltage. An ENABLED signal is either a VALIDO or INVALIDO output. 

VALIDO means that useful information is present on the pin, while WVALIDO means 
that the information on the pin can not be used If the signal is VALIDO it can be one of 

two binary states, either ASSO (asserted output) or NEGO (negated output). 

A signal in INPUT date can be either FLOATING (not driven by anything) or 
DRIVEN. A DRIVEN signal is either at a high or low voltage level. A DRIVEN signal is 
either a VALIDI input or INVALDI input VALIDI means that information must be pro- 
vided on the pin since it wiU be used intmally, while INVALIDI means that the informa- 

tion on the pin will not be used. If the signal is VALIDI it can be one of two binary states, 
either ASSI (asserted input) or NEGI (negated input). 

The asserted and negated levels of a signal have different interpretations depending 

on manufacturer's deiînition. Asserted low or active low means that the asserted state is 
represented by a low voltage while negated state is represented by a high voltage. Asserted 



high or active high means that the asserted state is represented by a high voltage while the 

negated state is represented by a low voltage. 

A graphical representation of the voltage levels versus time, as commonly found in 

low voltage 

If the signal is an ou ut: 
(1) Asso & m L m ,  ~ALIIIO) 
(2) NEGO (ENABLED, VALIDO) 
(3) OPEN 
(4) INVALIDO (ENABLED) 
(5) VALDO (ENABLED) 

If the signal is an in ut: 
(11 ASSI ~ R I V E N ,  v . m n  
(2) NEGI @RIVEN, VALIDO 
(3) FLOANG 
(4) INvALmI ~ R I V E N )  
( 5 )  VALIDI (DRIVEN) 

time 

F T G m  43 .  Voltage Levels Associated with Sates 

timing diagrams provided by component manufacturers, is shown in Figure 4-3. 

4.3.1 Compatible States 

When a manufacturer specifies a certain state for an input signal, it means that the 

input is required to attain that state for correct operation. For this reason the input state is 

called an input requirement. When a manufacturer gives a certain state for an output sig- 

nal, it means that the output will be the specified state. For this reason an output state is 

called an ouput specilfcation: the output signal pin will be at the specified state. Two 

states are IO compatible if an output specification satisfies the input requirement. An out- 

put of one device can be connected to the input of another device if the output state is IO 

compatible with the input state. Table 4-1 shows compatible hput and output states. 



VALDO / ASSO 

INPUT 

FLOAiTNG 

DRIVEN 

OUTPUT 

OPEN 

ENABLED 

ASSI  1 ASSO 1 

VALIDI 

TABLE 4-1. compatible ~ Z t e s  

VALDO 

ASSO 
l 

NEGO 

VALIDO 

ASSO 

NEGO 

4.3.2 Representing the States of a Signals 

The state of a signal is a basic propew of a component A notation has been devel- 
oped to represent the state of a signa1 in the Interface Designer and for discussion pur- 

poses. The syntax of the notation is given using the B W  (Backus-Naur Form), where the 

following symbols have meaning : 
. .- . . - de finition 

1 exclusive-OR 
} repeat zero or more times 
0 optional 
' string 

The BNF notation has been extended in two ways: square brackets are used to 

enclose an optional symbol or group of symbols, while curly braces are used to enclose a 

symbol or group of symbois that may be repeated zero or more times. BNF notation will 

also be used to d e s d e  other properties of signals, such as state changes. 

The expression that represents the state of a signai is called a signal state and is 
given as: 



1 OUTPUT 1 OPEN 1 ENABLED 1 VALDO [ INVALDO [ ASSO 1 NEGO 
-=signal name> ::= <identr@r> 
<identifier> ::= Unique character string 

A booleun signal stute is a signal state that only involves the boolean logic states 

asserted and negated: 
cboolean signal state>::= '('<boolean Zogic state> qignal name>')' 
<holean logic state> ::= ASSI 1 NEGI 1 ASSO 1 NEGO 

For example, (VALDI DO) represents the valid input logic state of the signal DO and 

(ASSO UDS) represents the asserted output boolean logic state of the ü ~ s  signal. 

A <port stute> gives a shorthand method of representing the state of all the signals 
in a po& provided that ail the signals have the same state: 

For example, the poa state (VALDO ADDRESS) where ADDRESSF(AO, A l ,  A2, 

A3, A4, A5, A6, ~ 7 ) ,  indicates that the address signals AO-A7 have a valid output state. 

The signal state represents a property of a signal, as in the example given above, 

where (VALDI DO) represents the valid input logic state property of the signal DO. The 
property of a signal can be either true or false: if the signal DO has a valid input logic 

state, the signal state (VALDI DO) is true, if the signal DO does not have a valid input 

logic state, the signal state (VALIDI DO) is false. The statement 'the signal DO has a valid 

input logic state' is equivalent to saying 'the signal state (VALDI DO) is true'. 

4.4 Using Signal States to Describe Situations 

Signal states are used to desmie situations in microprocessor systems. For exam- 
ple, the 280 microprocessor signal state (ASSO WR*) is used to indicate that the current 

memory access operation is a write operation. Often, a situation is described by the state 
of several signals. For example, for the MC68000, a memory access in the User Program 

data space is indicated if the state (NEGO FCO) is true, the state (ASSO F C ~ )  is true, and 
the state (NEGO FC2) is me. 

To describe the state of several signals applicable to a situation, the signal state 

expression was developed, incorporating the AND, OR and NOT operators between the 
states of signals. A signal state expression using the AND operator indicates that each of 

the argument signal states is present on the given signals, or each of the argument signal 
states is me .  A signal state expression using the OR operator indicates that at least one of 

the argument states is present on the given signals, or at least one of the argument signal 



states is me. A signal state expression using the NOT operator indicates that the argument 

signal state is not present on the given signals, or the argument signal state is false. 
qignal state e;.pression> ::= qignal star@ 1 cor state expression> 1 <anci state -ES- 

sion> 1 Qegation state expression> 
<or state eqression> ::= '( OR' -tate lisP ')' 
<and state expression> ::= '( AND ' -tate lisP ')' 
cnegation state expression> ::= '( NOT' <rignal state expression> ')' 
Qtate ZrSP ::= Qignal state qression> (-=signal state expression>) 

AU signal states in a signal state expression must either be input signal states or out- 

put signal states. The mixing of input and output signal states is not dowed since the 
interpretation of such an expression would be amtiiguous. 

For example, 

(AND (NEGI R/W) (OR (ASSI W S) (ASSI UDS))) (EQ 4-11 

Equation 4-1 shows a signal state expression that indicates that the R/w signal is 

negated and either LDS or the UDS signal is asserted. 

In practice it was found that only boolean logic states are used in signal state expres- 

sions. A signal state expression using boolean signal states is equivalent to a boolean logic 

expression, where the boolean variables are replaced with signal states. This allows bool- 

ean algebraic theorems, such as De Morgan's theorem, to be applied to manipulate the 

state expression. For example, 

(AND (ASSO AO) (NEGO Al))= 
(NOT (OR (NOT (ASSO AO)) (NOT (NEGO A 1)))) 

4.5 State Changes in Signals 

4.5.1 Transitions 

A hansition is the change of the logic state of an input or output signal fiom one 

logic state to another logic state at some instant in tirne. A transition is given as: 

If 4ogic stateI> is omitted, it is assumed to be the opposite state of <Zo@c state2>. 

clogic staiel> and &gic state2> must either both be input signal states or both be output 

signals states. The opposite logic states are shown in Table 4-2, and are derived from the 



logic state hierarchy in Figure 4-2 by determining which states are at the same level in the 
hierarchy. 

D m  1 FLOATING l 
TABLE 4-2. Opposite States 

Logic State 

ASSO 

ASSI 

VALLDO 

VALIDI 

ENABLW 

For example, assume an output signal XYZ changes state fiom asserted to negated. 

This transition can be written as (ASSO ! NEGO nz) or in a more compact form as (! 

N'EGO nz). 

Opposite Logic State 1 
NEGO 

NEGI 

INVALIDO 

INVALID1 

OPEN 

A port transition is the change of state of the set of signals associated with a port, 

where each signal in the port has the same transitions: 
<port transition> ::= '(' [<logic statel>] '!' <logic state2> <port name> ')' 

A port transition is simply a shorthand way of specimg the transition for each sig- 

nal in a port, provided that aU signals have the same transitions. For example the port tran- 

sition (! ASSO ADDRESS) c m  be expanded into: (! ASSO AO), (! ASSO AI), (! ASSO 

AS), . . . .(! ASSO ~ 1 1 )  if the ADRRESS port consists of the signds A0 , A l ,  . . . All. 

4.5.2 Events 

The event extends the concept of transition ffom a single signal to several signals. A 

signal state expression represents a certain combination of signal states. When the combi- 

nation of signal states becomes true at some instant in tirne, an event occurs. An event is 

defined as follows: 
<evenf> ::= <transition> 1 '(' '! ' -=Signal state expression> ')' 

For completeness, a transition is also defked as an event. The ! in fiont of the ~ i g -  

na2 state ocpression> indicates the event that occurs when the signal state expression 

changes nom fdse to true. The signal states that make up an event must either ali be input 

signal states or al1 be output signal states. 

Examples of events are: 

(OPEN Al) ! (VALIDO Al) 

(! (OR ((ASSO LDS) (ASSO UDS)))) 



Equation 4-3 shows an event, which includes a transition, that occurs when the A1 
signal changes fiom OPEN to VALIDO. Equation 4-4 shows an event using a signal state 
expression. Nomally the UDS and LDS signals are negated. This means, that normaliy the 

signal state expression (OR ((ASSO LDS) (ASSO UDS))) will be fdse. As soon as both or 

either of the LDS or UDS signals change fiom negated to asserted, the state expression (OR 
((ASSO LDS) (ASSO UDS))) wiU become true, and the event occurs. 

4.53 Detectable Events 

A detectable event is the change of state of one or more output signals which can be 

detected using some type of electronic circuit. The concept of detectable events is devel- 

oped to allow the detection of the time of occurrence of the event: if the time of occunence 

can be detected, it can then be used as a relative time reference to other events. Detectable 

events involve changes of signai states between the asserted and negated logic states. Any 
event that only involves boolean logic states is a detectable event. Theoretically there are 

other state changes that are detectable, such as (OPEN ! ENABLED XYZ). In practice 
these events c m  not be detected reliably, and are not considered detectable in this work. 
For example, Equation 4-4 is a detectable event, while Equation 4-3 is not a detectable 

event . 

4.5.4 Cornplementary Events 

An event occurs when one or more signals change logic state. When the signals that 

are involved in the event change back to the original state, a complernentary ment occurs. 
The event: 

( clogic s t a t e h  ! clogic state2> -=signal n a m e  ) 

has complementary event: 

( cl@ state2> ! clogic s ta teb  Wgnal name> ) 

and the event: 

( ! -@al srate expressionl> ) 

has complementary event : 

( ! (NOT ==signal state expressionl> )) 

For example, the complementary event to Equation 4-3 is: 

(VALIDO Al) 1 (OPEN Al) 

The complementary event for Equation 4-4 is: 



(! (NOT (OR ((ASSO LDS) (ASSO UDS))))) 

4.6 Modeling T h e  Relationships Between Events 

4.6.1 The Timing Link Between Events 

Electrical signals in microprocessor systems are used to transfer information. Know- 

ADDRESS 
\ Relation 
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) Events 

AS* 

UDS* LDS* w 
DTACK* u 

FIGURE 4-4. Timing Diagram of the MC68000 Read Cycle 

ing which signal is used to tramfer the information and how the information is formaaed 

is not enough to transfer the information successfullyy It must also be hown  when the 

information will be transferred. For example, the knowledge that some address signals 

will contain a binary formatted address is of no use unless one knows exactly when the 
signals contain the address. Manufacturers speci@ when information transfer takes place 
by giving the relative t h e s  between events of certain signals. The time relationships 
between events of signals are given in the component manufacturer data books in the form 
of timing diagrams and tables of timing parameters. This is illustrated in Figure 4-4 for the 
MC68000 read cycle. Several signals are involved in the data transfer, such as CLK, A l -  

A2 3, R/W*, AS * and UDS * /LDS *. The manufacturer specifies when the address signals 

Al-A23 becorne valid (i-e. when the (INVALIDO ! VALIDO ADDRESS) event occurs) 

relative to the time of occurrence of events on the CLK, AS* and üDS* /LDS * signds. 
Different types of relations between events are provided, such as 'event A precedes event 

B' or 'event A is always lOnsec afier event B'. For example in Figure 4-4 the (! ASSO 

AS *) event and the (! VALDO ADDRES S )  event indicate that the address becomes valid 
before the asserted AS signal. 



Interface design requires knowledge about the time relationships between events. A 

method was developed to represent the relationships in the Interface Designer. The t h e  

relationships between events are represented using timing links. A timing link gives the 

relative time of an event, called the tail event, relative to another event, called the heud 
event. There is no implied precedence between the head and tail events: the tail event cm 
occur before or d e r  the head event. The timing IUik represents an unidirectional time rela- 

tionship fiom the head to the tail event. Unidirectional means that if a timing Link gives the 
time of event A relative to event B, it may not be possible to infi the time of event B rela- 

tive to event A. For example, if a link specifies that a tail event (! VALDO ADDRESS) is 

always 2011s before a head event (! ASSO AS *), one c m  not assume that the (! ASSO 

AS*) event always will be 20nsec after the (! VALIDO ADDRESS) event, 

Time relationships between events can be viewed as directed graphs. The graph 

- (a) Timing Diagram Representation 

ADDRESS Valid ADDRESS 
\ 

AS* Relation 
between Events 

(b) Directed Graph Representation 

1 Relationshi R e 
Head Event El = (! ASSO AS*) Events E 
Tai1 Event Es = (! VALIDO ADDRESS*) E2 

FIGURE 4-5. Example of Event Time Relationship 

nodes E represent the events and the directed graph links R represent the timing links 

between events. For exarnple, Figure 4-5@) shows the directed graph representation of the 

timing diagram shown in Figure 4-5(a). The directed graph gives the time relationship R 

of the E2 event relative to the El event. 

4.6.2 Repeated Event Sequences in Timing Diagrams 

Often a timing diagram is used to show a sequence of events. For example, Figure 4- 

6(a) shows a sequence of complementary events for the WR* signal. Repeated event 

sequences for microprocessor components often correspond to repeated operations the 

components can cary out. For illustration purposes in this work, complementary events 



1 (a) Original Wnte Signal Event Sequence 
wr+ w- w+ w- w?-+ WT- 

WR* signal I 

1 @) Single Cycle Event Sequence: (c) Directed Graph Event Sequence 
wr+ 

RP 
Precedence Relationship Rp - 

-- - 

FIGURE 4-6. Repeated Event Sequence Representation 

(Section 4.5.4) in a sequence are given names with a + or - symbol attached to the end of 

the name. For example event name+ has complementary event name-. Using the +/- con- 

vention in naming the complementary events helps in the understanding of diagrams 

showing temporal ordering between events. The + will be associated with the earlier, 

while the - will be associated with the later complementary event. In most circumstances, 

the + event is associated with the more 'positive' or 'beginning' event such as an event ini- 
tiating somethhg, a signal going fiom INVALIDO to VALIDO or a signal going fiom 
negated to asserted, while the - event is associated with the more 'negative' or 'end' event 

such as  an event terminakg something, a signal going fiom VALIDO to INVALIDO or a 

signal going fiom asserted to negated. 

The timing diagram for a repeated event sequence cm be redrawn for a single cycle 

of the repeated sequence as shown in Figure 4-6(b). A directed graph representation of the 

repeated event sequence is shown in Figure 4-6(c). In the directed graph, a subtle property 

for the signal behavior shown in the timing diagrams is represented by the graph links: 

The signals that generate the events are not allowed to change between the events. If this 

p r o p m  is attached to the directed graph Links, then the original event sequence shown in 
Figure 4-6(a) can be obtained fkom the directed graph Figure 4-6(c). 

4.63 Properties of Timing Links 

Timing links are used to represent different time relationships between events. This 

section describes the time relations represented by the timing links. Timing links have 

properties such as the precedence between the head and tail events and the time of occur- 



rence of the tail event relative to the head event For example, a timing link cm represent a 

simple precedence relationship: 

Event B is alwavs d e r  event A, 

or the timing link can give the guaranteed time of an event relative to another event: 

Event B always occurs between lOnsec and 20nsec before event A. 

The interval lOnsec to 20nsec is called the timingparameter of the timing link. A timing 

parameter is a time interval with a lower and upper M t .  The timing parameter represents 

a range of thne values of when an event can occur. A t h e  interval is written by enclosing 

the interval limits, in nano seconds, in brackets. In the above example, the timing parame- 

ter would be written as (-20 -10) since negative time values are used to indicate that event 

B occurs before event A. An interval (a b) is wrïtten so that a I b. A timing parameter that 

is an exact time such as 20nsec, is considered an interval of zero length and is writîen as 

either a single value (20) or as a range with the same Iowa and upper limits (20 20). Using 
the notation for intemals, the previous timing link description could be written as: 

Event B alwavs occurs at time (-20 -1 0) relative to event A. 

An event may not always occur with another event, but it rnay still be related to the other 

event as in: 

If Event B occurs, it will occur at time (-20 -10) relative to event A. - 

Timing links between events on the same signals can dso convey information about the 

signals' behavior between the events as in: 

Event B will occur at a time (50 70) relative to event A and the sipals involved in 

events A and B will not change state between events A and B. 

As these examples show, timing links have several properties and characteristics, 

which include: 

The direction of the signals involved in the events: Input to Input, Output to Output, 
output to lnput or Input to Output. 

A timing parameter 

If there is precedence between the events 

If an event always occurs with another event, or only sometimes 

If the signals change state between the events (if both events involve the same signals). 



There are a total of six timing links developed that are sufficient to represent all 

practical cases and are presented in the next sections. 

4.6.4 Timing Links Between Events 

Four possible timing links based on the direction can be found in the specincation of 

time relationships between two events as illustrated in Figure 4-7. 

-- 

Component Component 
guiC68000) Output Event 

~ A S S O  UDS*) 

&put Event 
(! ASSI DTACK*) 

Component 

FIGURE 4-7. Possible Event Relationships 

The input to output timing Links and the output to input timing links are called 
causal timing links since there is a direct cause and effect relationship between the head 

and tail events. A cause and effect relationship implies a precedence between the head and 

tail events. For example, for a MC68000, the asserted DTACK* signal will cause the UDS * 
signal to become negated. This means that the (! ASSI DTACK*) event will have a causal 

timing link to the (! NEGO UDS*) event, and the (! ASSI DTACK*) event must precede 

the (! NEGO UDS *). 

The input to input and output to output event relationships are called non-causal 

timing LUiks since there is no cause and effect relationship between the events. The prece- 

dence of the events related by a non-causal timing link is rot hown. For a non-causal tim- 

ing link the tail event could occur at any time relative to the head event. 

If the tail event of a timing link is an input event, the timing link specities an input 
requinment, since the link dictates how the input must behave. If the tail event is an output 

event, the timing link specifies an ouput specifcution, since it dictates how the output 

b ehaves. 



If al l  timing links for the events of a device have strict precedence between events a 

petri net c d e d  a signal transition graph (STG) c m  be used to represent the timing behav- 

ior. STGs are directed graphs consisting of the events T and the precedence relation P 
between the event nodes. When state transition graphs were developed they were applied 
to designs which were delay insemitive (Le. unbounded positive delays), but they have 

been extended to include timed delays [69] [27]. 

M e a d  of a petri net based approach this work develops its own specialized timing 

links to represent the timing behavior patterns for several reasons: 

This work only requires a representation that gives the general pattern of a timing 
behavior, not the detailed relationships between all signals. STGs provide too much 
detail, thus adding unnecessary complexity. 

This work requires that links have certain properties in addition to a iime value. For 
example such a property may be a link that specifies that a signal will not change state 
between two spedied events. 

This work requires that the links in timing patterns can have a general behavior associ- 
ated with them such as: The setup t h e  of signal A relative to a reference event is usu- 
ally negative or close to zero. This type of behavior c m  then be used to develop the 
concept of a propagation delay invariant timing templates as explained in Section 4.7.2. 

There are some similarities between STGs and the timing behavior mode1 developed 

for this work, and it may be possible to extend STGs to include some of the specid con- 
cepts developed here. 

The following sections describe the timing Links developed for this work and their 

associated properties. 

4.6.4.1 Causal Timing Links 

A timing link between either an input event and an output event or an output event 

and an input event is called a causal timing link. 

The input to output event link represents the response output event to some input 

event and is called a responds-with timing link. Due to the cause and effect relationship 

between the events (i.e. an input event will cause the output event), there is sûict prece- 

dence and the timing parameter (a b) associated with the responds-with timing link is 

restricted to a 5 b, a > O and b 2 0. 

The output to input event link expects an event on an input port in response to the 

event on an output port, hence it is called an q e c t s  timing link. NomaIly, there is strict 

precedence between the output and input events. It was found however that when describ- 



ing the timing behavior of more than two wents as done later in this work, that an expects 

timing link is required that can take on a negative timing parameter value. For this reason, 
an expects luik is defineci with no restrictions on precedence. The timing parameter (a b) 

of the expects link is a I b, -O I a < +oo, and -0 I b I +oo. 

4.6.4.2 Non-Causal Timing Links 

A non-causal timing relationship is one between two output events or two input 
events. For two output events or two input events that are related, the important knowledge 

about the events is not the order in which they occur, since that may change, but which 

event always occurs with the other evenf and what the relative time between the events is. 

The always-accompanied-by timing link represents a non-causal timing link 
between two input events or two output events that always holds me. A typical example 

of this is the time relation between a tramfer request signal AS * went and the ADDRESS 

signal event of a MC68000 microprocessor as shown in Figure 4-8. It is lcnown that if an 

as+ as- as+ as- 

AS* signal 

ADDRESS 
signal 

always-accompanied- by lin k 
L, 

FIGURE 4-8. Example of the Mways-Accompanied-by Link 

as+ event occurs on the AS * signal, it will always be preceded by the ad& address event 

on the ADDRESS signals at a certain t h e .  Simhdy, if an as- event occurs on the AS * sig- 

nal, it will be followed by the add- address event on the ADDRESS signals at a certain 
eime. 

Sometimes an event is not always accompanied by another event, but 3 it is accom- 

panied by another event, a certain timing relationship exists between the events. This tim- 
ing link is callecl an accompanied-by timing link. An example of the accompanied-by link 
is shown in Figure 4-9. The DS * signal indicates that a data transfa operation will occur. 

It is sometimes accompanied by a WR* signal as shown in the figure with a certain timing 

relationship to the DS * signal. If a ds+ and ds- event sequence occurs, the wr+ and wr- 
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event sequence may or may not occur, and if it does occur it will have a given timing rela- 

tionship as specified by the accompanied-by timing parameter. 

-- -- - - - - - - 

E'IGURE 4-9. Example of the Accompanied-by Link 

DS* signal 

The timing parameter (a b) associated with the dways-accompanied-by and accom- 

panied-by timings link is a I b, -= 5 a 5 +oo, and -= I b S +-. 

1 

4.6.5 Timing Links Between Complementary Events 

w- wrf w- 
WR* signal 

accompanied-by Iink 
. -  

Figure 4-10 shows a typical mite data transfer operation for a microprocessor. 

Always-accompanied-by can be used to speciQ links between the wr+ and dat+ events 

and the wr- and dat- events. The timing diagram shown in Figure 4- 10 conveys more infor- 

dat- always-accompanied-by - 
FIGURE 4-10, Typical Data Wrîte Operation Timing Diagram 

mation about its behavior to the designer than that given by the two always-accompanied- 

by links. The timing diagram also indicates that the üüR* signal does not change between 

the wr+ and wr- events, and that the DATA signal does not change between the dat+ and 

dat- events. Specid always-accompanied-by links have been developed to represent the 

behavior of signals between complementq events. 

The dways-accompanied-by link between complementary events can be split into 

two types: a complementav-precedes timing Iink where the signals involved in the events 

will not change until the complementary event occurs called, and an otentunlly-precedes 

timing link where the signals are dowed to changea between complementary events. This 
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is illusfrated in Figure 4-1 1 (a) for a typical data write operation. Li& 5 is a complemen- 

(a) Timing Diagram for W R  * Signal and DATA Signd 

(da,3 Gnd *min < tmmc 

Precedes 

Always-Accompanied-B y 

Event!%y-Precedes - 
daf- (t2min, tZm& 

(b) Timing Graph For WR* Signal and DATA Signal Events 

FIGURE 4-11. Typical Data Write Operation Timing Links 

tary-precedes link which indicates that the DATA signals will not change between the dat+ 
and dat- events and that the datt- event occurs before the dat- event. Link 6 is an eventu- 

ally-precedes fink where the DATA can change between the dat- and dat+ events. 

The complernentary-precedes and eventudy-precedes links always have prece- 

dence: the head event will always occur before the îaïl event. This means that their timing 

parameter (a b) is a 5 b, a 2 O and b 2 0. 

Using the timing links developed, the behavior of microprocessor system signals 

can now be speciûed. For the timing behavior of the data signal in Figure 4- 1 1 (a), link 3,4 

and 5 are complementary-precedes links while link 6 is an eventually-precedes link. Links 
1 and 2 are always-accompanied-by Links. The links developed make it possible to give a 

graphical representation of the data write timing behavior as shown in Figure 4-1 1 @). 

Using the graphical representation given in Figure 4-1 l e ) ,  it is possible to reconstruct the 

timing diagram representation shown in Figure 4- 1 1 (a). 



70 

4.6.6 Timing Link Slimmary 

This section developed a method to represent the time relationships between events 
in the form of links. Table 4-3 shows a swnmary of aiI the timing Links and their proper- 

T i i g  Link 1 Head 1 Speeififation 1 Classlca- 1 Precedence 1 Timing 

Responds-with 

Expects 

Always-Accompanied-by 

Accompanied-by 

1 in to in 1 Requirement I I I 

Tail 

in to out 

out to In 

out to out 

Complementary-precedes 

Eventually-precedes 1 out to out 1 Speciscation 1 N o n - C a d  1 Yes 1 a,b2O 

into in 

out to out 

1 in to in 1 Requirement 1 
TABLE 4-3. Component Timing Links 

Requirement 

Specifïcation 

Reqyirement 

Specification 

in to in 

out to out 

It should be pointed out that the timing links were developed with foresight as to 

how they will be used to represent the timing behavior of signals in the Interface Designer. 

Specifically, the timing behavior of signals are often similar but not identical, and the tim- 
ing links wiIl ailow the similarities to be extracted as patterns which the Interface Designer 

c m  use to perform design. For example the behavior of the DATA signd relative to the 

W R *  signal in Figure 4-1 1@) is the typical behavior of a non-multiplexed signal in a 

microprocessor system. By giving this timing behavior a name such as XYZ,  any similar 

timing behavior can be simply descxibed by stating that it is of type X Y Z  and giving the 

specific timing intervals associatecl with each link. This type of representation integrates 

very nicely with fiame based semantic networks used for this work: the timing behavior of 

every signal is based on a timing template (such as pattern XYZ)  with specific timing 

parameters for each link specined in an instantiation of the timing template. This will be 
discussed in more detailed in the section on modeling signal timings. 

Rewement  

Specifïcation 

Causal 

Causai 

Non-Causai 

Requirement 

Specification 

Non-Causal 

Ys 

No 

No 

Non-Causal 

(a b), b>a 

a, bb2 0 
-ar,Salfoo 

-..Sb si-- 

-oolal-i-.o, 

No 

--sb~+oo 

- = l a I f a i ,  

Yes 

- - s b r b  

a,b2O 



4.6.7 Notation Used to Represent Timing Links Between Events 

A timing link represents the time relationship between two events. A timing Iink 
expression is used to represent the relation between the events and the associated timing 

parameters. A timing link expression is given using the following notation: 
<timing Zink expression> : = <head ment> '->' <tail menP (<tail evenf>)'@' <tirne> 
Chead ment=- ::= <evenf> 
<tail menQ ::= <ment7 1 <port transition> 
<tirne> := '(' <tirne value> L ctirne value>] ')' 
<tirne value> ::= <nume* constant> [ '-' 1 '+-' 
'-' represents a time of negative itifinity 
'+-' represents a time of positive iTiflnity 
<nurnerïc constant> ::= character string representing time in nano seconds. 

The RHS of a timing Iink expression consists of a set of one or more events. (A port 

transition cm be expanded into a set of  transitions). The <tirne> gives the timing parame- 

ter that indicates when the tail event will occur relative to the head event. For example, 

(! (OR (ASSO UDS*) (ASSO LDS*))) -> (IWUIDO ! VALIDO AO) @ (- -10) 

states that the address signal AO will go VALIDO 10 mec or earlier before the occurrence 

of either an asserted v ~ s *  or asserted LDS* signal. This link expresses what is ofien 
called the setup t h e  of the AO relative to the asserted ~ D S  * or LDS * signds: The A0 sig- 
nal becomes stable and valid 10 mec before the asserted UDS * or LDS * signds. 

In this work, timing links are nomally used to indicate when idormation transfer 

takes place. This means that the head event is used as a relative time reference point for the 

time of occmence of the tail event. For practicd design reasons, an event that is used as a 

time reference should be a detectable event. The head event for timing link expression 

developed for this work is therefore normally a detectable event. 

4.7 Modeiing Signal Timings 

Section 4.5 and Section 4.6 showed how state changes for signals are modeled as 

events and how timing links represent time relations between events. This section builds 

on the concepts of events and timing links to develop signal timings. A signal timing c m  

be thought of as a method of s p e c i m g  when and how information is transferred between 

two components in a digital system relative to one or more detectable reference events. 

4.7.1 Developing the Concept of Timing Templates 

One of the difficulties the interface designer faces when connecting two components 

is the large variety of signal timing behavior that c m  be encountered. Often the general 
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aspects of signal timing behavior are similar beiween components, while the detailed sig- 

nal timing specifics are different. To overcome this problem the designer may use some 

heuristics by recognizing the general timing behavior patterns of a signal timing. For 

example, the designer may look at a timing diagram and recognize that the output address 

signal of one device has the general behavior of a multiplexed signal, while the input 

address signal of another device has the generd behavior of a non-multiplexed signal. The 

designer recognizes the general signal intemelationships and knows that he must store the 

information carried by the multiplexed signals before connecting it to the non-multiplexed 

input signals. The designer knows that this storage c m  be accomplished with a D-Latch. 

The designer inserts the D-Latch into the interface and den verifies that none of the spe- 

cific setup and hold times of the input are violated. This work takes a similar approach in 
organizing the knowledge about the timing behavior of a signal. The timing behavior 

Signal Timing for A3 signal 

I setup time 
(-20, -10) 

A3 signal timing is represented as two parts 

The Details 
f 

Non-Multiplexed Signal Timing Template 
\ 

setup time Ts 
range:(- 0) \ ref+ 

sig 1 + sigl- - - Complementary-Precedes 

A3 Signal 
Timing Details 

Based on: 
Non-Multiplexed 
Timing Template 

ref+=(! AS SO AS*) 
ref=(! ASSO AS*) 
sig l+=(! VAL1 A3) 
sig 1 =(! W A L I  A3) 
T,=(-20, - 1 0) 

\Th=(l O, 20) 
- - 

FIGURE 4-12. Representation of Signal Timing of Non-Multiplexed Signai A3 

knowledge is split into 'a pattern', which represents the general aspects of the timing 



behavior, and 'the details' which represent the exact timing parameters such as setup and 

hold times, as shown for the non-multiplexed signal timing in Figure 4-12. 

The general behavior pattern of a signal timing is called its timing template. A signal 

timing template classifies the characteristics, properties and behavior of a signal timing 

including : 

A description of the different events involved in the signal timing 

A description of each of the timing links and the associated events 

A range of allowed values for the timing parameters for each of the timing links 

Signal timings that have similar characteristics, properties and behavior belong to the 

same class of timing templates. 

Afier studying the signal timing behavior of many components, it was fomd that the 

setup timing parameter was almost always less than or equal to zero, while the hold time 

almost always was greater than or equal than zero. This property of the timing template is 

included as the allowed range of values for the timing parameters of a timing link. For 

example, (- 0) for the setup time and (O +-) for the hold time in Figure 4-12. 

The allowed range for a timing parameter in a timing template allows representation 

of heuristics used in interface design. It allows assumptions to be made about the timing 

behavior of a signal by simply looking at the timing template. In the non-multiplexed 

example of Figure 4-12, the setup and hold time ailowed ranges enable us to assume that 

the  SIG^ signal will becorne valid before the ref+ event, and it will remain valid until 

after the ref- event, without having to consider the details of the timing. 

The details for a timing are given by s p e c i w g  the events and timing parameters. In 

the example, the ref+ and ref- events are specified as (!ASSO AS *) and (!NEGO AS *). 

The timings and their templates integrate well with fiame based semantic networks. 

A set of fiames representing the templates for al1 possible signal timings is created. Then, 

when a component is entered into the database, the appropriate signal timing template 

fiames are instantiated for each signal timing and the details for the specific signal timings 
are filled in. 

4.7.2 Propagation Delay Invariance of Timing Templates 

Timing templates wae developed to provide a method that allows signals with simi- 

lar timing behavior to be represented by the same timing template. Conceptually, if a sig- 



na1 is based on a given timing template class at one point in a circuit, it will be based on 

the same timing template class at any other point in the circuit. 

The concept ofpropagation deZay invariance was developed to provide a method to 

represent the design engineer's lcnowledge of the effect of circuit elements, such as wires, 

on the behavior of a signal timing. A design engineer knows that conceptually, if a signal 

has a given timing behavior at one end of a circuit wire, it wiU have the same timing 

behavior at the other end of a wire. However, physically, any two points of the same signal 

in a circuit will be separated by an inherent delay determinecl by the distance between the 

two points. Therefore the timing templates m u t  have a property that preserves the behav- 

ior of the timing template class even in the presence of inherent circuit delays which are 

ualaiown until the design is implemented. The Interface Designer represents this heuristic 

as the propagation delay invariance property of the timing templates. 

The concept of propagation delay invariance is extended to other simple electronk 

devices such as buffers. A buffer is an active device that is used to restore the voltage level 

of a signal a n d h  increase the dnve capability of a signal. Conceptually the timing behav- 

ior of a signal before and after a buffer should be similar. In other words, the delay intro- 

duced by a buffer can be treated as a simple inherent delay of the circuit and should not 

fundamentally change the timing behavior of a signal. 

The utility of propagation delay invariance cm be seen £kom a simple example. 

Assume there exist two microprocessor components: for component A, a silicon die is 

packaged in a plastic dual in-line package with signal pins, while component B uses the 

same silicon die which is mounted on a p ~ t e d  circuit board with the signals going to an 

edge connector. Additionally., the address signals of component B have a buffer inserted to 

increase the curent drive capability. The propagation delay invariance property allows the 

timing behavior of the signal pins of component A and the edge connector signal pins of 

component B to be represented by the same timing templates. This provides three impor- 

tant advantages: Firsf only one single mode1 for the timing behavior for both components 

has to be developed. Second, d e s  representing design heuristics used for interface design 

of component A can also be used for component B. Third, the timings of signals within an 

interface cm be based on the same timing templates as those used for the components. 

It is known that the propagation delay is greater than zero, finite and generdy on the 

order of magnitude of the propagation delay of the technology used to ùnplement the 

design. However, the exact value is not known until a technology is chosen and the design 
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is implemented. We shaIl c d  this type of delay an omp delay (for ûrder of Magnitude 

Propagation delay). Typical values for an omp delay in LS ?TL technology are 7- 10ns. 

An example of the effect of propagation delay on the signal timing, if the signal is 

m always-accompanied-b y - 
Timing1 for A3 signal Timing2 for A3 ' signal 

WR* WR* 

A3 A3 ' 

Ts Th 
6 represents a small inherent delay in the system (i-e. wire delay) 
The timing template of signal A3 should be the same as the timing template of 
signal A3' even though A3 ' is delayed by 6 

FIGURE 4-13. Propagation Delay Invariance of Timing Template (Signal is Delayed) 

delayed, is shown in Figure 4- 13. Signal A3, based on a non-multiplexed timing template, 

is deleyed by an amount 8 due to either physical separation or a buffer. Even though the 

resulting signal ~ 3 '  has different setup and hold timing parameters relative to the same 

reference m*, and the setup time changed sign (Ts c O and Ts' > O), the A3 and A3 ' sig- 

n a l ~  should be based on the same class of timing template. 

Similarly, an example of the effect of a propagation delay on the signal timing if the 

reference is delayed is shown in Figure 4-14. The reference is del- by an amount 

6 due to either physical separation or a buffer to produce WR* '. Even though the signal A3 

has different setup and hold timing parameters relative to the two reference sipals WR* 

and m*', and the hold time changed sign (Th < O and Th' > O), the signal timings relative 

to the WR* and WR* ' signals should be based on the same class of timing template. 

4.7.3 Developing Propagation Delay Invariant Timing Templates 

The 1s t  section established that signal timing templates must be propagation delay 

invariant to assure that a timing template is unaffecteci by srnall delays inherent in a micro- 

processor system. This section presents the rnethods used to make the signal timing tem- 
plates propagation delay invariant. 



always-accompanied-b y m* ' - 
Timing1 for A3 signal Timing2 for A3 signal 

=s Th 
Ô represents an inherent small delay in the system (Le. wire delay) 
The timing template of signal A3 relative to signal WR* 
should be the same as the timing template for A3 relative to M*' 
even though WR*' is delayed by 8 

FIGURE 4-14. Propagation Delay Invariance of Timing Template (Reference is Detayed) 

So far the timing ternplates presented consist of wents, links between events and 

alIowed range for the timing parameters for the Iinks in the timing template. An example 

of a timing template was given in Figure 4-12 for the non-multiplexed signal timing tem- 

plate. 1s the timing template shown in Figure 4-12 propagation delay invariant? The 

answer is no, which can be seen fiom a simple example illustrated in Figure 4-1 5. Assume 

Timing for A3 signal ' 

always-accompanied-by 
A3 ' - 
\ 
Timing for A3 ' signal 

FIGURE 4-15. Simple Setup and Hold Time Example 

there is a signal A3 with a signal timing that has a setup and hold timing parameter of O 

relative to the timing reference WR*. Since O is included in the timing parameter range for 

the tRnplate setup and hold times of Figure 4-12, this timing does indeed follow the non- 

multiplexed timing template of Figure 4-12. If ~3 is delayed by a finite delay 8, the setup 

and hold times of the resulting A3 ' signal will change to +8. A setup time of +6 violates 

the allowed range imposed on the timing template of Figure 4- 12 on the setup time of - to 



O (Le. +8 does not fd within the interval (- O)). Due to th is  violation, the signal timing of 

the A3 ' signal can not be based on the timing template of Figure 4-12. 

To make the timing template presented in Figure 4-1 2 propagation delay invariant, it 

must be rnodined slightly as illustrated in Figure 4- 16. To aliow for the inherent delays in 

setup time range hold time range 
(- +omp> v (-omp +-] 

I omp propagation delay I 
FIGURE 4-16. Updated Non Multiplexed Signal Timing TempIate 

the system, the fimits for the setup and hold time must be extended by an omp delay (writ- 

ten as -omp and +omp). This is shown with the special U -  symbol. The 

-+ indicates a range fkom the ornp delay and the indicates the range to 

negative infinity. 

This section showed how a non-multiplexed timing template using always-accompa- 

nied-by links can be made propagation delay invariant by adjusting the limits of the 

allowed timing parameter range. When developing the cornponent mode1 timings pre- 

sented in Section 4.8, al l  allowed timing parameters were investigated and adjusted to 

allow for propagation delay invariance. Non-causal timing links are adjusted by extending 

the allowed timing parameter limits by an ornp delay, while causal timing links normally 

do not require any adjustment since their allowed range due to causality must be (O +-). 

4.7.4 The Component Mode1 Timings 

The signal timings developed for the component mode1 fully specie the behavior of 

signals relative to one or more reference events. The reference events are detectable events 

that are fundamental to the operation of a capability. For example in data tramfer there is 
always an event indicating that a data tramfer operation has started and an event indicating 

that a data tramfer operation is about to complete. Fundamental to the operation of a 
capability means that if the signals used to transfer some information are connected, the 

signds generating the reference events must also be connected. For example consider the 

connection of the address signals on a microprocessor and a memory device. Connection 



of the address signals alone is not enough to &ansfer the address information: some 0 t h  

signals (i.e. the signals that cm be used for timing reference such as a data strobe) must 

also be connected. In this case, the signals that generate the timing reference events are 

considered fundamental to the operation of the capability. 

4.7.5 Two Reference Event Timings for Data Transfer 

This work develops a set of timing templates that can be used to represent the timing 

behavior of any information signal involved in data transfer. The signal timings developed 

are based on two reference events, the first event, ref+, represents the initiation of the data 
transfer, while the second event, ref-, represents the termination of the data transfer. The 

reference events are illustrated in timing diagrams as transitions on a reference signal. The 

reference is a virtual reference signal since the reference events are often generated by 

several signals, but only one signal is shown. The signal timing of any information signal 

is given relative to the two reference events. The reference consists of two complementary 

detectable events ref+ and ref-, while the information signal consists of complementary 

events si@ and sig-. 

The data transfer signal timings encountered in the microprocessor system compo- 

nents investigated are divided into two groups. Non-interactive timings give the timing 

behavior of an information signal relative to the IWO reference events while interactive 

timings give the timing behavior of an information signal relative to the reference events, 

and also the behavior of the reference events relative to the information signal events. 

Interactive timings are used to specify the timings of signals that are used in the overall 

control discussed in Section 3 A2.2 on page 4 1. The difference between the two groups of 

timings cm be seen in the direction of the timing links between the reference and informa- 

tion signal events: If there is a timing link fiom an information signal event to a reference 
event, the timing is an interactive timing, otherwise the timing is a non-interactive timing. 

1 reference signal I 
information signal 

FIGURE 4-17. Non-interactive Timing Example 

Figure 4-17 shows an example of a non-interactive timing, where the reference 

events have a timing link to the information signal events. This type of tùning is typically 

found for address signals in microprocessor systems such as the A1 signal of a MC68000 



microprocessor. There are no timing links fiom the infornation signal events to the refer- 
ence events. 

Figure 4-1 8 shows an example of an interactive timing where the reference events 

reference timing link 

FIGURE 4-18. Interactive Timing Example 

have a üming link to the information signal events as in the non-interactive timing, and 

where an information signal event has a timing link to a reference event. A typical exam- 
ple for an interactive timing information signal is the DTACK* s i e d  of a MC68000 

microprocessor, 

4.8 The Data Transfer Signal Timings 

A signal timing for data transfer describes the relationship between two complemen- 

tary events of an information signal (sig+ and sig-) relative to two timing reference wents 

(ref+ and ref-). Figure 4-19 shows the timing links that are always assumed to be present 

reference signal u 
1 complementary precedes 

information eventually precedes 

I 

FIGURE 4-19. Theoretical Timing Relations 

between the ref+ and ref- events uid the sig+ and sig- events unless otherwise specified. 

The signal timings describecl in th is  section are illustrated by showing the timing 

links between events 0 t h  than those shown in Figure 4- 19. The range of the allowed val- 

ues for the timing parameter of the timing links are shown using the symbol 4-1 
or with respect to the reference event, as explained in Section 4.7.3, if the 

timing parameter is bounded by infinity on one side and an omp delay on the other. For a 
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FIGURE 4-20. Non-Interactive Timing Templates - Part 1 
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causai timing link, where the timing parameter value is bounded by O one side and + innn- 
ily on the other, the -bol a-- is used. 

AU signals shown in a signal timing template are marked with an O for output or an 

1 for input, indicating the allowed direction of the signals with respect to the component. 

For discussion purposes, all timing links in the signal timings presented are given 
names such as 'setup t h e  Link', 'hold t h e  link', 'response tirne link', 'acknowledge time 
link' or 'access time link'. The timing link names have slightly different meanings for the 

different timing templates, and must be discussed in the context of the timing template in 
which they are used. Figure 4-20 and Figure 4-21 present the non-interactive Strobe, 

Latch, Follows Logic, PulsaLatch and Follows-Latch timing templates, while Figure 4-22 

presents the interactive Handshake, Wait and Pulse timing templates. A detailed descrip- 

tion of the different timing templates can be found in Appendut A. - Pulse-Latch Timing 

always-accomp 
reference signa (1) 

hold time link 

setup time link 
information signal (f) 

hold range (-omp +-) 
setup range (- +omp) 4-1 

Follows-Latch Timing 

expects 
reference s igal  (O 

hold time link 
access tirne link 
information signal (1) setup time link 

hold range (O +-) 
(- +omp) setup r 

(O +-) access range 

FIGURE 4-21. Non-interactive Timing Templates - Part 2 
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FIGURE 4-22. Interactive Timing Templates 

4.8.1 Interactive Timings and the Initiate to Terminate Time Interval 

The three interactive timings represent three fundamentally different methods used 

to adjust the time interval between the initiate and teminate events of the reference. Isolat- 

h g  the method of adjusting the initiate to terminate interval has two important advantages 

for modeling the signal timing of components and interface design: 

First, it allows the concept of delay Soimation to be developed. Delay information 

is information transferred between components that is used to adjust the initiate to termi- 

nate interval. For example on a MC68000, the DTACK signal is used to pass information 
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to the MC68000 that indicates when it shodd terminate a data transfer, This work later 

develops universal techniques to connect information transfer, wwhh can also be used to 

connect delay information. 

Second, it allows separation of the interactive and non-interactive aspects of an 

idormation transfer. The separation provides a method of abstracting information transfer 
into more primitive and therefore simpler information transfers. For example, the descrip- 

tion of a read data transfer of a MC68000 is ofien presented relative to the UDS* and the 

DTACK* signal as shown in Figure 4-23. The asserted UDS* event causes the memory 

interactive 

UDS* h I 

DTACK* 

Dl5 

DTACK* , "" 'it- 
non-inter: 

FIGURE 4-23. MC68000 Read Data Transfer 

device to supply the valid data after an interval (A). Once the memory device supplies the 

data on D E ,  DTACK* is asserted a f k  interval (B). An intervd (C) later, the UDS * signal 

is negated. Instead of a single timing behavior involving three signals, the timing behavior 

of the read data transfer is modeled as a Handshake Timing between the m S *  and 

DTACK* signals and as a Follows-Latch Timing between the UDS * and the Dl5 signal. 

The three interactive timings represent different methods of specifjmg the initiate to 

terminate interval of the reference. The Handshake Timing specifies how the interval cm 
be increased (from a lower limit), by delaying the time of occurrence of the asserted infor- 

mation signal event as shown in Figure 4-24(b). The Wait Timing specities what the inter- 
val is if no information signal transition occurs as shown in Figure 4-24(c), and it specifies 

how the interval can be increased from a lower limit by delaying the t h e  of occwence of 



responds-with + expects 
ly- 

re£- Fiwe 4-3 reft  -> ref- @ (3 00 3 50) 
Reference Pulse Timing 

ref+ ref- 
~ e f e r e n a  (V 'able) - 

ref+ -> ref- 
(O 50) Figure 4-3 1 @) 

l e ) -  Handshake Timing @ -able) +(40 80 

Information Signal 
(DTACK*) 

ref+ ref- 

Figure 4-3 1 (c) 
Wait Timing 

ref+ -> ref- @ (300 350) 

- 
Case 1 

Information Signal 
WAIT*) 

ref+ ref- 

Figure 4-3 1 (d) 
Wait Timing 

ref+ -> ref- 

the negated information signal event as shown in Figure 4-24(d). The non-interactive 

Pulse Timing simply specifies what the interval is, as shown in Figure 4-24(a). 

4.8.2 Multiple Reference Signal Timings 

The input reference on a device can consist of several signals. Often the timing 

parameters of timing links to information signals are given relative to initiate and termi- 

nate events of each of the reference signals. For example, Figure 4-25 shows the data 

access tirne Tl and T2 for a typical EPROM memory device relative to two signals, OE* 

and CE *. How is the reference consishg of multiple signals given? And how are the other 
signal timings given relative to this reference? 



CE* 

OE* 

access time Liaks 

Data 

FIGURE 4-25. Data Access Timing for a Typicai Slave Device 

By investigating a signal timing such as the one shown in Figure 4-25, it was real- 
ized that the reference consists of the logical AND of  the signals involved as shown in 
Figure 4-26. This resulted in the development of the concept of the AND signal timing: 

setup time 

setup timing parameter (relative to SI) 

setup timing parameter (relative to S d  

FIGURE 4-26. AND-Foiiows Timing 

An AND signal timing provides a separate timing parameter for the timing links from 
each of the signals involved in the reference as shown. For example, the AND-Follows 
Timing given in Figure 4-26 indicates that the timing is a Follows Timing, with different 
access timing parameters supplieci for each of the reference signals. 
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The following AND timings were found to exist: AND-Foliows Timing (Figure 4- 

26), AND-Pulse Timing, AND-S trobe Timingy AND-Pulse-Latch Timing, AND-Latch 
Timing, AND-Handshake Timingy AND-Wait Timing. 

AND timings are similar to the other timings described in this section except they 
have separate timing values associateci with each reference signal. If one of the timings of 
a data tramfer capability is given as an AND timing, a l l  other data tramfer capability tim- 
ings for that device are also given as AND Timings. 

4.83 Signal Timing Siimmary 

A total of seven output signal timings (Table 4-4) and seven input signal timings 

Strobe Timing 

Follows Timing 

Latch Timing 

Logic Timing 

Pulse Timing 

Handshake Timing 

Wait Timing 

TABLE 4-4. Output Specfication Timings 

(Table 4-5) were developed to represent the timing behavior of an information signal for 

data transfer. If the input timing reference consists of more than one signal, the input tim- 

ings will be AND timings, which means separate timing parameter values are provided for 

events on each of the signals used for the reference. Of the total number of nine signal tim- 

ings, six are non-interactive timings, while three are interactive timings which c m  be used 

to adjust and/or speciQ the initiate to terminate interval of the reference. 

Strobe Timing 

Latch Timing 

Pulse-Latch Timing 

Foliows-htch Timing 

Pulse Timing 

Handshake Timing 

Wait Timing 

rABLE 4-5. Input Requirement Timings 
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4.9 Modeling Information Transfer 

Information tranfer is the conveyance of information over signal wires. Informa- 

tion transfer over electrical signal wires requires the interpretation of some state that cm 
be found on the signal wires and an indication of when the state can be interpreted. Thus, 
an information transfer is divided into two parts: the timing infomtiun indicating when 

certain states are present on the signal and a state information indicating the meaning or 

interpretation of the state. The models developed so far allow us to give the timing infor- 

mation of signals in the form of signal timings. The state information of a signal requires 
the attachment of an interpretation or meaning to a set of states. 

The concept of attaching an interpretation to a set of states is best explained using an 

example. The information tramfer associated with the direction of a data transfer for a 

MC68000 rnicroprocessor is given in Figure 4-27. The timing information for this exam- 
ple is given by a signal timing that is based on a StTobe Timing template with a setup time 

of (-20 -10) and hold time of (10 20) as shown Figure 4-27. The timing information is 

used to indicate when the state information is transferred. The RW * signal is used to indi- 

cate a read if asserted and a write if negated. The state information for this information 

transfer is given by associating two keywords, 'READ' and 'WRITE', representing the 

concepts of reading fiom and writing to a component, with the appropnate states of the 

Monnation Transfer 
for direction Somation 
for MC68000 

Timing Information State Lnformatioa 
(hterpretation Table) 

Reference Eve hterpretation State 

'READ' (NEGO RW*) 

'WRITE' (ASSO RW*) 

FIGURE 4-27. Information fiansfer Example 

RW* signal. 

The division of the information transfer into timing and state information integrates 

well with the frame based data structures used for component representation. An informa- 

tion tramfer frame has slots containhg the names of the timing information fhme and the 



state information fkme. The state information fiame is a table that associates some key- 

words with signal states. The Interface Designer will look for the keywords to perform a 

specific task, such as detennining the state of a signal during a read operation. 

4.10 Modeling the Data Transfer Capability 

Data transfer is a capability whose specific purpose is to move specific information 

fiom one place to another in the microprocessor system. This well defineci information 

will be cded  the da ta infonnation. 

To cornpl-ete the transfer of the data information, there must be other information 

transfers associated with it that indicate when the da ta information should be transferred, 

how it should be transferred and where it should be transfmed to/fiorn. The description of 

how the different information transfers involved accomplish the data transfer is called the 

pmtocol of the capability. This section discusses a method of representing the protocol of 

the data transfer capability as a set of information transfers. 

4.10.1 Organization of Data Transfer in a Microprocessor Systems 

For data tramfer to occur, requires a device to transmit the data, a device to receive 

the data, and a device to initiate and tenninate the data transfer. For data transfer it was 
found that al l  devices that are capable of initiating data transfer also temiinate the data 
transfer, thus the initiator and terminator are the same device. 

Once the data transfer is initiated, the data information will eventually be tram- 
ferred between two or more devices. There aIways will be one source for the da ta infor- 

mation and one or more destinations for the da t a  information. To initiate a data transfer 
the initiator / terminator indicates to the transmitter to start the process of sending the 

da t a  information to the receiver, while at the same time indicating to the receiver to be 

prepared to accept the da ta information fiom the transmitter. To terminate the data tram- 
fer, the initiator / terminator hdicates to the transmitter and receiver that the da ta  infor- 

mation transfer is about to be completed. It should be noted that the termination as 

discussed here does not refer to some indication that the trammitter has transmitted the 

da t a  information or that the receiver has acceptedfreceived the da t a  information (i-e. an 
aclmowledge). It simply indicates that the data tramfa process is about to be completed. 

The sequence of initiation, transfer and the termination is cded  a data transfer cycle. The 
initiation and termination of the data transfer cycle c m  be recognized by events on the 
control signals. The initiation and temiination events are used as the two reference events 

for all data transfer signal timings. 



In most practical cases either the transmitter or receiver will dso be the initiator/ter- 

minator of the data transfer. A device that can receive and transmit da ta information and 
is also the initiator/terminator is commonly called a master. A device that c m  receive and 

transmit data informaiion but can not initiate and terminate the data -fer is corn- 
monly cded  a slave. 

In this work we will only consider the data transfer between master and slave corn- 

ponents. The techniques developed for interface design can be extended to data transfer 

for the more general receivedtransmitîer mode1 with a third device as the initiator/termina- 

tor. 

4.10.2 Classiiication of the Data Tram fer Information Transfers 

In classical beatment of microprocessor systems [18][65] [3 51, data transfer is parti- 

tioned into the da ta  information itself, the address information which indicates where the 
data is transfmed to/f?om, and the control information which includes any other infonna- 

tion required to complete the data trmsfm. 

When investigating data transfer for microprocesson it was found that often part of 

the information that indicates where data is transfmed to/fkom consists of the address 

information plus some other information, such as information about the type of data space 

(e-g. supervisor or user). For this reason it was decided to include the address information 

with the control information. 

The control information is classSed into information sub-classes: request, direction, 

address, type, size, width and delay. It should be noted that the same physical signal can be 
used to transfer two or more different sub-classes of information. 

The information supplied by the master that provides an indication of the direction 

of data tramfer is the d i r e c t i o n  information, such as the R/w signal of the MC68000. 

The location of da ta  information is provided by using a linear address that repre- 

sents an index to a location. This information is called address information, such as the 

A1 -A2 3 signais of the MC68000. 

The da ta information transferred during a data tramfa may be classified according 

to the type of information it represents. The classification of the information represented 

by the da ta information is indicated using type information supplied by the master 
such as the FCO, F C 1  and FC2 signais of the MC68000. 



The da ta information requested to be transferred often has different size f?om one 
transfer to the next, such as 8-, 16- or 32-bit words. The information associated with the 

size of the hansfer is called size information and is supplied by the master such as the 

S I ZE O and S IzE1 signals of the MC68020. 

There often can be more than one data path between two devices. For example, a 32- 
bit microprocessor has 4 separate 8-bit wide data paths available to transmit an 8-bit infor- 

mation word. The actual data path used to transfer data is selected by the slave in the form 

of wi d th information, such as the DSACKO * DSACK1 * signais of the MC68000. The 

w i  d th information indicates to the master how wide the actual da ta information path is 

and which path is used. 

The size and width information is used to completely specify dynSunically sized 

da ta information transfers. For example, the si ze information of a MC68020 micropro- 

cessor might indicate a 16-bit word size data transfer request (of a possible 8-, 16- or 32- 

bit word). The device that responds to the data tramfer may only be able to tramfer data in 
8-bit words. The slave then indicates to the MC68020 that the tramfer is o d y  8 bits using 

the DSACKO * and DSACK1 * width information signds. To cumplete the tramfer of the 

16-bit word the MC68020 will then request the transfer of the second 8-bit word. 

4.10.3 The Request Information 

Conceptually, the initiation and termination events can be treated simply as informa- 
tion transfmed between components. This information is called the request infornation. 
A design engineer will often connect the reques t information implicitly whenever sig- 

nds are c o ~ e c t e d  between components, since the r e p e s  t information is embedded in 

signals which have functions 0 t h  than request information transfer. For example the 

ü ~ s  * signal on a MC68000 contains both the si ze information and reques t inforna- 

tion. 

Making the reques t information explicit provides a major advantage. It allows us  
to formalize the behavior of the req-ues t information in a manner similar to al l  the other 

information tramfas as state and timing information. This makes it possible to manipulate 

and connect the request information explicitly using the same method developed for 
the other information transfers. Furthamore, the Interface Designer will be able to pro- 

ceed with the connection of the other information transfer signals with the knowledge that 
the reques t information will always be connected. 



A Logic T i g  with a setup and hold t h e  timing parameter of value (O) provides 

us with a simple method to give the timing of the reques t information. For example, in 
the MC68000, the signais involved in initiate and terminate events are the UDS* and 

MC68000 Request Information 

MC68000 Request Timing Information 

MC68000 Request State Znformation 

'Request-Active-State y 

UDS*, LDS* (OR (ASSO UDS*) (ASSO LDS*)) 

FIGURE 4-28. Request Information Example 

LDS * signals. The MC68000 reques t information consists of the MC68000 reques t 

timing information and the MC68000 reques t state information as shown in Figure 4- 

28. 

4.10.4 The Delay Information 

The fundamental events underlying all  data transfer operations are the initiate and 

terminate events of the reference generated by the master. The method to control the tirne 
period fiom the initiate to the terminate event is called the overall conhol. The informa- 

tion transfer associated with the overd control is called the del ay information. The con- 

cept of del a y  information arose when investigating the interactive and non-interactive 

aspect of an information transfer as explained in Section 4.8.1. The delay information rep- 

resents the interactive aspect of the information transfer and is used to specify the tirne 

interval fiom the initiate to terminate event of the reference. 

The delay information is classified into two types: Overall asynchmnotts conml 

and overall synchronous control. 

4.10.4.1 Overall Asynchronous Control 

For overall asynchronous control the time between the initiate and terminate events 

of the reference is adjustable. The terminate event of the reference can not occur until f i er  
a d e l a y  information signal event occurs as shown in Figure 4-29. The adjustable t h e  



period is increased by delaying the del ay information event (grey circle in Figure 4-29). 

The clel ay information for this type of overall control will be based on either a Hand- 
shake Timing or a Wait Timing. For overall asynchronous control, del= information 

reference (0) 

delay information signal (I) 

FIGURE 4-29. Overaii Asynchronous Control 

flows fiom the slave to the master. 

4.10.4.2 Overall Synchronous Control 

For overall synchronous control the time period between the initiate and terminate 

events of the reference is fked. Figure 4-30 shows a reference with a k e d  time period 

1 Fixed time period 1 
reference and delay infoxmation (0) 1 I 

t 

FIGURE 4-30. Overd Synchronous Control 

between the initiate and tenninate events. The delay information for a data transfer of 

this type will always have a timing of class Pulse Timing. For overall synchronous control, 
no information flows fiom the slave to the master. ~elayinfonnation for overall synchro- 

nous control simply spedies the initiate to taminate interval. 

4.10.5 Summary of Mormation Transfer between Master and Slave 

Al1 the control and the data information discussed bas an information 0ow direction 

associated with it. Each control information either flows out of the master and into the 

slave or out of the slave and into the master as shown in Figure 4-3 1. 
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FIGURE 4-31, Information transfer between master and slave 

4.11 Conclusions 

A component mode1 has been created which allows a hierarchial representation of 

the cornponent. The protocol of a capability is given as a set of state-timing information 

tramfers. A set of information transfer classes has been developed to represent the data 

transfer capability of a l l  microprocessor components. For data &ansfer, the information 

transfer classes are da ta, address, d i r e c t i o n ,  tme, size, width, request 
and delay information. Details of the frames representation of the component c m  be 
found in Appendix B. 1. 

Each information transfer is given as state and timing information. The state infor- 

mation attaches meaning to the states of signals, while the timing information transfer pro- 

vides information of how and when information is transferred. A method has been 

developed to represent similarities between timing behavior of different signals in the 

form of timing ternplates. AU similar signal timings are represented by the same class of 

timing template. The timing templates are propagation delay invariant: This means that the 

timing template of a signal will not change fkom one end of a wire to the other. This allows 

component signal timings with similar timing behavior to be represented by the same tim- 
ing template. 



Chapter 5 

Microprocessor System Interface Mode1 

This chapter develops data structures to repraent the interface connecîing the com- 
ponents. The infornation organization is closely related to the lierarchial structure of the 

component mode1 and the top down design rnethodology used to accomplish the interface 
design. 

5.1 The Interface BIock 

An integtzce block (IB) represents the complete digital system that comects a capa- 

bility of two or more components together. For exampie, Figure 5-1 shows an IB that con- 

Component 1 Cornponentî 

Interface 
Block 

Capability x @> 
Signals 

Capability X 
Signals 

FIGURE 5-1. Interface Block (ïB) 

nec& the x capability of Componentl and Component2. These components could be VLSI 

devices such as microprocessors, memories, UARTs or any digital systems such as a laser 

p"ter. The IB will have al1 the information signals related to the capability of the devices 

flowing into and out of it. 

5.2 The Information Connection Interface Sub-Blocks 

The protoc01 of a capability is given as a sequence of information tramfers over the 
signal wires that connect to the signal pins of the devices. The Il3 is divided into interface 

sub-blocks @SB) called Information Connection ISBs or simply Info ISB. Each Info ISB 
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FIGURE 5-2. Information Connection Interface Sub-Blocks USB) 

cm have one or more information input port and a single information output port as shown 

in Figure 5-2. The protocol of a capabdïty determines which information tramfer input or 
output ports are connected by Info ISBs. The output fiom an Info ISB can go to the input 

of another Xnfo ISB or to the input of one of the devices being connected. 

5.3 Partitionhg the Info ISBs 
The intended function of the M o  ISB is two-fold: 

1 .  State Conversion: The states of the ISB information input port signals are used to gen- 
mate the correct states on the output of the Info ISB. 

2. îïming Conversion: The timings of the ISB information input port signals are used to 
generate the correct timing on the output of the M o  ISB. 

To accomplish the two functions, the Info ISE3 is partitioned into ISBs for state con- 

version and ISBs for timing conversion, called State [SB and Eming ISB respectively. The 

choice of using separate State and Timing ISBs is a natural one since the state conversion 
can be accomplished with a combinatonal circuit, while timing conversion is accom- 

plished with a memory device such as a Flip-Flop. This can be seen with a simple exarn- 

ple. A microprocessor with a multiplexed address bus and a memory with a non- 

multiplexed inveaed address bus are to be connected To accomplish the timing conver- 

sion, the microprocessor address bus must be demultiplexed (this is usually done with a 

transparent D-Latch). To accomplish the state conversion the address signals m u t  be 

inverted (this is usually done with an inverter)- 

The State and Timing ISBs will take the input signals of the Info ISB, make the 

appropriate conversions, and tken generate the output sipals. Figure 5-3 shows three 
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ways of organizing the state and timing conversion within an Info ISB. In Figure 5-3(a) 

-- - 

(a) Timing Conversion First, State Conversion Second 

(c) State Conversion and Timing Conversion in Parallel 

FIGURE 5-3. Timing and State Conversion Order 

(b) State Conversion First, Timing Conversion Second 

S tate 
ISB ) 

Signal In 

, r 

the timing conversion is perf'ormed first, followed by a state conversion. In Figure 5-3(b) 

the state conversion is performed h t ,  followed by the timing conversion, while in 

Figure 5-3(c) the timing and state conversion is perfonned in parauel. Attempting to per- 
form the state conversion and timing conversion in parallel results in a design dilemma: 

Mer the timing and state conversion, two signals will exist which must now be used to 

produce a single output signal as shown in Figure 5-3(c). It is dificult, if not impossible, 

to define what the block marked 'Combine?' in Figure 5-3(c) has to accomplish. 

S i w O u t  T-~ 
ISB 

State 
ISB 

Figure 5-4 shows the organization of the M o  ISB that was chosen to accomplish the 

task of timing and state conversion. The timing conversion is perfomed on each signal 

entering the Info ISB. The output of each Timing ISB goes into the State ISB. 

The order of the State and Timing ISBs was chosen to allow the timing behavior of 

each signal to be fine-tuned before the state conversion takes place. This imitates the way 

a designer will nomally accomplish the task of timing and state conversion. For example, 

assume a designer must generate a decoded address signal fiom a multiplexed address bus. 

Normally the designer will demultiplex the address signals (timing conversion) and then 

pass the demultiplexed address signals into the address decoder (state conversion). 

Signal In 
Combine? 

Timing 
ISB 
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FIGURE 5-4. Details of Inf;ormation Co~ec t ion  ISE3 

5.3.1 The Timing ISBs 

The output sîgnals of one device will exhibit certain timing behavior, and the other 
device will require its input signals to have a certain timing behavior. To c o ~ e c t  the two 
devices, the timing behavior of the output information must be translated (modified) using 
a Timing ISB so that all timing requirements of the device receîving the infornation are 
satisfied. There are basicdly only two methods of changing the timing of a signal: A 
clocked memory device and a pure delay. 

A clocked memory device can store the state of a signal until the occurrence of an 
event called a clock event. 

A pure deZay takes an event and delays it a certain amount of time (e.g. a wire, 

buffer, delay line or, under some circumstances, a combinatonal circuit). A pure delay will 

generate an identical version of the event sequence, except delayed in time. 

The signal timings developed in this work give the general timing behavior of sig- 

nais in the form of timing templates and the specitic timing behavior of the signals in the 

form of timing parameters. The pure delay and clocked memory device are used to change 
different aspects of a signal timing. A clocked memory device such as a D-Latch will nor- 
mally change the timing template a signal is based on. A pure delay such as that fiom a 
wire, buffer or combinatonal circuit will normally only change a signal's timing pararne- 
tas,  while preserving a signal's timing template. A signal's timing template is preserved 
for a small pure delay, since the timing templates were designed to be small delay invari- 
ant as discussed in Section 4.7.2. 
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For example, Figure 5-5 shows the eEect of a clocked memory device and a pure 

delay on the timing of a signal s1G1. Figure 5-5(a) shows the signal S I G 1 ,  which is 

based on a Latch Timing template passing into a transparent D-Latch (a clocked memory 
device) to produce signal SIG2. The signal timing of SIG2 is completely different than 

that of the s1G1 signal and is based on a Strobe Timing template. Figure 5-5@) shows 

the information signal S ïG1, passing through a buffer with delay d to generate S 1 ~ 3 .  The 
timing of  SIG^ is also based on a Latch Timing template and the timing parameters are 

(a) Clocked Memory Device @-Latch) 
Strobe timing 

Latch timing 

reference * 
ALE 

O>) Pure Delay (buffer or wire) 
SIG1 m-)%I L 

'delay d 

Latch timing 

FIGURE 5-5. Effect of Pure Delay and Clocked Memory Device on a Timing 

increased by the amount of the delay d. 

The above discussion of the effect of pure delay and clocked memory devices on the 

timing behavior of a signal is general and should be used as a guideline. There are excep- 

tions where a pure delay changes the timing template of a signai (for example if the pure 

delay is longer than an omp delay), or where a clocked memory device preserves the tim- 

h g  template of a signal and ody changes the timing parameters. 

The Timing ISB is designed by analyzing the required ISB output timing and the 

available ISB input timing and choosing either a clocked memory device or a pure delay to 

accomplish the appropnate timing conversion. 

5.3.2 The State ISBs 

The output signals of one device have certain states, and the other device will 

require its input signal to have certain states, with a meaning associated with each state. 

The meaning of a state refers to items such as a specific address for address information, 

or a specitic direction for direction information. To accomplish the c o ~ e c t i o n  of the state 
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infornation, the state information between two devices must be translated using some 

kind of circuitry, so that they are compatible with each other. 

For most information exchanges in microprocessor systems the translation involves 

only logical operations on asserted or negated signal states, and simple combinatorial 

State ISB s 
Boolean 
Function F 
n-Input to 

Combinatorid 
Circuit 
n-In to 1-Out 

m 1-Output - - Combinatox 
ltputs Circuits 

Combinatorial 
Circuit 
n-In to l-out t+ 

ial 

FIGURE 5-6. Combinatoriai State 

logic c m  be used for the state translation. The combinatorial state translation involves a n- 

input to m-output combinatorial circuit, which c m  be generated using m n-input, 1 -output 

combinatorial circuits as shom in Figure 5-6[37]. 

Sometimes the state translation involves states other than ASSERTED and 
NEGATED. In these cases specialized hardware, called Zevel converters, must be utilizd 

for the state translation. For example, a tri-state buffer can be used to change the state of a 
signal fiom ENABLED to OPEN as shown in Figure 5-7. 

Enable 
This Signal will make the Signal Out 
Either OPEN or ENABLED 

Signal In Required to be OPEN at one time, 
From ENABLED Output ENABLED at another time 

FIGURE 5-7. Tri-state Buffer 

The State ISB is designed by analyzing what the required output state of the ISB, 

and inserthg the appropnate State ISB made up of either combinatorid circuits or special- 
ized signal level converters such as tri-state buffers. 
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5.4 Merface Sub-Block Primitive Circuits 

The IB is organized into a hierarchial s e e s  of ISBs as shown in Figure 5-8. At each 

level of abstraction, the ISBs become more and more detailed. At the lowest level, the 

ISBs are simple digital circuits with known, well dehed behavior. These simple digital 

p o d 4  Interface I I 
Block (IB) 

FIGURE 5-8. Interface Block Organization 

circuits are devices such as AND gates, OR gates, fip-flops or buffers. They are the build- 

ing blocks fiom which the ISBs are ultimately constructed. These digital circuits are 

called ISB primitives (ISBP). 

An ISBP is a simple, well defbed digital circuit. The circuit can have any number of 

input and output signals. It is considered primitive since its input / output behavior is 

known, and it can not be broken into smaller sub-circuits by the Interface Designer. There 

are basically three types of ISBPs that are allowed in an ISB and that are primitive: 

Combinatorialprimitive circuit, which Uicludes any combinatorid circuit without feed- 
back. 

Memory primitive circuit, which includes Ilip-flops, latches and delay elements. 

Level Conversion Primitives, which includes tri-state buffers and open collecter fivers. 

The choice of which ISBPs to use to build up the interface is up to the interface 

designer. The knowledge about which ISBP to use to manipulate state and timing informa- 

tion is represented with design d e s .  



5.4.1 Common ISBPs and their Behavior 

A set of eight ISBPs was dweloped for the Interface Designer. The set of ISBPs was 

chosen to facilitate the design of ail possible State and Timing ISBs the Interface Designer 

may encounter. For exampie, the state conversion is normally accomplished using a mm- 
binatorial circuit, thus the combinatorid circuit was chosen as one of the primitives- Simi- 

lady, the timing conversion to convert a multiplexed signal to a non-multiplexed signal is 

nomally accomplished by a D-Latch, thus the D-Latch was chosen as one of the ISBPs. 

AU state and timing conversion possibilities between Il3 inputs and outputs were exam- 

in@ resultuig in the ISBPs presented in this section. The set of ISBPs chosen is not 

unique, and it is possible to develop a different set ISBPs to facilitate the design of the 

State and Timing ISBs. 

The ISBP's behavior is divided into two domains: the value domain and the time 

domain. The value domain deals only with the logic function of an ISBP. It represents the 

transfomation of T/O values and ignores the VO timing relations. The logic function is 

what a designer generally remembers about a device without looking up specific details in 

a data book. For example take a D-Flip-Flop: a designer usually will remember that the 

data input will be tramferrecl to the Q output on a clock transition, but he will often not 

remernber what the specific setup and hold times are. This laiowledge represents the logic 

function. The time domain deals with the JI0 timing relations such as event propagation 

delays and signal setup and hold times for any signal going into and coming out of the 

ISBP. Values associated with the I/O timing relations of an ISBP are referred to as ISBP 

parameters. 

In the Interface Designer, the ISBPs are represented using a VHDL [2] behavior 

description which defines their behavior precisely. There are four advantages to represent 

the ISBPs using VHDL: First VHDL provides a well developed, standardized method of 

desaibing a digital circuit using f d a r  prograniming language forms. Second, speciQ- 

h g  the ISBPs using VHDL allows the complete structure of the designed interface to be 

given using VHDL. This means that once the f k n e  based IBs and ISBs are completed 

they can easily be translated into structured VHDL code which utilizes the VHDL ISBPs. 
Third, MiDL provides a method of simulating the behavior of a design without the delay 

and expense of hardware prototyping. And fourth, the VHDL description of the interface 

cm be used for synthesis: The actual hardware can be synthesized using a VHDL synthe- 

sis tool. There are other hardware description languages, such as VERILOG, that could be 

used to describe the ISBPs. VHDL was chosen due to its availability and ever increasing 

industry support. 



The final output of the Interface Designer will be the desaiption of an implernenta- 

tion of the microprocessor system interface. By representing the ISBPs using VHDL sev- 

eral methods of implementing the microprocessor system are possible. The VHDL 
description can be manually converted to an implementation using discrete logic such as 
'ML gates, since the ISBPs were chosen to easily map to available TTL devices. The 

VHDL description can also be used for automatic synthesis of the interface for different 
target implementation platfomis, using field programmable devices such as  PALS, XIL- 
INX programmable logic devices, Alterra EPLDs, or custom VLSI devices such as gate 

arrays. 

The ISBPs developed for this work are presented in this section. For each ISBP, a 

circuit diagram logic symbol is provided, showing its inputs and outputs. A timing dia- 

gram is used to indicate relationships in the form of events and states between the input 

and output of the ISBP. Finally, the VHDL code description is given for each ISBP in the 

form of an entity definition and an architecture for each entity. Following commonly used 
terminology a device described in VHDL is called an entiîy, while the description of its 

operation of the device is called its architecture. 

5.4.1.1 Combinatorial ISBP 

Any single output combinatorid circuit of arbitrary complexity, without feedback, is 

a Combinatorial ISBP. The behavior of the Combinatorial ISBP is represented by its Bool- 

n-Input 
Combinat or id 
fuxlction 

(no delays) 

- -  . 

FIGURE 5-9. Behavior Mode1 of Combinatorial lSBP 

ean equation F, which is a h c t i o n  of the inputs Il . . . In as shown in Figure 5-9 and the 

propagation delay TPD. The effect of any changes on the inputs of the Combinatorial ISBP 



propagate to the output after a delay TPD. A VHDL behavior model of a 2-input AND 

Combinatonal ISBP is given in Table 5-1. The Combinato~al ISBP is also used within the 

entity AND2 is 
geaeric ( tpd : TIME : =Ions ) ; 
port(IN1, IN2: in STD-LOGIC; OUT1: out STD-LOGIC); 

end AND2; 

architecture BEHAVOIR of AND2 is 
begin 

OUT1 <= IN1  and IN2 after tpd; 
end BEHAVOIR; 

T ' L E  5-1. VEDL Behavior Mode1 of 2 Input AND ISBP 

description of other ISBPs such as the Leading Edge Delay. 

5.4.1.2 D-Fiip-Hop Clocked Memory ISBP 

An edge triggered D-Flip-Flop is a simple memory ISBP with two inputs (D and 

CLK) and one output (Q). It was chosen because it is simple to analyze and it can be used 
to build other edge triggered Flïp-Flops such as J-K-Flip-Flops. 

S0'SI 

time relation 

FIGURE 5-10. Behavior Mode1 of Edge Triggered D-Flip-Flop ISBP 

An edge triggered D-Flip-Flop latches the input data on the NEGATED to 

ASSERTED clock edge as shown in Figure 5-10. A VHDL behavior model of the D-Flip- 

Flop ISBP is given in Table 5-2. The time domain behavior of the D-Flip-Flop includes 

three time relations shown Figure 5-10: T, and Th are the input setup and hold time 
requirements, while Tm is the clock edge to output delay (tck in VHDL code). The 



entity D-FlipFlop is 
generic(tclk : TïME :=Ions) ; 
port(IN1, CLK : in Sm-LOGIC; OUT1: out STD-LOGIC); 

end D-Flip-Flop; 

architecture BEHAVOIR of D-Flip-Flop is 
begin 

process (CLK) 
begin 

if rising-edge(CLK) then 
OUTl<=INl af ter  tclk; 

end if; 
end process; 

end BEHAVO IR; 
TABLE 5-2. VBDL Behavior Modei of D-Flip-Flop ISBP 

VHDL D-Flip-Flop shown here is a simplified version of the one actually used. The corn- 

plete VHDL wde for the D-FLip-Flop, which also includes a reset signal, is shown in 

Appendir C.2.6. The current Interface Designer does not use the D-Flip-Flop directly, but 

uses it to implement Pure Delay ISBPs (discussed below). Once the capabilities of the 

Interface Designer are expanded, the D-Flip-Flop ISBP could be used to build output reg- 

isters or to synchronize an asynchronous signal to a system clock. 

5.4.13 OQher ISBPs 

The other ISBPs developed are the D-Latch (Figure 5-1 l), Pure delay Figure 5-12), 

CLK I 

FIGURE 5-11. Behavior Mode1 of D-Latch ISBP 

Leading Edge Delay (Figure 5- l3), Trailing Edge Delay (Figure 5- M), Tri-State Buffer 



Pure 
WI Delay TpD * OUT1 

time relation 

FIGURE 5-12. Behavior Model of Pure Delay ISBP 

1 Pure Delay 
IN1 ISBP AND2 

=pur OUT 1 
T~~TPD_and2and2 

' P D - ~ ~  , time relation 
OUT1 

FIGURE 5-13. Behavior Model of Leading Edge Delay Primitive 

Pure Delay 

AND2 
OUT1 

T~~TPD_aod2and2 

FIGURE 5-14. Behavior Model of TraiLing Edge Delay Primitive 

(Figure 5- 15) and Open Collecter Buffer(Figure 5- 16). The VHDL behavior mode1 of 

these ISBPs is given in Appendix C.2. 
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FIGURE 5-15. Behavior Model of Tri-State Buffer Primitive 

t h e  relation 

'F * Indicates Open Collecter OUT1 
-- -- 

FIGURE 5-16. Logical Model of Open Coilector Buffer Primitive 

5.4.1.4 ISBP Timing Simulation 

A simulation test bench for the VHDL ISBPs was developed to veriw their opera- 
tion. The VHDL test bench was compiled and simulatecl using Mentor Graphics Corpora- 

tion VHDL tools. The result of the simulation is shown in Figure 5-17. 'inl', 'in2 , 

EnWçtbench ArdiiichrreWbenchl Date: Thu Ju13108:33:04 1997 Page 1 

FIGURE 5-17. Simulation of Primitives 



clk ,  en' and ' s y s  -resetY are three signals generated within the simulation test 

bench. 'inl' comects to the I N 1  input of a device, 'in2, clk, en' comects either 

to the IN2 input, CLK clock input or T hi-state enable input of a device, while ' sys -  

reset' connects to the reset input of a device. The out1 output is shown for the 2 
input AND gate (ANDZ), D-Latch @-LATCH), D-Flip-Flop (D-FF), Pure Delay (F'URE- 

DEL), Leading Edge Delay LEDGE) ,  Trailing Edge Delay (T-EDGE), Tri-state Buffer 

(TRI-BUF) and the Open Collector BuEer (OPENCOL). The test bench used a gate prop- 

agation delay tpd of 41x3, a clock to output delay tck  of 5 ns and a tri-state enable t-tri 

delay of 8 ns. The Pure Delay has a 50 ns propagation delay, while the Leading Edge and 

the Trading Edge Delays have a propagation delay of 100 ns and 150 ns respectively. The 

Pure, Leading and Trailing Edge Delays are impiemented using D-Flip-Flops clocked 

with the ' sys -c lock '  signal. 

The timing diagram verifies the correctness of the VHDL specification of the ISBPs 

and the operation of the ISBPs. For example, the timing diagram shows the delay of the 

inl, O to 1 edge by approximately 50 ns, 100 ns and 150 ns for the Pure, Leading and 

Trailing Edge Delays respectively. As expected, the delays are not exactly 50, 100 and 150 

ns due to the inherent delays of the ISBPs. 

5.5 Interface Representation Summary 

This chapter discussed how the interface is represented as a hierarchial data stmc- 

ture that will be created and built up during the interface design process. The interface for 

a capability is represented using an Interface Block. The IB is sub-divided into Info ISBs. 

These in tum are sub-divided into Timing and State ISBs. The timing and State ISBs are 

given using ISBPs. A set of ISBPs was developed to allow for the conversion of corn- 

rnonly found timing and state information formats. The ISBPs include a Cornbinatonal 

ISBP, a Tri-state B a e r  and Open Collector Buffer ISBP for state information conversion 
and a D-Latch, D-Flip-Flop, Pure Delay, Leading Edge Delay and Trailing Edge Delay 

ISBP for timing information conversion. Each ISBP has a VHDL representation which 

allows testing and implementation of the interface using various technologies. Details of 

the fiame representation of the interface cm be found in Appendix B.2. 



Chapter 6 

The Interface Design Process 

6.1 Introduction 

This chapter introduces the interface design methodology and its representation in 
the Interface Designer. Automation of the interface design process is complicated by the 
fact that often no fomal method or precise algorithm exists for al l  aspects of this design 

process. A human designer will use heuristics to complete the design. In this work, this 

heuristic lmowledge about interface design is represented in the form of design d e s  that 

utilize knowledge at specific abstraction levels of a component's capability. This is one of 

the primary reasons for the emphasis placed on abstraction in the development of the corn- 
ponent and interface models presented in Chapter 4 and Chapter 5. 

Figure 6- 1 gives an overview of the underlying fundamentals of the design process. 

A component (Componentl) has output information signals with a given state-timing out- 

Component 1 

Specification 

FIGURE 6-1. Interface Design Process 

put specification SigSpecl as specitied by the component manufacturer. An output specin- 
cation gives the state and timùig specifkation of an output signal. Another component 

(Cornponent2) receives some input information signals with a given state-timing input 
specification SigSpec2 as specitied by the component manufacturer. A state-thhg input 
specificaîion gives the state and timing requirements of an input signal. 

The design of the interface blocks follows a top down design practice. This means 

that the problem of the interfàce design is broken down into the design of interconnected 
sub-systems, which in turn are broken down into the design of more detailed sub-systws 



until hally at the most detailed level simple, well def'iaed ISBPs are chosen to build the 

interface. mese ISBPs will have ISBP parameters associated with them, such as propaga- 

tion delays and setup and hold times, whose values will not be lmown until after the inter- 

face design has been completed and an implementation technology has been chosen- This 

is one of the problems that makes interface design diflïcult: the design must proceed with- 

o ~ t  knowing the values of the ISBP parameters. 

The design of the interface block has one fundamental goal: It m u t  allow the two 

interfacecl components to operate within the limiîs of the spenfication supplied by the 

component manufacturers. As shown in Figure 6-1, the design process developed in this 

work accompiishes this goal by propagatuig the output specïfication of Componentl, 

SigSpecl, forward through the Interface Block (B), resdting in an output specification 

SigSpecl'. The output specification of the IB, SigSpecl ', is derived as a fimction Fm, of 
the ISBP parameters and the output specifkation of Componentl, SigSpecl . Once the 

design is complete, an implementation technology is chosen with known ISBP parame- 

ters, and the timing parameters of SigSpec1 ' are evaluated. The implementation technol- 

ogy also could be chosen before starting the interface design, and the SigSpecl' timing 

parameters can be evaluated as SigSpecl is propagated forward through the B. The Inter- 

face Designer uses the fht approach, where the implementation technology is chosen 

&a design completion, to give the user the option of evaluating different implementation 

technologies for a given design. In any case, once the timing parameters of SigSpecl' are 
known, they are verified against the SigSpec2 input specification, assuring that the funda- 
mental goal is satisfred. 

This chapter fkst presents the hierarchial tasks used to perfom interface design that 

satis* the above fundamental goal. This is followed by an overview of the terminology 

used for the building blocks and signals within the Interface Designer. The rules developed 

to accomplish each of the Interface Design tasks are then presented in separate sections. 

6.2 Abstraction of the Interface Design Tasks 

The intdace design is divided into several hierarchial tasks which will be accom- 

plished using d e s  in a production system. The design tasks are organized into the seven 

layers shown in Figure 6-2. The top level Component Selection design task (Level A) 

selects components and decides which components must be connectecl by an interface. 
The second level Capability Interface design task (Level B) creates an interface block for 

each capability that must be m e c t e d  between components. Nexf the interface block 

connectllig a capability is broken into a set of Infornation Comection ISBs (Level C). 



FIGURE 6-2, Interface Design Task Abstraction Levels 

The fourth level of the design hierarchy divides the Information Connection ISB into State 

and Timing ISBs (Level D). The next task fills the State and Timing ISBs with ISBPs 

(Level E). M e r  an implementation technology is chosen, timing venfication is performed 

(Level F). Finally the interface is implemented using a VHDL description which allows 

the design to be simulated or realized using real components (Level G). If problems are 

found during the timing v d c a t i o n  or the implementation phase of the interface design, 

most likely the components are incompatible and the design process should be repeated 

using a different selection of components. 

This work places emphasis on the development of design d e s  that can accomplish 

the design tasks by assembling and comecting building blocks applicable to a particular 

abstraction level. By using design d e s  specific to a design abstraction level, task interde- 

pendence is reduced. This in tuTn reduces the number of d e s  required to achieve each 

task and it simplifies the development and maintenance of the d e s .  For example, a set of 

rules was created to accomplish the division of a generic Information Connection ISB into 

State and Timing ISBs (Level D). These d e s  are independent of the actual classification 

of the information being transferred, f ond  in Level C (i.e. they are independent of the 

information transfer such as address Somation or d i rec t i on  information), and 

they are independent of the actual timing templates of the signal timing found in Level E 
(i.e. they are independent of the timing behavior such as multiplexed Latch timing or non- 

multiplexed Strobe timing). The number of rules is reduced since it is not necessary to 

provide an Information Connection ISB division d e  for each class of idormation tram- 
fer, or for each timing template. If a new class of information tramfer has to be added to 



the capability, the d e s  dividing an information hansfer into state and timing parts do not 

have to be modified since they are independent of the information class. Thus the mainte- 

nance of the niles is also simplified. 

This work is primariiy concerned with the design of the interface between compo- 

nents (levels B to G), not the selection of the components (level A). Design d e s  are 

developed to accomplish the interface design which follow the design task abstraction lev- 

els found in Figure 6-2. 

6.3 Overview of the Interface Block Design Terminology and Process 
Figure 6-3 shows a typical IB. The IB is sub-divided into Information Connection 

ISBs, also called M o  ISBs. The 1 . 0  ISBs are used to comect information transfer ports 

between components. Each information transfer port will consist of one or more signals. 

The component ouput signals (A) will be connected to LB input signuk (B).  The IB input 

signals are connected to Info ISB input signals (C). Each M o  ISB may have one or more 

input signal. In Figure 6-3, ISB la and ISB lb have one input signal, ISB2 and ISB4 have 

two input signals, while ISB3 has three input signals. Each Info ISB input signal is con- 

nected to the input signal of a Timing ISB. The output signal of the Timing ISB is cded 
the intermediate signal O and it is comected to the input of the State ISB. The output of 

the State ISB is comected to the Infi ISB ou@mt signal @). The Info ISB output signal 

can be connected to the input of any external component as an LB o u p t  signal (F) ,  or it 

can be connected to other Info ISBs as an intemal signal (E) .  An intemal signal is an Info 

ISE3 output signal that only connects to 0 t h  Info ISB inputs. The only signals comected 

to the inputs of an Info ISB (C) are Il3 input signals (B) or intemal signals (E). Each signal 

in Figure 6-3 has an assocïated timing: The component output timing (A), IB input timing 
(B), Info ISB input timing (C), Ido ISB output timing @), internal timing (E), IB output 
timing (F), component input timing (G) and intermediate timing 0. 

The interface design process builds up the IB f?om building blocks specinc to each 

design task abstraction level. Design of the interface commences at the highest abstraction 

level with the creation of an IB. The II3 is created fkom an IB prototype without s p e c i m g  

intemal details, but with all IB input signals (B) and IB output signals (F) specified. 

At the next task abstraction level, the IB is med in with Mo ISBs interwmected 

with M o  ISB input and output signals. When each Info ISB is first created, a goal infor- 

mation specification is estabfished for the ISB output. The goal information is the desired 

output state-timing specification of the M o  ISB, and the Interface Designer will design 
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FIGURE 6-3. Design Process Overview and Terminology 

the Info ISB so that the output specification of the Info ISB matches the goal information. 

The design methodology to determine the goal information will be discussed in 

Section 6.5.5. 

The M o  ISBs are built up fiom State and Timing ISB building blocks. Finally the 

Timing and Sfate ISBs are built up using ISBPs as building blocks. The ISBPs are chosen 

in a way to generate the desired goal information on the M o  ISB output. This is accom- 



plished by first filling in the State ISB with a Cornbinatonal ISBP, and then m g  in each 
Timing ISB with a Timing ISBP. 

An Info ISB can only be designed if its input state and timing specification are 

known. This means that any M o  ISBs whose inputs come nom component outputs are 

designed first, since the signal timings of any component output signals are hown fiom 

the component library (ISB la,b and ISB2 in Figure 6-3 are designed fi&). As an Info ISB 

is designed, its specific output timing parameters, such as the setup and hold times, will be 

determined. Any Info ISB that uses the known outputs cm then b e  designed. In the exam- 

ple in Figure 6-3, both M o  ISB3 and ISB4 c m  be designed after ISB2 has been completed 

since the internal signal (E) cornes from the output of ISB2. Since the design of an M o  

ISB involves the generation of its output signal timing, the output timings of the IB will be 

h o w n  after the completion of all M o  ISBs. Once an irnplementation technology is cho- 

sen the IB output timing c m  then be checked to see whether it satisfies the component 

input timing, thus veri-g that a correct interface has indeed been produced. 

The following sections present the d e s  developed to accomplish each of the Inter- 
face Design ta&. 

6.4 Creating the Interface Block 

The Interface Designer is invoked by a comection request to design a required inter- 

face. A connection request specifies the components selected, the class of capability the 
comection must satisQ and specific information related to the capability. 

The data tramfer interface wnnection request contains a list of the components that 

must be cumected through an IB, the address map assigning a unique address to each of 

the cumponents being comected, the direction of the data transfer, type of data to be trans- 

fmed and information about the data bus size used for the data transfér. Other information 

that may be included in the comection request is an indication on what the design priority 

is: Should the Interface Designer emphasize high speed, low cosf small PC board real 

estate or low power consumption? The connection request must provide all the informa- 
tion necessary to cornplete the intdace design. 

This work is not concerned with how the connection request is generated. It is 

assumed that the comection request is provided either directly by the user of the design 
system or through a higher level expert system similar to the one uçed in the MAPLE [77], 
MICON [IO] and KDMS [45] microprocessor system s rnes i s  systems. 



An IB for a capability is created by a d e  that is triggered by a comection request 

&me as shown in Figure 6-4. The signals in and out of the IB are all the signals involvecl 
in the capability X. 

FIGURE 6-4. Capability Connection IB Creation 
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6.5 Partitionhg the IB into M o  ISBs 

Component l II3 
Componentl 4 

2mponen% 
) for Capability x 

To partition the IB, the protocol of the capability is treated as a series of iafonnation 

transfers which are cormected using Info ISBs. Each information îransfer is associated 

with a specsc function in the protocol of the capability. For data transfer the protocol 

requkes that address, data, type, s i z e ,  d i rec t ion ,  request, delay and 
width information tramfer signals be considered for connection using Info ISBs. The 

decision on which idormation transfer ports will be m e c t e d  depends on which infor- 

mation transfer ports exist and the capability being connected. Rules are used to recognize 

the presence or absence of information transfer ports on a cornponent. Figure 6-5 shows 

typical M o  ISBs created by these rules when they are triggered (in Figure 6-5 an M o  ISB 
is called an ISB). 

component2 

The primary knowledge for this design task are d e s  that consider how the different 

information transfers in a capability should be comected. Figure 6-5 shows a typical 
example set of information tramfers involveci in a microprocessor to memory data transfer 
interface. It should be noted that some of the information of a certain classification c m  be 

found on both components being connected (for example address, direct ion,  
reques t and da ta information in Figure 6-5), while others are only found on one com- 
ponent (for example t ype  and delay information in Figure 6-5). 
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FIGURE 6-5. Example Microprocessor / Memory Interface Info ISBs 

The organization of the interface block shown in Figure 6-5 is somewhat dependent 

on the design style of the designer. Different designers may produce equally correct 

designs with a different layout of Ido  ISBs. 

Figure 6-5 also shows the generation of intemal information ports. An lnternal 

infornation port refers to any port generated within the IB and only connects to the inputs 

of other Info ISBs within the 5, such as the interna1 decoded reques t information. 

Internal infornation ports are introduced since they provide a flexibility method of repre- 
senting the howledge and heuristics a designer uses for interface design. Internal infor- 

mation serves two purposes, which may overlap. First, an intemal information port can be 

used to generate information intemal to the interface that is not available directly fiom the 

components, such as the interna1 access information in Figure 6-5. Second, an interna1 
information port can be used to provide intormation signals commonly used in a standard 

\ 
Intemal Access info 

psB9I 



format. For example a designer will nomally use an address decoder to generate a 

decoded address signal. The decoded address signal is then used in conjunction with other 
signals (such as a data strobe) to generate the chip enable signal for a memory component 

or to generate the enable signal on a bus transceiver. The internal decoded address 

information generated in ISBlb of Figure 6-5 is equivalent to the decoded address signal. 

This example dso shows that intemal infomation ports provide a powerful tool to sepa- 

rate the utilization of idonnation fiom the generation of information. 

A set of d e s  is required to genenite the M o  ISBs in the context of the capabiüty 
behg connected. These d e s  must be aware of di the possible information input and out- 

put ports for a capability and they must include lmowledge about how to determine the 

goal information. These niles are dhided into the following categones: 

1. Knowledge on how to connect infomation ports of the same class. 

2. Knowledge on how to generate internal information ports. 

3. Knowledge on how to use the extm infmation provided by an output port of a compo- 
nent if there is no matching input port on the other component. 

4. KnowIedge on how to generate the rnissing information required by the input poa of a 
component if there is no çorresponding output port on the other component. 

5. Knowledge on how to generate the goal information of an Info ISB. 

The d e s  required to represent each of the five categories are discussed in the fol- 

lowing sections. 

6.5.1 Rules Used for Connecting Idormation Signals of the Same Class 

If information ports with the same class exist between two components, they should 

be connected. Rules are used to recognize the presence of the same class of information on 

If Master bas M o  

data (In/Out) 

address (Out) 

. - - .  . 

TABLE 6-1. Connections Rules for the Same Information Class 

- -  -- 

direction (Out) 

t y p e  (Out) 
si ze (Out) 

reques t (Out) 

w i d t h  @) 

delby ml 

and Slave has Info 1 Then generate ISB to connect M o  

da ta @/Out) 

adàress 0 
- - 

direction On> 1 direction to direction 

tme t ~ p e  to tme 

data to data 

address to addxess 

size (In) 

request On> 
w i  d th (Out) 

del a y  (Out) 

size to size 

request to request 

w i d t h  to width 

delay to delay 



the components that are being connected. These d e s ,  if triggered, wiU create an Info ISB 
for each common information class found. For example, in Figure 6-5 ISBl connects the 

address information ports between Componentl and Component2. Table 6-1 lis& al l  

the connection d e s  developed to comect data transfer ports of the same class. 

6.5.2 Ruies for Generating Internal Information Ports 

The design of the I d o  ISBs is modularized and sirnplified through the use of inter- 

nal information ports with known classification, States and timing. The standardized inter- 

nal information signals cm be used by the Interface Designer during numerous parts of the 

IB design. 

The utility of intemal information ports can be illustrated with the simple example 

design shown in Figure 6-6. The purpose of this M o  ISB is to activate the CE signal on 

Address 
Wo 
fiom 
Micro. 

Request 
M o  
Tom 
Micro. 

LDS 
UDS 

1 1 ISB2 1 Interna1 Decoded equest M o  f 

Request 
Mo 

I I 

F'IGURE 6-6. Example Extra Address Information Merge using three ISBs 

the memory whenever the address signals have a certain state and whenwer either of the 

vDS or LDS signais are asserted. By using intenid signals the process of generathg the 

CE signal can be broken into three simple independent tasks: The generation an intemal 

decoded address information signal (SELECT), the generation of an intemal 

decoded reques t signal and the generation of the CE signal fkom the intemal 

decoded address and decoded  reques t information signds. The AND fiinction 
in ISB3 assures that the CE signal will only be activated when the address is in the correct 

range (AI 2 -A1 5 are asserted) and when one or more of the requ es t information sig- 

nais from the microprocessor is asserted. From another viewpoint, ISB3 combines the 

intemal decoded address idonnation with the interna1 decoded  reques t infor- 



mation. Since the combination process involves only standard interna1 signais generated 

by the designer, a 'standardized' method can be used to generate the CE signal, namely the 

combination of the internal decoded address and decoded reques t signal using 
the AND gate in ISB3. If the addr es s information f?om the microprocessor is different 

(i.e. different address or more address signals), ody  ISB l must be changed, and the same 

ISB3 can be used for the combination process. 

By using intenial information ports two important advantages are realized. First, 
rule development becomes simpler since it is usually easier to develop many simple d e s  

that carry out small, well defked independent tasks, than it is to develop one complex rule 

that carries out a more elaborate task. Second, the d e  tasks can be paaitioned into groups 

of independent sub-tasks, which makes the d e  base easier to maintain and debug. For 

example one group of rules generates the intemal signals and another group utilizes the 

interna1 signals. 

Several microprocessor system designs were investigated to see which internal ports 

are comrnonly generated, and how these intemal ports are utilized. The internal idonna- 
tion ports represented in the Interface Designer are: 

Internai decoded reques t information Single signal that specifïes events that initiate and 
tenninate data transfer 

Intemal decoded address idonnation Information indicating when a given memory 
block in the address space is being accessed. 

Intemai decoded type idonnation Fnformation indicating when a given memory 
block in the type space is being accessed. 

Internai decoded size information Information indicating what specific data bus sig- 
nal~ are used for data transfer. 

Interna1 decoded read information Information indicating when a read data transfer 
is in progress. 

Internai decoded acces s information Information indicating when a data transfer is in 
progress in a given address range, type space and 
for a specsc data bus size. 

Table 6-2 shows internal information genemtion d e s .  These d e s  were developed 

to be able to generate all commonly used intemal information found in a data transfer 

interface. As c m  be seen in Table 6-2, there are two categones of intemal information 

generation. One is the intemd decoded request, decoded read and access 

information which are always generated. The other category has intemal information ports 

generated only if specific extra information is present on a component: decoded 
address, type and size information. The next section describes how the Interface 

Designer utilizes extra information. 
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extra address information on master 
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W L E  6-2. Interna1 information Generation Ruïes 

Then Generate Interna1 

decoded adüress  information (A) 

extra t y p e  information on master 

extra si ze information on master 

A w a ~ s  

Always 

6.53 Ruies Used for Utilizing Extra Information 

decoded t ype  information (B) 

decoded size information (C) 

decoded r e q u e s t  information @) 

a c c e s s  information 

Often an output port of a certain classification on one component does not have a 
similar information input port on the other component. This output Somat ion  port is 

called an atra infmation port. For example, the microprocessor often provides a type 
information output port, while the memory does not provide type Somat ion  input port. 

Design d e s  are provided that recognize the extra information ports (signds) and 

subsequently utilize the information if it is required for the correct operation of the inter- 

face. For example, in the intdace block of Figure 6-5, the extra type, address and 

r e m e s t  Somat ion  are used to generate intenial decoded type, address and 

r e w e s  t information which are then applied to ISBS. ISBS takes al1 three interna1 infor- 
mation ports and generates the interna1 access information, which is then sent to the 
memory reques t information input port after passing through ISB6. ISB6 is generated 
to allow state and timing conversion of the interna1 access information as required by 
the reques t information input of the memory. 

If Extra Information 

address on master 

d i r e c t i o n  on master 
-- 

t y p e  on master 

si ze on master 

r e q u e s  t on master 

dita on master or slave 

w i  d th on slave 

del ay on slave 
TABLE 6-3. Extra Idorma 

Thea 
utilize the extra a d d r e s s  information 

error in component library 

utilize the extra type information 

utilize the extra size information 
- 

error in component Ir%rary 

error in component Iiirary 

incompatible component 

incompathle component 

Dn Manipulation Rules 

Table 6-3 lis& all the possible extra Somation that could be found on either com- 
ponent during data transfei: interface design. Since r e m e s t  and d irec t ion  informa- 
tion must always be found on both a master and a slave component, extra reques t and 



direction information on the master (but not the slave) indicates that there is an mor  

in the component liirary and the Interface Designer will stop the design process with an 
error message. If a slave component has w i d t h  or delay information output, but the 

master component does not have a matching input, it indicates that the components chosen 

are not compatiile with each other. The Interface Designer will not be able to proceed 

with the design and will stop after printing an error message indicating the components are 
incompatible. 

Ln this work, the utilization of the exfra address, tqrpe or size information is 

accomplished through the use of internal infornation ports. The Interface Designer will 
fkst generate internal decoded information port signds for the extra information as 

explained in the previous section and then take the decoded extra information which are 

now in a standard format and logically combine them with the decoded request 
uiformation to generate the internal access information. 

Extra information is thus handled using two different methods. For extra 

request , direction, width, da t a  and delay infoxmation an m o r  in the 

component hirary or in the selection of components is indicated, while for extra 

address , type and si ze information intemal decoded information ports are gener- 
ated. 

6.5.4 Rules Used for Generating Missing Information 

The components being connected often do not have an information output port for 

every Somat ion input port. These output ùIformation ports are called rnissing informa- 

tion ports. For example, a microprocessor often has a delay information input port, while 
the memory does not provide a delay information output port. 

Design rules are provided to recognize the missing information ports and attempt to 

utilize available information to generate the missing information. For example, in the 

interface block of Figure 6-5 the de l  ay information output is missing IÏom the memory. 
The delay information is generated fiom the internai access information signal by 

passing it through ISB8. It will not always be possible to generate the missing informa- 

tion. For example, a microprocessor may have less address signals than are required by a 

memory component. There is no obvious method of generating the missing address sig- 
nais directly fkom the available information. In fact, if address or type infornation 

are found to be missing during interface design, it most likely indicates that incompatible 

components were chosen during the higher level system design phases. In these cases, the 

Interface Designer will stop the design process. If the Interface Designer fhds missing 



1 If Misshg Information Output Port 1 
for Matching Information Input Port 

da ta master or slave 

size on master 

flag error in component library 

flag invalid component selection 

fi an invalid component selection 

genenite ISB fhat supplies size information 1 
ff ag error in component li'brary 

fiag mor in component libraxy 

generate ISB that supplies wi d th information 

del ay on sIave 

TABLE 6-4. Missing Information Generation Rdes 

generate delay information fiom access infor- 
mation I 

data, reques t or direction information on the master, it indicates that an error in 

the component library, since these information ports must always be present on the master. 

Table 6-4 summarizes the d e s  developed to generate M o  ISBs for missing infor- 

mation ports. The Interface Designer will generate missing si ze, wi d th and delay 
information ports. The other missing information wiil generate error messages. 

6.5.5 Generating the Goal Information of an Info ISB 

When an M o  ISB is created, a goal information is deterrnined for its output. The 

goal information represents the Interface Designer's understanding of what the output of 

the In50 ISB should be once design has been completed. As such, the Interface Designer 

will use the goal information as a guideline for designing the M o  ISB. The goal informa- 

tion is divided into two parts: the goal state and the goal timing. The goal state of the M o  

ISB is the state the output of the Info ISB must attah during information tramfer. 

The goal timing is a timing template and represents the abstract timing behavior of 

the output of an ISB. This fundamental technique allows d e s  to be developed that repre- 
sent the heuristic knowledge a designer uses when designing the interface. This heuristic 

knowledge allows the design of an ISB to proceed without knowing specific timing 

parameters of a timing and relying only on the general behavior of the signals (i.e. the tim- 
ing template of the sisals). This is critically important since the timing parameters are a 
fiinction of the ISBP parameters which are not known until the design is complete and has 
been implemented in a chosen technology. 

Two methods are used by the Interface Designer to determine the goal information. 

The first method is used when the goal information is for an Info ISB that generates inter- 

na1 information. This method uses simple rules that represent the heuristics a designer 
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would use to generate the internai information signals and are shown in Table 6-5. The 

decoded request information 1 1 asseried 1 Logic îiming 

If ISB Generates Interna1 

decoded address information 

decoded size information 

decoded type information 

TABLE 65 .  Interna1 Information ISE3 Goal Information 

Goal State 

asserted 

asserted 

asserted 

Then 

decoded direction information 

access information 

goal states and timings in Table 6-5 were obtained by analyzing many different micropro- 

cessor system designs and looking for similarities between the behavior of intemal infor- 

mation signals of the same classification. For example, it was found that most 

microprocessor systems have an intemal decoded address information signal that is 

asserted during data tramfer and which has a non-multiplexed timing. Therefore, for the 

intemal decoded address information, the goal state is chosen as asserted and the 

goal timing is chosen as a Strobe timing. 

Goal Timing 

Strobe timing 

Strobe timing 

Strobe timing 

The second method is used when the goal information is for an Mo ISB output that 

connects to a component information input port. This method analyzes the information 
input specification obtained fkom the component lïbrary. The goal timing is determined by 
hding an output timing template that is compatible with the cornponent input timing tem- 
plate. An output timing template is compatible with an input timing template if the timing 

parameter range of the output timing f d s  within the timing parameter range of the input 

timing template. For example, the setup time parameter range of a Logic timing is (-omp 
+omp) which falls within the setup tirne parameter range of the Strobe timing (- +omp). 

This means that the Logic output timing c m  be a goal timing for a Strobe input timing. 

There may be more than one output timing template that can satise the timing parameter 
range of an input timing template. 

asserted 

asserted 

The goal timings for al1 the possible component input timing ternplates were deter- 

mined by considering all the output timing templates whose timing parameter range wuld 

satism the input parameter range. (The possible input and output timing templates were 
discussed in Chapter 4). Those output timing templates that have timing parameters that 

f a  outside the input timing parameter ranges are eliminated. For example, Figure 6-7 

shows how the setup time parameter range violation is used to eliminate the Follows tun- 
ing as a goal timing for the Strobe input timing. As shown, the Logic timing and Strobe 
output timing setup time parameter range satisfies the Strobe input timing setup time 

Strobe timing 

Logic timing 
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Both of these specined ranges Y 
fail within the required range of the input timing specificgtion. 

Output Timing Specification: 
Logic timing 

Output Timing Specification: 
Follows Timing 

The allow&range of this parameter f d s  outside of the 
required range of the input Strobe Timing requiremeat above 
(Le. there is no upper bound) Therefore Follows output timing 
c m  not be the goal timing of a Strobe input timing - - 

FIGURE 6-7. Strobe Input Timing Specification Goal Timings 

parameter range, while the Follows output timing setup time parameter range f d s  outside 

that of the Strobe input timing parameter range. A similar conclusion can be drawn for the 

hold tirne parameter range for the timings in the example, resulting in the conclusion that 

Strobe output timing and Logic output timing are both goal timings for an Strobe input 
timing, while the Follows output timing is not. 



A list of possible goal timings for each input timing template is shown in Table 6-6. 

Table 6-6 shows that some input timing templates map onto more than one goal timing. 

The set of timings that c m  satisQ a component input timing template are called input 

specificution compatible timings. From Table 6-6, two sets of input s p d c a t i o n  compati- 

ble timings can be seen: Strobe and Logic timing, and Follows, Strobe and Logic timing. 
The timings in italics are assigned as the goal timing when an Info ISB is created. During 

interface design, the M o  ISB output timing can be changed to any timing in a set of input 

specification compatible timings, if necessary. For example, ifthe input timing template of 

a componmt is a Pulse-Latch timing, the set of input compatible timings contains the Fol- 

lows, Strobe and Logic timing. Table 6-6 shows that the Follows timing is chosen as the 

goal timing for the Pulse-Latch timing, which means that the M o  ISB output timing is set 

to a FoUows timing when the M o  ISB is created. During the design of the Info ISB the 
Interface Designer may realize that the output timing of the ?do ISB naturally has a 

Strobe timing if all M o  ISB input timings are Strobe timings. Instead of complicating the 

interface by adding circuitry that generates a Follows timing output, the Info ISB output 

timing may be changed to Strobe, since both Follows and Strobe timings are in the same 

set of input specification compatible timings. 

In the timing v d c a t i o n  phase of interface design, the ISBP parameters of the inter- 

face blocks are assigned values which depend on the implernentation technology. A Logic 

timing will place more restrictions (constraints) on the ISBP parameters than a Strobe tim- 

ing since the Logic timing has a more resiricted range for its timing parameters. A more 

resîricted range on an ISBP parameter means that it will be more difficult to find values 
that permit correct operation of the B. In Table 6-6, the timing templates that place the 

l e s t  restrictions on the ISBP parameters are those shown in italics, and are the goal tim- 
ings chosen for a given component input timing template. 

Component Input Ti- Ternplate 

Sîrobe 

Puise 

Latch 

Puise-kitch 

Foilows-Latch 

Hm&& 

Wait 

Goal Timing for Component Input Timing Template 

Stmbe, Logic 

Strobe, Logic 

Lutch 

Follows, Strobe, Logic 

Follows, Strobe, Logic 

Handhake 

Wait 

TABLE 6-6. Goal Timings 



6.6 Creating the State and Timing ISBs 
Once an M o  ISB is created, a nile is used to partition it into State and Timing ISBs 

create State and 

- - -- -- - - - - 

FIGURE 6-8. State and Timing ISB Creation 

as shown in Figure 6-8. The d e  creates the State and Timing ISB building block fiames 
and connects the building blocks with signals. One State ISB is created for each Info ISB, 

while an individual Timing ISB is created for each signal entering the Info ISB. The out- 

put of each Timing ISB is mnnected to the input of the State ISB. 

The Timing ISB will be used to change the timing template of the M o  ISB input 

signal to that of the goal timing of the Info ISB, or to one of the input specitication com- 

patible timings, while the State ISB is used to change the state of the M o  ISB input sig- 

nais to the goal state of the M o  ISB. The Timing ISB passes the M o  ISB input states 

unchanged, while conceptually the State ISB passes the timing template of the Timing ISB 

output unchanged. In practice, however, the State ISB will affect the timing in two ways: 

First, the Combinatonal ISBP within the State ISB will have a non-zero propagation delay, 

and second, if the State ISB input timing templates are different, the combination of the 
different timing templates in the State ISB may produce a completely different timing 
template. Since these aspects of the State ISB deal with timing, a procedure was developed 

that allows the timing aspects of the State ISB to be dealt with when designing the Timing 



ISBs. This allows the State ISB to be designed independently by considering only the state 
information into and out of the M o  ISB. The folIowing section discusses the generation of 

the ISBP for the State ISB. This is followed by a section discussing the generation of the 
ISBPs for the Timing ISBs, which also deals with the effect of the State ISB on the lnfo 
ISB output timing. 

6.7 Generating the Combinatorial ISBP for the State ISB 
A Combinatorial ISBP is inserted into the State ISB as shown in Figure 6-9. If states 

FIGURE 6-9. State ISB Primitive Circuit Creation 

other than asserted or negated m u t  be generated on the output of the Lnfo ISBy a level con- 
version ISBP such as a Tri-state Buffer or an Open Collecter Buffer wiU also be inserted 
into the State ISB. The combinatorid logic expression is determined by finding the Bool- 
ean logic equation that maps the M o  ISB input state to the ISB goal state. For example in 
Figure 6-6, the interna1 address decode signal SELECT, has the goal state (asso SELECT). 

This state must be attained whenever the lnfo ISB input state is (AND (asso ~ 1 5 )  (asso 

A14) (asso A13) (asso A12)). The Combinatorial ISBP will have the Boolean logic qua- 

tion: SELECT = A1 5 *A1 4 * A l 3  *A12, where * represents the Boolean AND operation. 

It is required that the Timing ISBs m u t  pass the signal states from the M o  ISB 

input unchangecl to the State ISB inputs. Care was taken when developing the Timing 
ISBs to guarantee that this is the case. 
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6.8 Designing the Timing ISB using ISBP 

The design of the Timing ISB involves two parts. First, an ISBP called a lirning 
1 s .  is chosen as the basic building block of the Timing ISB. The Timing ISBP is chosen 

to assure that the desired output timing template (the goal timing) is produced on the Info 

ISB output- Second, the Info ISB output timing is hal ized by considering the effect of the 

chosen Timing ISBP and of the State ISB on the M o  ISB input timing. Figure 6-1 O illus- 

trates the action of the d e s  developed for Timing ISBP design. 

FIGURE 6-10, Timing ISBP Design 

The development of the rules that insert the correct ISBP into the Timing ISB was 
central to this work since they represent an important heuristics a designer uses to corn- 

plete interface design. The premise seems straight fonvard: the Timing ISB design rule 

must insert an ISBP into the Timing ISB that wiU generate the lnfo ISB output timing tem- 

plate (which was set to the goal timing), given the input timing template of the M o  ISB. In 
practice, this task is complicated by the fact that after the ISBP has been inserted into the 

Timing ISB, the Info ISB output timing must be determined as a h c t i o n  of al1 its ISBP 

parameters. When the Combinatorial ISBP was chosen, only the input and output states of 

the Info ISB were considered. Now that the output timing of the lnfo ISB must be deter- 

mined, the effect of the Combinatonal ISBP on the input timings must also be considered. 

The Info ISB output timing is therefore a hc t ion  of the Timing ISB input timing, the 

Timing ISBP parameters and also the Combinatonal ISBP parameters and is detennined 

through a process called timing propagation. 



6.8.1 Overview of the Timing ISB Design Process 

Figure 6- 1 1 illustrates the signals and timings of an W o  ISB. The output timing 

I d o  ISB Input Timing 
(one of the Output Mo ISB 

Output Timing Teniplate 
(one of the Goal 
Timings) 

ISB 

FIGURE 6-11. Info ISB with Timing ISBs 

template of an Info ISB was determined when it was created: it was set to the goal timing. 

The signal generated by the Timing ISB is the intemediate signal. The timing of the inter- 

mediate signal is detemiined so that d e r  the intermediate signals pass through the State 

ISB, the required output timing template or one of the input specification compatible t h -  

ings is generated. 

As a simple example of the Timing ISB design process, consider the Mo ISB shown 

in Figure 6-12 which has 2 inputs: a multiplexed input (Latch timing) and a non-multi- 

plexed input (Strobe timing). The output of the ISB must be a signal with the Strobe tim- 
ing. An experienced designer knows that if each of the intermediate timings is a Sirobe 

timing, then the State ISB output timing and hence the lnfo ISB output timing will be a 

Strobe timing. The problem of generating an ISB Strobe output timing is thus changed to 
the problem of generating intermediate signals with a Strobe timing. Signal already 
has a Strobe timing, and thus can be used directly (Timing ISB2 is just a wire). Signall 

has a Latch timing, which is changed to a Strobe timing in Timing ISB1 using a D-Latch. 

Both signals going into the Combinatorial ISBP now have a Strobe tixning, and as will be 
shown in Section 6.8.4.1, if all signals going into a Combinatorial ISBP have a Strobe tim- 

ing, the output will also have a Strobe timing. 

The Interface Designer decides which Timing ISBP to use through a set of niles that 

generates the intermediate timing templates. These d e s  are based on heuristics a human 
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Combinatorial Output Timing TempIate 

FIGUIW 612. Interface Sub-Block example 

designer would use for each possible Info ISE3 input timing / Info ISB output timing com- 
bination. 

Once an ISBP has been chosen and inserted into a Timing ISB, the Info ISB output 

timing will be halized. The building blocks of an M o  ISB, are pararneterized ISBPs such 

as buffërs, combinatorid logic, fip-flops, latches and delays. The Info ISB output timing 

is represented in tenns of the ISBP parameters and the timing parameters of the M o  ISB 
input timings. For example, in Figure 6-13 an Info ISB used for generating the internal 

M o  ISE 
Microprocessoir 

TSR , 
Address 

-- - 

Timing 
a 

( R e  ISBP ISB Combinatonal ISBP: 
*A-- Parameter Tpdl ~ S B P  parameter T ~ ~ ~ = o )  1 1SBY 1 

Address 

FIGURE 6-13. Example for M o  ISB Timing Propagation 

decoded address information is shown. It consists of two Timing ISBs and one State 

ISB. The Timing ISBs are made up of Wire ISBPs which p a s  the Info ISB input signals 

unchanged to the Combinatorial ISBP with zero propagation delay (Tpd2=0). The State 

ISB is made up of a Combinatorial ISBP with a propagation delay of Tpdl- Now assume 

that the address information on the microprocessor has a setup time of -2Sns relative to 



the initiate ment. The output of the Combinatorid ISBP will have a setup t h e  of 

-25fTpd2fTpdl = -25 +Tpdl relative to this initiate event. 

The process of detamining the output timing parameter of the decoded 

address information signal in terms of the ISBP parameters Tpdl and Tpd2, and the 

microprocessor address information timing parameter is called timing propagation: the 

output timing of an M o  ISB is detefMifled by propagating the Info ISB input timing spec- 

scation forward through the Timing ISBs, and then the State ISB, to the M o  ISB output. 

The next section provides detailed information on how a Timing ISBP is chosen. 

This is followed by a section that provides a more detailed insight into the process of tim- 

ing propagation for the different ISBPs. 

6.8.2 Choosing the ISBP to build up the Timing ISB 

As shown in Figure 6-1 1, the input timing of an M o  ISB will be based on one of the 

seven output tuning templates, while the output timing of the Info ISB will be based on 

one of the six goal timings. This means there is a total of 42 possible input/output timing 

template possibilities for an M o  ISB. The Interface Designer must therefore provide d e s  

that can handle all of the Input/Output timing combinations that can occur during interface 
design. 

Table 6-7 lists the input and output template combinations allowed for an M o  ISB, 

Info ISB Output Timing Template i 

Strobe 

Logic 

Pulse 

Latch 

Follows 

Handshake 

Wait 

Strobe Logic Latch Foilows Hands hake Wait 

Yes Yes Yes Yes 

Yes Yes Yes Yes Yes Yes 

I 

Yes Yes Yes Yes 

Yes 

Yes Yes 
I I I 1 I 

I YS I yes 
I I I I I 

kBLE 6-7. Permitted Input / Output T i g  Templates for Info ISB 

marked with a 'Yes'. Table 6-7 was determined by investigating each of the combinations 

in the context of microprocessor system design as accomplished by the Interface Designer 

and asking two questions: 



1. Cm the combination possibly occur during the design process used by the Interface 
Designer? 

and 

2. If the combination can occur, is it possible to perfonn the timing template conversion? 

Only if both questions can be answered with a yes, is the combination allowed in 
Table 6-7. 

For ari example applicable to the h t  question, the columns for the Handshake and 

Wait output timing template are considered. It is found that the Interface Designer will 

only encornter Logic, Handshake and Wait M o  ISB input timings since there are only 

two possible sources of delay information: the delay information fiom the output of 

another component, which always will have a Wait or Handshake timing or the intemal 
access information signal, which will always have a Logic timing. 

For an example applicabIe to the second question the Strobe output timing is consid- 

ered. The Interface Designer can conceivably generate Strobe, Logic, Latch and Follows 

input timings. The Follows input timing however must be eliminated, since the setup time 

Reference h 
Signal 

Follows Timing -, 
(into M o  ISB) 

The above Follows Timing event may be later than 
the permitted output event time for the Strobe Timing template 
below. Hence this timing conversion is not possible. 

/ 

Referen 

Strobe Timing - 
Signal (out of Mo ISB) 

setup 

FIGURE 6.14. Foiiows Input to Strobe Output Timing Template 

event into the ISB for the Follows timing can have a later time of occurrence than that per- 

mitted by the Strobe timing as shown in Fi,we 6-14. This means that it will not be possi- 

ble tc generate a Strobe output timing fkom a Follows input tirning. This combination will 

normally not occur, and if it does occur the Interface Designer will print an error message 



stating that the design can not be completed and that a different component should be 

selected. 

Table 6-8 shows the intennediate timings for the M o  ISB input'ooutput combina- 

Handshake 1 

Latch Strobe Strobe 

Foliows 

Hands hake 

Hands hake 

- - 

FoIiows 

Smbe 

Logic 

Strobe Logic 

Strobe Smbe Smbe 

Logic Logic b g i c  

Pulse 

Bold entries require a non-trivial Timing ISBPs 
I t a k  enûies tequire a Timing ISBP thai consists of a simple Wire ISBP 
Regdar font entries can be avoided through proper choice of components 

Wait 

Wait 

- 

Latch 

Latch 

Latch 

Latch 

wait I I 

tions that are permitted. The intennediate timings were chosen to satisQ three criteria: 

Sirobe 

Follows 

1. The intermediate timing m u t  be able to produce the desired output timing after passing 
through the State ISB. 

TABLE 6-8. Intermediate Timing Templates for Input / Output Timings of M o  ISBs 

Handshake 

2. If diErnent intermediate timings are allowed for a given output timing (i.e. the timings 
found in a column in Table 6-8 are different) then the combination of one or more of 
those timings must also be able to produce the desired output timing d e r  passing 
through the State ISB. 

Wait 

3. It m u t  be possible to use one of the Timing ISBPs presented in Section 5.4 to perform 
the timing conversion to the intennediate timing. 

The methodology used to ver@ that each of the three criteria is satisfied will be dis- 

cussed in Section 6.8.4, "Combinatonal 1 SBP Timing Propagation". 

If the Info ISB input timing and the intermediate timing are identical, the Timing 
ISBP is simply a wire which connects the M o  ISB input signal directly to the intermediate 

signal. In Table 6-8, any intermediate timings that can be generated using a wire are shown 

in italics. 

Those intermediate timings not shown in italics require a non-trivial (Le. non-wire) 

Timing ISBP to convert fiom the Info ISB input timing. These Timing ISBPs must be able 
to convert f?om Strobe to Latch, Logic to Latch, Logic to Handshake, Logic to Wait, Latch 

to Strobe, Handshake to Wait and Waiî to Handshake timing. 



In real world design situations, it was found that a designer will nonnally avoid 

component combinations that require generation of multiplexed signal fiom a non-rnulti- 

plexed signal (Strobe to Latch) since an overly complex design will result. The Interface 

Designer is a proof of concept system that represents a design expert's knowledge of inter- 

face design. To limit complexity, no Timing ISBPs are provided for those lnfo ISB input 

and output timings that a human designer will normally avoid. These timing conversions 

include the Strobe to Latch, Logic to Latch, Handshake to Wait and Wait to Handshake. If 

these timing combinations occur, the LnterEace Designer will display an error message 

indicating that the Interface Designer can not complete the design due to a component 

incompatibility and that c i i f f i t  components should be chosen. If timing conversions for 

these combinations are desired at a later date, they c m  be added to the Interface Designer 

by using the appropriate timing conversion d e s .  

The timing conversion provided in the Interface Designer includes Latch to Strobe 

(using a D-Latch), Logic to Handshake (using a Leading Edge Delay) and Logic to Wait 

(using a Trailing Edge Delay). The intermediate tirnings for which a nomtrivial timing 

conversion is required are shown in bold in Table 6-8. 

The next sections provide a description of how the signal timings are propagated 

through Timing and Combinatorial ISBPs. The techniques developed are presented using 

examples. To illustrate timing propagation through Timing ISBPs, ti-g propagation 

examples for a D-Latch ISBP and a Leading Edge Delay ISBP are provided. Two exam- 
ples are given for the Combinatorial ISBP: one treats the case where all input timings are 
Strobe timings, the other treats the case where the input timings are Logic and Strobe tim- 

ings. 

6.8.3 TimSng ISBP Timing Propagation 

Timing propagation for each Timing ISBP must be developed in the context of ISBP 

input timings and the ISBP parameters. Other than the Wne ISBP, which represents the 
trivial case that passes any signal timing unchanged fiom one end of the wire to the other, 

a Timing ISBP has only one possible input timing template and several ISBP parameters. 

This is in contrast to the Combinatorial ISBP discussed in the next section which has one 
ISBP paraxneter (TpJ and several input timing templates. 

This section describes the process developed to propagate the timing on the input of 
a Timing ISBP to the output. Specifically it shows by two examples how expressions are 

derived that give the output timing parameters, such as setup and hold times, in terms of 

the input timing parameters and the Timing ISBP parmeters. 



6.83.1 D-Latch ISBP Timirig Propagation 

A D-Latch ISBP was developed to generate a Strobe timing signal nom a Latch tim- 

ing signal. In more practical terms, a D-Latch ISBP is used to cowert a signal that has a 
multiplexed timing to a signal that has a non-multiplexed timing. As shown in Figure 6-1 5 

FIGURE 6-15. Mode1 ofD-LatchISBP 

a D-Latch has four ISBP parameters associated with it that can be used to completely 

describe it. Delay dD is the delay for any ment that occurs on the 1, input and passes 

through to the Op output, provided that the clock is in a state that passes the D input to the 

Q output (i.e. the latch is in the transparent state). dCLK is the clock event to output change 

delay. The D-Latch dso has data input setup and hold times d, and dh associated with it. 

The behavior of the D-Latch is described in detail in Section 5.4.1.3. 

* OQ 

setup and 
dh hold times 3 relative to rnK 

Figure 6-16 shows the output Strobe timing of a D-Latch for a Latch timing input. 

Expressions for the output setup and hold times are desired. The output setup t h e  Tso can 

be obtained by considering what causes the INVALID to VALID output signal transition: 

it is the INVALID to VALID input signal transition on 1,. The output setup time Tso rela- 

tive to the reference initiate event can therefore be expressed as the sum of the setup t h e  

of the input signal I, relative to the initiate event, Ts=TscX + Tsb and the signal delay 

dD nom the D input to the Q output of the D-Latch. 

) D  Q ID * 

The output hold time Tho can be obtained by considering what causes the VALID to 

INV'.ID output signal transition: It is the NEGATED to ASSERTED input signal transi- 
tion on CLK. The output hold time Tso can therefore be expressed as the sum of the hold 

time of the clock k, and the clock input to output delay dCLK of the D-Latch. 

d~ 

(EQ 6-11 

(EQ 6-21 

D-Latch 

CLK ~ L K  , GU, 
1 
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FIGURE 6-16. Timing for Latch Output if Input is Latch Timing 

Given any Latch input timing with timing parameters Ts-, Tsi and a D- 

Latch ISBP with parameters dD and h9 the timing parameters of the resulting Strobe 

output timing of the D-Latch ISBP c m  be calculated using Equation 6-1 and Equation 6- 

Equation 6-1 and Equation 6-2 are independent of the D-Latch input setup (da and 

hold time (dh) parameters. However for the D-Latch to operate correctly, the setup and 

hold t h e  parameter range of the ID input signal must satisQ d, and dh. To assure that this 
is the case, two timing constraints are generated. A timing constraint is a relationship 

between ISBP parameters (such as propagation delays) and/or component timing parame- 

ters (such as setup and hold times) that must always be satisfied. Throughout this work, 

whenever a timing constraint is generated, it is assumed that it will be satisfied after the 

design is complete. Later, during the timing v d c a t i o n  phase, values WU be assigned to 

the ISBP parameters and the constraints will be evaluated. However at this point in the 

design (timing propagation phase) the timing constraints are simply generated. 

Two timing constraints are generated for the D-Latch ISBP: 



Whenever timing propagation for a D-Latch ISBP is perfonned to generate expres- 
sions for the output timing, the two timing comtraint expressions shown in Equation 6-3 

and Equation 6 4  are also generated. 

6.8.3.2 Leadhg Edge DeIay ISBP Timing Propagation 

The Leading Edge Delay ISBP was developed to allow conversion of a Logic timing 

signal to a Handshake timing signal. In more practical te=, the Leading Edge Delay 

ISBP is used to generate the acknowledge a p a l  for a microprocessor that uses the Hand- 

shake timing for the delay information. A Leading Edge Delay ISBP has one input and 

one output. It has the property of delaying the leading edge of the signal by a desired 

amount, while the trading edge is delayed by a propagation delay. 

Figure 6-17 shows the mode1 for the Leading Edge Delay ISBP developed for this 

Input 
Output 

Tra lhg  Edge 
Input h/ 

d&>Smp 
Output 

FIGURE 6-17. Mode1 of Leading-Edge Delay ISBP 

work, in temis of a leading edge ISBP parameter d, and the trailing edge ISBP parameter 

ciprop which is the propagation delay of a combinatonal AND fûnction. The dprop delay is 
dependent on the implementation technology, Le., it is the propagation delay of a 2-input 
AND gate for a given technology (typically 3-7nsec for standard TTL logic). The d, 
delay however can be any value (usually ->C$,~) and will be implemented using dif- 

ferent techniques depending on the desired value of the delay. Small values of d, fiom 

10-1000ns usually will be implemented with delay lines, while delays greater than lOOns  
are usually implemented using shifi registers or counters. 

Figure 6- 18 shows the Logic input timing parameters TsI and ThI relative to the ref- 
erence events. The mode1 used for this work shown in Figure 6-17 shows that the leading 
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FIGURE 6-18. Logic input and Handshake Output Timing 

edge will be delayed by 4, and clprop, while the trading edge will be delayed only by 

srop. Therefore the output setup and hold times of the Leading Edge Delay ISBP can be 

expressed as: 

Th, = '%+$rnp (EQ 6-61 

It should be noted that the primary purpose of the Leading Edge Delay ISBP was to 

delay the leading edge of a pulse by a certain amount represented by 4, An 'ideal' Lead- 

ing Edge Delay ISBP has an ISBP parameter 4,p of zero. However in practice a Leading 

Edge Delay ISBP with zero hp cm not be built and therefore the propagation delay dpmp 
had to be introduced. For the Leading Edge Delay ISBP, the 4, timing parameter wilI be 

calculated &er the interface has been implemented in a chosen technology, and when al1 
other timing parameters of the interface have been assigned a value. This is explained in 
more detail in Section 6.9.3. 

6.83.3 Siimmary of Timing ISBP Timing Propagation 

Using the techniques introduced with the two examples given in this section, the 

process of timing propagation for a Timing ISBP is specified as a procedure for every 
input / output combination of a Timing ISBP. Table 6-9 summarizes the procedures as 
simple steps utilipng the equations developed in this section. 



(Intermediate 
Timing) 

Strobe 

1 ~rr*dio~-Ëd~s 1 h g i c  
Delay 1 Trading-Edge 1 I g i c  
Delay 

-- 

Steps to Propagate T i g  Parameters 

Propagate input to output (Eq. 6-1 ,6-2 ) 

Generate 2 constraints for input s e t q  and hold 
tirna (Eq. 6-3 ,6-4 ) 

Propagate input to output (Eq. 6-5 ,6-6 ) , 
1 Propagate input to output I 

-. - 

TABLE 6-9. Steps for Timing ISBP Timing Propagation 

6.8.4 Combinatorial XSBP Timing Propagation 

This section describes the process developed to propagate the timing on the input of 

a Combinatorial ISBP to the output. Specifically it shows by example how expressions are 

derived that give the output timing parameters, such as setup and hold times, in terms of 

the Combinatorial ISBP input timing parameters (which in tum are given as ISB input and 

Timing ISBP parameters) and the Combinatorial ISBP parameter, Tpd. 

Table 6-10 shows the possible input timings into the Combinatorial ISBP for each 
output timing. This table cm be directly obtained f?om Table 6-8 since the Combinatorial 

ISBP output timing template is the same as the M o  ISB output timing template. For sev- 

Possibie Input Timings Template 1 Combinatorid ISBP Output Timing 

(one of intermediate timings) Template 

Strobe, Logic 

Strobe, Logic 

Latch 1 Latch 
- 

Strobe, Logic, Follows 

Handshake 1 Handshake 

wait Waiî 

TABLE 610. Possible Input Timing for each Output Timing Tempiate for Combinatorial ISBP 

eral output timing templates more than one intemediate timing template can be found. 

The Combinatorial ISBP is modeled as a boolean function F ( q ,  . . . Id with a 

propagation delay Tpd on the output as shown in Figure 6- 19. An event on an input 1 will 
have an effect on the output after a propagation delay Tpd. For timing propagation to pro- 

ceed, expressions must be found that give the timing parameters of timing To of the output 



O as a function of the input timing parameters and Tpd. Note that o d y  the timing templates 

as shown in Table 6- 10 c m  be input timings to the combinatonal ISBP. 

It will be shown that the output timing parameter expressions c m  be built up by con- 

sidering each input to the Combinatorial ISBP in any order. This wiU d o w  the Interface 

Designer to derive the expressions incrementally using d e s  that will systematically pro- 

cess each of the Combinatorial ISBP input signds in an arbitrary order. 

Output O 
Timing To 

Signal Il, Timing Tl 

Signal In, Timing T, 

The technique used to develop the timing propagation expression is presented using 

two examples to give the reader an understanding of the issues involved. The h t  example 

shows how expressions for the output timing are obtained for Combinatorial ISBP that has 

all Strobe input timing. The techniques presented for the first example using ail Strobe 

input timings can be applied to Combinatorial ISBPs that have the same timing template 

on each of the inputs. The second example provides timing propagation expressions for a 

Combinatonal ISBP that has both Strobe and Logic timing inputs. 

+ 

FIGURE 6-19. Mode1 of Combinatorial ISBP 

6.8.4.1 Example of Strobe Input Timings for Combinatorial ISBP 

Strobe timings are associated with VALID/INVfiID transitions of signals. It is 

h o w n  that if ai i  inputs of an arbitrary combinatorhl h c t i o n  are VALID, then the output 

will be VALID, otherwise the output will be INVALID. This fact c m  be used to determine 

the output tllning of a Combinatonal ISBP. When the last input becomes VALID, the out- 

put wilI become valid a4er Tpd, and when the first input becomes invalid the output will 

become INVALID after Tpd. 

Boolean 
Functisn 
O = FOI, ..., In) 

Figure 6-20 shows the Strobe input timings for inputs Il to 1, with their respective 

setup and hold limes Ts and Th. An input that becomes VALID will not cause an 

WALID!VALID transition on the output unless al1 other inputs are VALID. The time of 
occurrence of the INVALID!VALID transition on the output will therefore be determined 

by Tpd and by the input whose tirne of occurrence of the INVALID!VALID transition 

* - 

* 
=pd 
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FIGURE 6-20. Timing for Combinatorial ISBP Output for all Strobe Input Timings 

occurs Iatest in time. An event A is later in thne than an event B if event A occurs after 
event B. Since the times as used in the signal timings are always relative to some reference 

event at time zero, a later event wiU have a greater signed time value than an earlier event. 

The setup times of the inputs under discussion will usually be bounded by '-' on the lefi 

side. For example a signal may have a setup time of (- -5) relative to some reference 

event This setup t h e  means that the address will become valid at time -511s or earlier (- 

implies 'or earlier'). A simple operator was developed that select~ the time interval that 

extends the latest in time. This operator is called the Later-of operator and it allows the 

setup time for the output of the Combinatorial ISBP to be written as: 

Tso = Later-o f {Ts i+Tfl Ts2f Tpdr . . ., T%+Tpd} @Q 6-71 

Note that the 'Later-of operator is commutative: Later-of{A, B) = Later-of{B, A). 
For example: 



This example shows the result of the Later-of operator on two time intervals -10ns 

and earlier, and -5ns and earlia. The resulting t h e  interval is -511s and earlier (- -3, 
since -511s is later t h  - 1 011s. 

The determination of the output hold time of a Combinatorial ISBP with a l l  Strobe 

input timings proceeds similar to the setup the. The fint input to becorne INVALID will 

cause an INVALID!VALID transition on the output. The time of occwence of the 

VALID!INVALID transition of the output will be determineci by Tpd and by the input 

whose time of occurrence of the INVALID!VALID transition occurs earliest in tirne. An 

event A is earlier in time than an event B if event A occurs before event B. An earlier event 

will have a smaller signed time value than a later event. The hold times of the inputs under 

discussion will usually be bounded by '+-' on the right side. For example a signal may 

have a setup time of (5 +-) relative to some reference event This setup time means that 

the address will become valid at t h e  5ns or later (+- implies 'or later'). A simple operator 

was developed that selects the time interval that extends the eitfliest in t h e .  This operator 

is called the Earlier-of operator and it allows the hold time for the output of the Combina- 

torial ISBP to be written as: 

Tho = Earlier-of {Thl+Tpdl Th2+Tpd, ..., m+TpdJ (EQ 6-8) 

Note that the 'Eârlier-of' operator is also commutative: Earlier-of{A, B} = Earlier- 
of@, A). 

In general, the setup and hold time ranges for a Strobe timing are (- +omp) and 

(-omp +-) (see Appendk A. 1.1 for a description of the Strobe timing). Given that 

1. AU the inputs to the Combinatorial ISBP are Strobe timings whose setup and hold 
times fall witbin (- +omp) and (-omp +-). 

2. The propagation delay invariance of timing templates (see Section 4.7.3 for a descrip- 
tion of propagation delay invariance and the omp delay). 

3. The propagation delay TpD is a s m d  delay where omp+TpD=omp, by definition of 
omp- 

It follows that each of the arguments of the Later-of and Earlier-O f expressions given 

in Equation 6-7 and Equation 6-8, and therefore both Tso and m, also fd within the 

setup and hold time ranges of a Strobe timing. A signal timing whose timing parameters 
satisfy all timing parameters of a timing template can be represented using that timing 

template. This means d a t  the output timing of a Combinatorial ISBP that has a l l  inputs 

with a Strobe timing can be represented using a Strobe timing template. 



The analysis of the ISBP output timing was independent of the boolean f'unction F 
of the Combinatonal ISBP, since only VALID/INVALID states have to be considered for 

the Strobe timing. Since the Earlier-of and Later-of operators are commutative the expres- 

sions shown in Equation 6-7 and Equation 6-8 can be generated by adding a propagation 

delay term to the argument Iist of the Earlier-of{} and Later-of{) operators as each of the 

Il to 1, input signals is investigated individually. The commutative property means that the 

&al expressions will be independent of the order in which the inputs are considered. 

6.8.4.2 Example of Logic Timing Inputs Mixed With Strobe Timing Inputs 

The second example of timing propagation for Combinatorial ISBP is for myted 

Logic and Strobe input timings. This typically occurs for a .  address decoder signal with 

Strobe timing that is gated (AND&) with a signal that has a Logic timing. Normally when 

such a circuit is designed, its purpose is to produce an output without glitches or anoma- 

lies that has a Logic output timing. This is illustrated in Figure 6-2 1. Two address signals 

A14 and A1 5 (Strobe timing) and a data strobe signal DS (Logic timing) go into a Combi- 

natonal ISBP to produce an output signal O. To assure that the output is glitch f i e ,  the 

Event B rnust occur before Event A 

Event A 

DS Ah- - Combinatorial 
ISBP 

FIGURE 6-21. Overview of Input and Output Timings for Combinatorial ISBP 

output of the Combinatorial ISBP was chosen by the Interface Designer to be a Logic tim- 
ing (i.e., the goal timing of the Info ISB output is a Logic timing). To assure that the output 

timing adheres to the timing parameter ranges of the Logic timing. we must place some 

restrictions on the relationships between the input Strobe and Logic timings: 



1. The leading event of the Strobe timing signals (events B in example) must occur before 
the leading event of the Logic timing signal (event A in example). 

2. The trailing edge event of the Strobe timing signals must occur d e r  the trailing ment 
of the Logic timing signals. 

3. The boolean logic fmction rnust logically AND the asserted level of the signals with a 
Logic timing to the other signals (For example, in Figure 6-2 1 the DS signal with Logic 
timing is ANDed with the address signals A14, A1 5). 

If these restrictions are satisfied, then we cm guarantee that the leading and trailuig 

edges of the output will be glitch fiee as required. 

Restriction 3 is normally automatically satisfied through the use of components that 

are known to work with each other without extraordinary interface circuiky and by 

employing a design strategy that will logically AND important intermediate information 

signals (as dîscussed in Section 6.5). The Interface Designer always checks that signals 

with Logic input timing are in fact AND& with the other signals. 

Figure 6-22 shows the two timing constraints (restrictions 1 and 2) that are gener- 

ated for each Strobe timing input signal, one for the setup time and one for the hold t h e .  

If there are k Strobe timing input signals there will be 2k constraints. The constraints on 

the Strobe input setup and hold times are expressed as a h c t i o n  of the propagation delay 
TpD and of the output setup and hold times: 

~ h & q + ~ ~  (EQ 6-10] 

By expressing the constraints in terms of Tso and T b  the process of obtaining the 

constraints is simplifiecl. It makes it possible to look at each input signal independently 

and in any order, and if it has a Sîrobe timing, simply generate the two constraints shown 
in Equation 6-9 and Equation 6-10. 

The setup and hold times of the output timing can be expressed using Equation 6-7 

and Equation 6-8 with the n Logic input timing agnals as show in Figure 6-22. The 

expressions for the setup and hold times of the output timing are independent of the sig- 

nais that have a Strobe timing, due to the three restrictions above placed on the inputs with 
S trobe timing. 

As an example, assume that there are 3 input signals to an Info ISB as shown in 
Figure 6-21. Il has a Logic timing, while I2 and I3 have a Strobe timing. Then Tso=Later- 
of{Ts l+Tpd}=Ts l+Tpd and Thg=Earlier-of {Thl+Tpd} =Tbl+Tpd. Four constraints will be 

generated: Tso 2 Ts2+Tpd, Tso 2 Ts3+Tpd, T ~ o  I m+Tpd and 5 Th3+Tpd. O I K ~  
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FIGURE 6-22. Timing for Combinatorial Output for Logic and Strobe Input Timings 

ail inputs have been processed, Tso and can be substituted into the consû-ahts giving 
Tsl 2 Ts2. Tsl 2 Ts3, Thl S Th2 and Thl S Th3. 

6.8.43 Summary of Combinatorial ISBP Timing Propagation 

Using the techniques introduced with the two examples given in this section, the 

process of implementing the timing propagation for a Cornbinatonal ISBP can be speci- 
fied as a simple procedure consisting of one or more steps for every input / output cornbi- 

nation. Care was taken when devdoping the procedures to assure that the inputs to the 

Combinatorid ISBP could be considered individualIy and in any order. Table 6- 11 sum- 

marizes the steps developed for all combinations of input and output timings. Generally 

the steps consist of propagation of input timing parameters from the input to the output 

using the expressions fiom Equation 6-7 and Equation 6-8, and the extraction of con- 
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Locjc 

1 (Check for AND combinatonal ep t i on )  

Steps to Propagate Timing Parameters 

Generate 2 Constrainîs (Eq. 6-9 ,6-10 ) - 
Logic 

. - 

Propagate input to output (Eq. 6-7 ,6-8 ) 

I 

Foiiows 1 Propagate input to output (Eq. 6-7 ,6-8 ) 

Sirobe 

Strobe 

Foiiows 1 Propagate input to output (Eq. 6-7 ,6-8 ) 

Propagate input to output (Eq. 6-7 ,6-8 ) 

Propagate input to output (Eq. 6-7 ,6-8 ) 

- - - 

Foiiows 1 Propagate input to output (Eq. 6-7 ,6-8 ) 

1 (Check for AND combinatorid eqmtion) 

Wiiit Propagate input to output (Eq. 6-7 ,6-8 ) 

Latch 

Hands hake 

1 (Check for AND combinatorid equation) 

6-11. Steps for Combinatorial ISBP Timing Propagation 

Propagate input to output (Eq. 6-7 ,6-8 ) 

Propagate input to output (Eq. 6-7 ,6-8 ) 

straints given by Equation 6-9 and Equation 6- 10. Some of the timing propagation proce- 

dures (marked with *) also include a check to veri@ that the appropriate signals are 

ANDed together. 

6.9 IB Timing Verincation 

Once all Timing and State ISBs have been Eüed in with ISBPs, the structure of the 

IB is completely denned as illustrated in Figure 6-23. The figure also shows that the sig- 

Output S ecifica 
~imingBUT=~( 

IB 
State ISB 

M o  ISB 
T p d ~  

Timing1 
- 15BP 

\ Timing ISB 

d 

~ti 

t 
FIGURE 6-23. The Interface Output to Component Co~ect ion 

nals out of the II3 with TimingOUT will be comected to the input signais of Component2 



with TimingDI. To d o w  the interface to operate correctly, the timing paiameters of 

TimingOUT must satisfy the timing parameters of TimingIN. For example, if the input 

signal on component2 requires a certain setup time parameter range, the IB output signal 

setup time must £211 within that range. The output timing TimingOUT is a function of the 

ISBP parameters which may or may not satisfy the input specification of component2, 

depending on the implementation. The process of checkbg whether the IB output timing 

satisfies the component input timing for a aven implementation is called LB timing verifi- 

cation. 

The verifkation proceeds in two steps. First a timing constraint, called a connection 

timing conshaint, is extracted for every timing parameter of every component input tim- 

ing. As stated before, a timing corutraint is a relationship between ISBP parameters (such 

as propagation delays) and component timing parameters (such as setup and hold times) 

that mu t  hold for correct operation of the interface. Second, all timing constraints 

extracted during the interface design must be verified. This includes both the comection 

timing constraints and the timing constraints extracted during timing propagation as 

explained in Section 6.8.3 and Section 6.8.4. The timing constraints are verified by choos- 

ing an implementation technology, assigning numeric values to the ISBP parameters and 

then evaluating the constraints. 

6.9.1 The Connection Timing Constraint Extraction Process 

The timing of the signals in the interface block is given relative to the component 

that generates the initiate and terminate events for the data transfer (this is u d y  the bus 

master for the current data transfer). Figure 6-24 shows a simple example interface for a 

non-multiplexed address signal Al of a microprocessor and the non-multiplexed address 

signal AO of a memory cornponent. Since both address signals have a non-multiplexed sig- 

nal timing, the Timing ISB for the A1 signal will simply be a Wire ISBP. Since the Wue 

ISBP passes the input signal unchanged, this discussion only has to consider the buffer Cl. 

The timing relationship between signais in the IB is shown in simplified form in 

Figure 6-25. The microprocessor generates signal Al which has timing specification Tl, 

relative to the reference signal DS. The output AI' of the buffer has timing specification 

T2 relative to the reference signal DS. The ISBP for the buffer has a propagation delay dl. 

Thus we can state that the timing T2 of AI' is the same as the timing Tl relative to DS, 

except that the AI signal is delayed by dl. The propagation delay dl depends on the tech- 

nology that will be used to implement the interface. For example a L S m  buffer will have 

a minimum delay of 2ns and a maximum delay of 8ns, written as the intenml(2n.s 8ns). 
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~~ebficat ion 3 
for Al  

LSB Address Al  

Microprocessor t 
Output Timing 
S$zr'tion T2 Input Timing 

Spe&cation T3 / forA0 

Delay BuEack d l  1 
A0 

Memory 
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FIGURE 6-24. Example Interface for an Address Signal 

LSB Address Al 

Address 

DS 

FIGURE 6-25. Relative Timing Relationships for Example Interface 

The Interface Designer also detamines the signal timing T7 of the CE' signal relative to 

the microprocessor reference DS signal. The component manufacturer specifies the timing 
relationship T3 of the memory A0 signal relative to the CE signal. 
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The microprocessor signal AI' is connected to mernosr signal AO. To assure that the 

memory component will operate as specified by the component manufacturer, the Inter- 
face Designer must assure that the timing parameters of the A l '  signal satisw the timing 

parameters of the AO signal. In order to compare the timing parameters of two signds, 
both signals must be given relative to the same reference events. Signal CE' is to be con- 

nected directly to the signal CE which is the reference for the A0 signai in timing T3. A 

(a) 
T h h g  TI 

Reference @S) 7-7 s 
TF(- -25) m l 0  +-) 

Timing T2 - 
Reference @ S) 

CE' 

Ir 
Al' -y- 

Timing T4 
0i) 

Reference @S) 

Reference @ S) 

Timing T3 

FIGURE 6-26. Finding Timing TX of Al' relative to CE' 

timing TX is to be found, as shown in Figure 6-26(c), that gives the timing of signal A l  ' 
relative to CE'. Timing parameters between TX and T3 can therefore be compared since 
both timings are relative to the same reference (CE' connects to CE). Figure 6-26 shows 

how the timing parameters for timing TX are obtained. 



In Figure 6-26(a) timing Tl  is a Strobe timing with a setup time of 2511s and a hold 

time of lOns relative to the reference signal (DS). Timing T2 of AI', detexmined by the 
Intaface Designer, also is a Strobe t-g with a setup time of (- 25)+dl and a hold t h e  

of (10 +-)+dl relative to the same reference signal (DS), where d l  is an ISBP parameter 

propagation delay. 

In Figure 6-26(b), timing T4 is a Logic timing with a setup and hold time of ûns rel- 
ative to the reference signal (Ds). Timing T7 of the CE' signal, determined by the Inter- 

face Designer, is also a Logic timing with a setup and hold time of h + d 3  = d3, relative to 

the same reference signal (DS), where d3 is an ISBP parameter propagation delay. 

The events on the CE' signal in T î  occur d3 ns later than the events on the reference 

DS. Since DS is the reference signal in both T2 and T7, it can be concluded that the events 

on the ~l ' signal occur d3 ns earlier relative to the events on the CE' signal. These rela- 

tionships are shown as timing TX in Figure 6-26(c). The ~ 1 '  signal has a setup time 

parameter of (- 25)+dl -d3 and a hold time parameter of (1 0 +-)+dl-ci3 relative to the 

CE' signal. It should be noted that timing TX is a Strobe timing since signal timings are 
small delay invariant, and both d l  and d3 are small delays. 

This example showed that the timing relationship of the reference events between 

components is required to veri@ the timing parameters of two signals being connected. In 
the example shown in Figure 6-26, the required timing relationship is between the DS ref- 

erence signal on the microprocessor and the CE reference signal on the memory. The tim- 

ing relationship between these two signal is given in timing T7. As it tums out, the timing 

of the reference events between components is always available in the form of reques t 
information output of the IB. In fact, the reques t information was designed primarily to 

provide a simple, consistent method to obtain the timing relationship between reference 

events between components. The Interface Designer wil l  connect all information ports 

found on a component, and in doing so will always generate a comection for the 

request information ports. Due to the design methodology employed, the timing of 

reques t information will always be in the form of a Logic timing. For timing verifka- 

tion and constraint extraction, the Interface Designer directly looks at the IB reques t 

information output port that is connected to the slave component reques t information 

input port to determine the timing relationship between the reference events of compo- 

nents. 
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6.9.1.1 Extracthg the Timing Constralnts 

To assure setup and hold time parameters of T3 are satisfied, timing comtraints are 
extracted using the derived timing 'IX. Figure 6-26(c) shows the input setup time of A0 as 

(- - 10) relative to the CE signal while the setup time of the AI ' as (- -25)+dl -d3 rela- 

tive to the CE' signal (which is connected duectly to the CE signal). To assure that the Al 

output signai does generate a signal that meets the AO input specifkation, the Interface 

Designer must assure that the timing parameter interval (- -25)+dl-d3 of the A1 ' signal 

falls within the timing parameter (- - 1 0) of the AO signal. 

The contains-interval operator was developed to provide the Interface Designer with 
a method to express a constraint that m u t  be satisfied to assure that one interval falls 

within another interval. The expression 

((A B) contains-interval (C D)) (EQ 6-1 1) 

represents a constraint that states that interval (C D) falls within the interval (A B). The 

constraint is satisfied (true) iff A I C and B 2 D as illustrated in Figure 6-27. The upper 

Interval (C D) M 
7 7 

Lower Margin = C-A Upper M a r e  = B-D 

{(A B) contains-interval (C D)) iEA I C and B 2 D 

FIGURE 6-27. Contains Intervai Operator 

and lower mamm indicated by how much interval (C D) falls wifhin interval (A B). Posi- 

tive rnargins indicate that the constra.int is satisfied, while any negative margh indicates 

that a constraint falls. 

Using the contains-intemal operator, a constraint for the setup time of the AO and 
Al ' signals c m  be written as: 

{(a - 10) contaius-interval ((A -25)+dl-d3)) (EQ 6- 12) 



Figure 6-28 illustrates this constraht graphicdy. It shows how the timing parameter 

Ts, of the output specification of the AI' signal falls within the input timing parameter 

Ts, of the AO signal input specification. 

Timing Output Specification TX (relative to CE') 

output 
TsoUt=((- -2S)+d 1)-d3 

Tsh=(- - 10) 

the input specification 

FIGURE 6-28. Constraint Output and Input Specification 

For the hold t h e  of the AO signal the constraint is: 

{(O +-) contains-inted((10 +) i- dl-d3)) (EQ 6- 13) 

When the interface is implemented in a given technology, the delay parameters d l  

and d3 will be found. The timing consû-aint shown in Equation 6- 13 can then be evaluated 

to verify that the input timing specification of A0 is satisfied. 

6.9.1.2 Constraint Extraction Rules 

For every 1 .  output to component input comection, a set of connection timing con- 

straints must be found. The timing constraints extracted depend on the signals' timing 

templates. A set of constraint extraction d e s  was developed to extract the timing con- 



straints for each possible combination of IB output timing templates and component input 

templates as outlined in Figure 6-29. The steps for timing constraint extraction are sum- 

State 
Converter ISB 

Timing Verification 
Design Rule 
.IF 

Template X to Template 
' \ THEN 

Exkact Extract constraints 

FIGURE 6-29. IB Constraint Extraction Ruies 

Interface Block 1 Component 1 Steps for I 

marized in Table 6-12: extracting a constraint for the setup time and hold time of the input 

Output Timing 1 Input Timing Timing Extraction 

Strobe, Logic Pulse Extract initiate-terminate consira.int 

Strobe, Logic Sirobe Extract setup & hold constraints (Eq. 6-1 1 ) 

timing or in some cases extracting a constraint for the initiate to terminate t h e  interval as 

Latch 

Foiiows, Sîrobe, Logic 

Foiiows, Strobe, Logic 

Handshake 

Wait 

discussed in Section 6.9.3. 

6.9.2 Choosing an Implementation Technology 

TABLE 6-12. Steps for Timing constra.int Extraction 

Latch 

Follows-Latch 

Follows-Pulse 

Hands hake 

Wait 

The ISBP parameters are represented as &own variables within the constraints. 

Extract setup & hold constraints (Eq. 6-1 1 ), include 
ALE delay 

Extract hold Eq. 6-1 1 ) & initiate-terminate constraints 

Extract hold (Eq. 6-1 1 ) & initiate-teminate constraints 

Extract hold constraint (Eq. 6-1 1 ) 

Extract setup c o n s ~ t  (Eq. 6-1 1 ) 

An implementation technology is now chosen which assigns a fixed range of values to 

every ISBP parameter found withui the B. The choice of implementation technology is up 



to the user of the Interface Designer, and ofien is important for a successful design. Vari- 
ous factors will affect the choice of implementation technology, such as cost, speed power 

consumption and availability. Carefhl consideration must be given to the proper speed of 

the implementation technology. If the implementation technology is too slow for the corn- 
ponents being connected, it may be impossible for the Interface Designer to generate an 

interface where all timing constraints are satisfied- 

6.9.3 Calcdating the Initiate-Terminate Delay 

Up to this point, the Interface Designer has completed the design of the interface and 

has extracted timing constraints, that if satisfied will assure conect operation. Once the 

implementation technology had b een chosen, the Interface Designer could assign values 
directly to all ISBP parameters with one exception: the adjustable propagation delay (for 

example 4, in Figure 6-17) in Leading and Trailing Edge ISBPs. This delay is used to 

adjust the initiate to terminate delay of the reference events on the master, and can now be 

determined. If the timing template of the del ay information is a M s e  timing, the initiate 

to terminate delay provided by the master is fixed and can not be changed. 

The timing constraints extracted include several that place a lower limit on the ini- 
tiate to terrninate delay. For example, the a memory device usually places a restriction on 

the initiate to terminate delay: it must be at least as long as the access t he .  The Interface 

Designer systematically searches through all timing consbraints involving the initiate and 

terminate delay to check for restrictions, and f?om the restrictions calculates a lower lirnit- 

This lower lunit is then used to calculate and set the 4, ISBP parameter of the Leading 

I Delay Timing (Handshake) 

1 1-d I t i a t e  to Terminate Delay Tm 

Reference (DS) 

Aclcnowledge (DTACK) 

FIGURE 6-30. Example Handshake Delay Timing of a Microprocessor 

and Trailing edge ISBPs. For example, the 4, ISBP parameter of a Leading Edge Delay 

ISBP shown in Figure 6-30 is calculated as follows. An IB Handshake delay output timing 



is comected to the Handshake delay input timing of the microprocessor. For the micropro- 

cessor we h o w  that the initiate to terminate delay TE is the sum of Tso and T,,: 

which allows Tso to be written as 

Tso = Tm - Tt, (EQ 6-14) 

For the IB Handshake output timing fiom Figure 6-1 8 we know that 

TSO = T~Pdva.r+d~ro~ 

where TsI is the setup time of the input signal of the Leading Edge Delay ISBP. This 
allows us to solve for d, by substituting Tso 

dvar = T~~ - Tta - (T%+dpnp) (EQ 6-15) 

AU parameters on the RHS of Equation 6-1 5 are known: Tm is the initiate to temi- 

nate delay detennined from the constraints, Tter is the terminate delay f?om the handshake 

signal timing of the componenf is the propagation delay of the AND gate used to 

build the Leading Edge Delay ISBP and TsI is the setup thne of the signal entering the 

Leading Edge Delay ISBP. 

6.9.4 Timing Constraint Evaluation and Vefication 

A timing comtra.int is a relationship between ISBP parameters and tixning parame- 

tas. Both the ISBP parameters and the timing parameters are expressed as tirne intervals 
representing a range of time values. Two types of timing constraints were relevant in this 

work: ineqdity timing constraints such as (A 5 B) and (A 2 B), involving single value 

setup and hold times A and B, and the contaius-interval comection timing constraints 

involving time intervals X and Y (X contains-interval Y). The i n e q d t y  constraints can 

be wriîten using a contains-interval const~aint: 

(A I B) cm be written as ((- B) cont;iins-intemal(- A)) 

(A 2 B) can be written as ((33 +-) contains-interval (A +-)) 

The Interface Designer therefore only has to be able to evaluate constraints involving the 
contains-interval operator. 

To evaluate the contains-interval constra.int (X contains-interval Y), the end points 

of the time intervals X and Y are calculateci, and a check is pdormed to see if the end 

points of interval X enclose the endpoints of interval Y (see Figure 6-27). Calculating the 
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end points of an interval requires evaluation of arithmetic expressions using addition and 

subtraction of time intervals. Evaluation of arithmetic expressions using intervals is called 
interval an'thrnetic. For example, if an event of a signal that has a given timing parameter 
to a reference passes thmugh an ISBP such as a buffer, a thhg parameter for the delayed 

signal relative to the same referaice can be obtained by adding the ISBP parameter to the 

propagation delay as shown in Figure 6-3 1. The addition of two intervals is represented 

Input Output 

Delay Tpd=(C D) 

FIGURE 6-31. Delay of a Signai Relative to a Reference 

using the symbol @ . Conversely if the referaice is passed &&.rough an ISBP such as a 
buffêr, a timing parameter for the signal relative to the delayed reference can be obtained 

by subtracting the interface delay parameter fiorn the timing parameter as shown in 

Figure 6-32. The subtraction of two intenmls is represented using the symbol 8. 

-. - -  - 

FIGURE 6-32. Delay of a Reference Relative to a Signal 

Tnput output 
Referenc % 

$ 
Referenceom 

m e n  two time intervals (A B) and (C D) are added or subtracted, the range of the 

resulting sum or diffaence is detennined. The range will speci& the earliest possible time 

to the latest possible time. 

Signal 

For addition, 

Signal 

Earliest possible t h e  of ((A B) @ (C D)) = 

[Earliest possible t h e  of (A B)] -t ParLiest possible tirne of (C D)] = A-tC 

Thdd=(A B) Delay Tpd=(C D) 
$ 

Thold'= Thold-Tpd= 

(A B ) W C  D) 

and 
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Latest possible tirne oq(A B) @ (C D)) = 

Dtest possible tirne of (A B)] + mtest possible time of (C D)] = B+D @Cl 6- 17) 

The Interval for the time of occurrence of the nim (A B) 8 (C D) is the interval: 

(A B) @ (C D) = (A+C B+D) @Q 6-18) 

This is illustrated in Figure 6-33 by showing what happens when a timing parameter 

Timing Parameter Interval: (-3 O - 1 O) Delay intervak(20 30) 
Find result of adding the two intervals: (-30 -10)8(20 30) 

Timing Parameter Interval (-30 - 1 O) 

Timing Parameter -3 O delayed by (20 3 

Timing Parameter -20 delayed by (20 30) 

Timing Parameter - 1 0 delayed by (20 3 0) 1 *SI+ 
Resulting Timing Parameter (- 1 0 20) H 

FIGURE 6-33. Example of Addition of a Timing Parameter and a Propagation Delay 

interval of (-30 -10) is delayed by an interval of (20 30). 

For subtraction, 

Earliest possible t h e  of ((A B) (C D)) = 

[Earliest possible tirne of (A B)] - [Latest possible time of (C D)] = A-D 

and 

Latest possible tirne oq(A B) (C D)) = 

Ptest  possible time of (A B)] - Fafiest possible time of (C D)] = B-C 

The Interval for the time of occurrence of the difference (A B) 8 (C D) is the interval: 

(A 8) - (C D) = (A-D B-C) (EQ 6- 19) 

This is illustrated in Figure 6-34 by showing what happens when a timing parameter 
intervd of (-30 -10) occurs earlier by an interval of (20 30). 

Both the interval addition and subtraction operators are associative. This means: 



Timing Parameter Interval: (-3 O - 1 0) earlier b y interval:(20 30) 
Find result of subiracting the two intervals: (-30 - 1 O)@ (20 30) 

Timing Parameter Intemal(-3 0 - 1 0) 

Timing Parameter - 1 0 earlier by (20 3 0) 

Timing Parameter -20 earlier by (20 3 0) 

Timing Parameter -30 earlier by (20 30) l i '  
C 

Resulting Timing Parameter (-60 -30) 
1 

H 
FIGURE 6-34. Example of Subtraction of a Timing Parameter and a Propagation Delay 

(A B) @ ((C D) (E F)) = (A+C-F B+D-E) 

The interval arithmetic expressions given in Equation 6- 1 8 and Equation 6- 19 can 
be used to evaluate the timing constraints extracted. The interface example in Figure 6-26 

has the two timing constraints extracted as given in Equation 6- 12 and Equation 6- 13. If 
the circuit is implemented using a technology such as LS TTL, then delay dl  will be (4 

12) ns, while delay d3 will be (6 15) ns (worst case range of values for one implernenta- 

tion) [62] and the Equation 6- 12 constraint becomes: 

((- - 1 O) contains-interval(- - 19)) (EQ 6-23) 

The interval (- -10) does contain the interval (-- -19), which means that 

Equaîion 6-23 is aiways tme and the constraint is satisfied for this implementation. The 
upper margin for this constmint is 9ns. The margin can be used as an indication of how 
tolerant the design will be to fluctuations in the timing parameters. The timing parameters 
are usually infiuenced b y the type of implernentation technology, operating temperature 

range, powa supply fluctuations or semiconductor processing consistency. A large posi- 

tive margin indicates that the design is robust and will still operate correctly men if the 
timing parameters fluctuate nom the values assigned during the interface design process. 



Continuing with the intdace example in Figure 6-26, the Equation 6-13 constraint 

becomes: 

((O +-) contains-interval((10 +-) C!3 (- 1 1 6)))  (EQ 6-26) 

{(O +-) contains-interval(-1 +-)) @Q 6-27) 

Equation 6-27 fails since the interval (-1 +-) is not contained within the interval (O 

+-), by a lower margin of -lm. The failed constraint means that for this implementation 

the hold tirne of the AO signal relative to the CE signal is not satisfied under all operating 

conditions, thus resulting in an invalid design. This failed cunstraint shown is hypothetical 

for illustration purposes and would normally indicate that the selected components are 

incompatible with each o h .  Chapter 7 discusses how a failed constraint is handled by 

the Interface Designer. 

6.10 Generating the VHDL Code 

Once the design is completed and the timing constraints are verifed, VHDL code is 

generated for the interface. This work uses the premise that at the most detailed level, all 

interface blocks are b d t  up fkom hown ISBPs (defined in Chapter 5). A VHDL primitive 

circuit library was created that contains arcbitectures of these ISBPs. This means that the 
ISBPs that are used to build up the II3 can be 'instantiated' as 'components' within the 

'architecture' of each interface block ' enfi@' ' . Since the primitive circuit library contains 

an architecture for each of the VHDL primitive circuits, it will be possible to simuiate or 

synthesize the IB by simply compiiing the completed design and including the VHDL 

primitive circuit library. There are two important advantages to using a VHDL primitive 

circuit library. First, the Interface Designer is able to generate a completely stnictural rep- 

resentation of the interface using the VHDL primitive circuits and second, the architec- 

tures of the VHDL primitive circuits can be v d e d  and optimized separately. 

The Interface Designer will generate an Il3 for each data transfer connection request. 

For a microprocessor system there usually will be more than one connection request. For 

example a microprocessor system may consist of one or more banks of RAM rnemory, one 

or more banks of ROM rnemory and different IO devices. Such a system would be 

1. Quoted words are terminology used in the VHDL language and have different meaning than the same 
terms used previously within this work 



designed using several connection requests, one for each bank of RAM, one for each bank 
of ROM and one for each IO device. To aîd in the simulation and synthesis of the complete 

microprocessor system, the Interface Designer will generate a system VHDL entity which 

contains all the data transfer Il3 VHDL entities. 

Finally, a VHDL system test bench is produced for the system VHDL entity- A test 

bench is a VHDL entity that instantiates the system VKDL entity and applies simulation 

excitation signds (called test vectors) to the inputs of the IBs within the system VHDL 
entity. By simulating the test bench using a VHDL simulator the operation of the interface 

cm be analyzed and verified. More imporiantly, the capability to simulate the resulting 

interface makes it possible to validate the Interface Designer. By studying and analyzing 
the ourput fiom the simulator, a design engineer c m  validate that the interface generated 

by the Interface Designer allows all components to operate as specified by the manufac- 

turer. The simulation test vectors are generated automatically by the Interface Designer. 

The state and timing of the test vectors are extracted fiom the state specification and signal 

timings in the component library. The Interface Designer will provide test vectors that 

simulate a basic read cycle followed by a write cycle. 

6.11 Controlling the Design Process 

The design lmowledge of the Interface Designer consists of a set of rules to accom- 

plish the diEerent tasks of the design process. The orderly execution of the ta& is con- 

trolled ushg context limiting and specificity o r d e ~ g  stratedes. 

- 
FIGURE 6-35. Design Phases used for Contexts Limiting 



The Interface Designer system steps through the phases shown in Figure 6-35. Inter- 

face design starts with the IB Creation phase. Once the initial IB is created, the ISB Cre- 
ation phase commences. After completion of the ISBs, unused and redundant ISBs are 
deleted during the II3 Cleanup phase. An example of a redundant ISB is a Timing ISB that 

consists of a W K ~  ISBP. The deletion of a W K ~  ISBP in no way changes the behavior of 

the IB, it only reduces the complexity by reducing the number of ISBs. This step was 
added since it was found that Wxe ISBPs were cluttering up the user display of the IB data 
structure and the large number of Wue ISBPs slowed the generation and compilation t h e  

of the VHDL code. An example of an unused ISB is an M o  ISB that is used to generate an 

intenial decoded read information signal, the output of which is not used anywhere in 
the IB. Such an ISB can be removed without aEecting the operation of the interface. 

Next the timing constraints will be v d e d  during the Verifu Constraints phase. 

Timing constraint verifkation is followed by generation of the VHDL code for the IB that 

has just been designed, during the VHDL Generation phase. If more IBs must be 
designed, another IE3 is created and the ISB Creation phase once more commences. If al1 
required IBs have been designed, VHDL code for the system test bench incorporating all 
IBs is generated during the VHDL System Generation phase. 

6.12 Summary of the Interface Design Process and Representation 

This chapter developed the interface design process and its representation in the 
Interface Designer. The interface design process is divided into seven steps which closely 

follow the abstraction hierarchy developed for the component and interface models. 

The k t  step creates an II3 for each capability of a component that must be con- 

nected. The IB is sub-divided into M o  fSBs which in turn are sub-divided into State and 

Timing ISBs. The State and Timing ISBs are next designed using ISBPs and the timings 
on the input of the ISBs are propagated to the output of the ISB. Once the IB is designed, 

the timing constmhts are v d e d  to see if al l  input timing specifications are satisfied. 
Finally a VHDL representation of the TSs is produce.. A simulation test bench for the IBs 

is also generated a d  allows the operation of the interface to be validated using VHDL 
simulation tools. 



Chapter 7 

Data Transfer Interface Design Implementation and Results 

Chapters 4 to 6 developed the knowledge representation fiamework and the infer- 
ence process used in the Interface Designer. This chapter presents the results obtained 

fiom the Interface Designer implemented in Knowledge Crafi expert system shell [17]. 

The Knowledge Cr& shell version 4.1 runs on a Sun Microsystem SPARCstation 2 with 

48MB of RAM under UNIX SunOS release 4.1.3. 

Data structures in Knowledge Cr& are implemented using the CRL (Carnegie Rep- 
resentation Language [16]), a &ame based knowledge representation language which pro- 

vides object-onented programming that describes inheritance as relations between objects 

that are called -es. A directed graph that uses -es as nodes and the relations 

between fiames for the links between nodes is called afiame network. In Knowledge 

Craff the fiame network can be displayed and modSed using the Palm Network Editor 

tool. Rules are represented in CRL-OPS, a forward chaining d e  based system language 

Cl61 

This chapter first presents the components entered into the Interface Designer corn- 

ponent library. This is followed by the detailed analysis of a design example using the 

68000 microprocessor and the 6 1 16 RAM. Other design examples are provided in Appen- 

dix F to illustrate different features of the Interface Designer. The chapter concludes with a 
summary of the different rnicroprocessor systems designed with the Interface Designer. 

7.1 Component Library 

Various components were entered into the component library using the knowledge 

representation techniques developed in Chapter 4. The component library is used to store 

all component information relevant to interface design. The development of the compo- 

nent library was accomplished in two phases. First protome fiames were created which 

represent the classes of building blocks fiom which components can be constnicted. Sec- 

ond, the appropnate prototype fiames were instantiated to produce the device fiames that 

represent an actual, specific component. (For an overview of the component fiames see 
B. 1). 
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7.1.1 Prototype Frames 

Prototype fiames represent the building blocks fkom which component and in tdace  

block h e s  c m  be created through instantiation. Prototype fiames are organized into 

networks of related classes using the %-a relation. For example, Figure 7-1 shows the 

*PU LSE-TIMING *RND,PULSE,T IMING 

*PU LS E-LR TCH,TIMING.- *AND,PULSE-LRTCH-TIMING 

*OC-TIMING e - A *ANO,OC,TIMING 

*LFITCH-TIMING -.i *RNLLRTCH,TIMING 

*FO LLOWS-TIMING - *AND,FO LLOWS-TIMING 

*STROB E-TIMING *AND-STROBE- TIMINû 

*LOGIC,TIMING 

*LJFIIT,TIMING 7 *AND,WIT,TIMING 

*HANOSHRKE,TIMING ~s *RNDDHANOSHAKEETIMING 

I R e l a t i o n  Keys: 
(1) 1s-FI 

FIGURE 7-1. Class Network of Prototype Frames for Signal Timings 

prototype h n e s  that were created for all the signal timings developed in Chapter 4, dis- 

played using the Knowledge Cr& Palm Network Editor. The root class TIMING has sub- 
classes PULSE-TIMING, PULSE-LATCH-TIMING, etc., w k h  in tum may have 

M e r  sub-classes, 

7.1.2 Device Frames 

Once the prototype *es were designed and completed, device fiames were cre- 
ated for different components based on the prototype fiames: every device fiame in a com- 

ponent is the instantiation of a prototype W e .  For example, the Motorola 68000 

microprocessor device fkame was created by instantiating the microprocessor protome 

h n e .  Figure 7-2 shows a partial network of device and prototype &unes that make up the 
68000 microprocessor. Both device fiames and protome fiames are shown to give the 

reader an understanding of the %-a class relations between the prototype fiames and 
device fiames, and an understanding of the relations between device fiames. A fiame 
enclosed in a box indicates it occurs more than once in the displayed ikame network. 

In Figure 7-2, the arrow between nodes in the hime network represents the relations 

between nodes. A key for the relations between nodes is given at the bottom of the figure 

to d o w  the reader to interpret the fiame network. For example, Figure 7-2 indicates that 





the M68 0 0 0 (device fiame) %-a MICROPROCESSOR (prototype fiame) which in tum 
%-a COMP~NENT (prototype fiame). A complete listkg of the device k e s  for the 

Motorola 68000 microprocessor (8Mhz) is givm in D. 1. 

7.13 Components Represented 

To illustrate the design capabilities of the Interface Designer, a cross section of corn- 

ponents fkom different families and mdac tu re r s  and for diffkrent operating speeds was 
selected and entered into the component library. These components are listed in Table 7-1. 

The type column specifies if a component is a microprocessor (CPU), RAM memory, 

ROM memory or IO device. The name column lists the generic name for the component 

while the p m  number column gives the name from the manufacturer for a spe&c speed. 

The speed is listed as either a fiequency (in Mhz), for those components that require an 

extemal clock signal to operate, or as a period for those component whose speed can be 

given as an access tirne. The address and data columns give the size of the address bus and 

the data bus respectively. 

7.1.4 Component Entry Guidelines 

Data entry into the component library requires a detailed analysis of the component 

specification. From the experience gained by entering the components shown in Table 7-1 

into the cornponent library, the following guidelines were established: 

1. Review a component's data transfer capability. 

2. Review all signals and decide which signals are involved in data transfer. Extract the 
signals used for each of the information tramfers: reques t , da ta, address , 
type, direction, word, size and delay. 

3. For signals detexmined in step 2, determine the signal states that occur during data 
transfer. This is the state somat ion  for information transfer. 

4. Since the curent design system can only handle standard TTL logic levels, check the 
DC logic level compatibdity. 

5. From the AC timing diagrams for the read and write cycle, find the initiate and texmi- 
nate events. Extract the signds involved and develop their event expressions. 

6. From the AC timing diagrams, determine the timing for each of the signals extracted in 
Step 2 for each information transfer. At this point only determine the timing template, 
not the specihc timing parameters. 

7. From the AC timing parameter tables, determine the specific timing parameter for each 
event relation found for the timings from Step 6. 



m e  

CPU 

Memory 

6810 mcm68b10 CS81 
Memory 27 16 etc27 16- 1 1821 

Name 

6809 

6809 

6809e 

68000 

68000 

68020 

68020 

280 

280 

8085 

8085 

0 

8086 

32020 

61 16 

EPROM 1 Intel 1 12 1 8  1200ns 

Part No- 

mc6809 

mc68A09 

mc6809e 

mc68000-8 

mc68000-12.5 

mc68020-12.5 

mc68020-16.7 

280 

z80h 

i8085a 

i8085a-2 

6116 

6164 

6810 

/ SRAM 
1 

EPROM 

i8086a-2 

tms32020 

cmd6116-3 

cmd6116-9 

mcm6164-45 

mcm6810 

Motorola 

Mostek 

Ref. 

1581 
[58] 
[58] 
[55] 
[55] 
[56] 
[56] 
[88] 
[88] 
[43] 
1431 
1411 
[80] 
[67] 

EPROM 1 Intel 

EPRG 
EPROM 

EPROM 

EPROM 

EPROM 

Data 

(bw 

8 

8 

8 

16 

16 

32 

32 

8 

[67] 
[59] 
[58] 

7 

11 

12 

13 

14 

--1ntel 

Intel 

iitel 

6800 1 Motorola 1 1 1 8  1280ns 

Speed 

lMhz 

1 SMhz 

lMhz 

8Mhz 

12.- 

12.5Mhz 

16.7Mhz 

2.5Mhz 

8086 

32020 

SRAM 

12 

Intel 

Intel 
- -p. 

6800 

8080 

8080 

6800 

6800 

6800 

I I I t 

1 6850 1 rnc68bSO 
1 1 [58] 1 6800 1 Motorola 1 1 1 8  1 210ns 

TABLE 7-1. List of Components in Component Library 

Address 

(bib) 
16 

16 

16 

23 

23 

32 

32 

16 

16 

16 

16 

Family 

6800 

6800 

6800 

68000 

68000 

S W  
SRAM 

SRAM 

8 

8 

8 

8 

8 

2 

2 

2 

-- - 

Motorola 

Intel 

Intel 

Manu- 
facturer 

Motorola 

Motorola 

Motorola 

Motorola 

Motorola 

8 

8 

8 

Intel 

TI 

RCA 

250ns 

350ns 

8 

- -  - 

4501s 

180ns 

20011s 

15 

16 

Motorola 

Motorola 

Motorola 

8Mhz 

3Mhz 

SMhz 

RCA 

Motorola 

Motorola 

250ns 

-- 

8 

8 

8 

68000 

68000 

Z80 

280 

8080 

8080 

20 

16 

11 

8 

8 

2101s p 

4 0 h  

150ns 

1 

1 

1 

Motorola 

Motorola 

Zilog 

Zilog 

Intel 

Intel 

170ns 

170ns 

16 

16 

8 

25011s 

451x3 

450Iis 

11 1 8  

8 

8 

8 

8Mhz 

2OMhz 

l50ns 

13 

7 

28011s 

210ns 

450ns 

8 

8 



8. Create the device fhne network of a component using the CRL language, by instanti- 
ating the appropriate prototype &es. 

7.2 Design Rules 

The Interface Designer is comprised of 93 design rules. Table 7-2 shows the d e s  

grouped according to the interface design function they perform. An example CRL-OPS 

rule is shown in Table 7-3. This rule has been simplified for presentation purpose. The 

IB Creation 

Idonnation Connection ISB creation and State 
ISB creation / design 

Timing ISB creation / design 

Timing constra.int extraction 

Implementation & timing constraint verifkation 

Generation of VHDL code, Test Bench and NetList 

Housekeeping: context iimïting, deletion of unused 
ISBs 

modify-latch- to-s trobe-block d e  will fire when a Timing ISB with a Latch 

1 

36 

24 

1 I 

1 

2 

18 

input timing and a Strobe output timing must designed. This d e  is only active during the 

TABLE 7-2. R d e  Design Function Summary 

;rule to fill in a Timing ISB with the appropriate logic 
;if the input is latch timing and output timing is a strobe timing 
;i.e. demultiplex the signal 
(p modify-latch-to-strobe-block 
(interface-subblock ̂ schema-name 4nt-block> ^instance 'interface-sub-block 

%odified-bytinv csuperblock> 
^function (member single-signal-converter <>) 
^status 'new 
^input-timing <itim> ^output-timing <otim> 
"input-signal <isig> ^output-signal <osig>) 

(latch-timing "schema-name c i t d )  
(strobe-timing ̂ schema-name cotim>) 

(step ̂ phase data-xfer-interface-creation) -- > 
(create-nonmux-signal cint-blocb) 
(modify-strobe-from-latch-output-timing cint-block> <superblock>) 
(adjust-timing (get-value cint-blocb 'output-timing) cet- 

(get-value cint-block> 'output-signal)) 
(mark-timing-completed <itim> <otim> cisig> cint-block> 'latch-to-stb)))) 

TABLE 7-3. Example Rule for Timing ConstrlOint Extraction 

data-xf er-inter£ ace-creation phase of the design. The consequents of the 

rule have been organized into several modula LISP routines that will fill in the appropri- 



ate slots in the appropriate -es. The c rea t e -nom-s  ignal routine will insert 

the D-Latch primitive circuit into the Timing ISB. The modi fy-s trobe- f rom- 

latch-output - t iming routine wilI determine the output signal timing parameters of 

the Timing ISB fiom its input. The adj us t - t i m i n g  routine will determine signal tim- 

ing parameters of the output of the State ISB. Finally the mark- timing-completed 

routine will mark the Timing ISB as being completed. 

7.3 Interface Designer Output 

The Interface Designer produces a variety of outputs as shown in Figure 7-3. An 

execution logfile tracks every step of the Interface Designer. Any mors encountered dur- 
ing the design are recorded in the execution logfile. This helps the Intefice Designer user 

VHDL related O 

FIGURE 7-3. Interface Designer Output 

to track down any problems encountered during the design process. Afier completion of 
the design, the Interface Designer saves ail the IBs and ISBs generated in the IB and ISB 

F m e  File. This nie allows the user to inspect and veriQ any fiames generated, if desired. 
The Connection Netlist tile provides a listing of al l  the component signals being connected 
and their pin numbers. 



The primary output of the Interface Designer are several VHDL files of the inter- 
face: 

An B andlSB W D L  Code file is generated for each IB designed. 

A System W D L  Test Bench file is generated which instantiates MfDL entities of all 
IBs generated and can be used to simulate the operation of the completed data -fer 
interface. 

A YHDL Compile Batch File is produced to assist the user in the compilation of the 
VHDL code. Compilation of the VHDL code is required before simulation and synthe- 
sis of the VHDL code. 

A VHDL Simulation Plot Batch File is produced to assist the user in the display of tim- 
ing waveforms fiom the VHDL simulator. 

Both the VHDL compile batch file and the VHDL simulation plot batch file were 

included for the convenience of the user and they do not contain any design information. 

The complete design is contained within the IB, ISB and System test bench VHDL mes. 

7.4 Interface Design Example: 68000 to 6116 

This section illustrates a complete design using the Interface Designer. The aspects 

of the design process discussed include the problem specification, IB and ISB design, 

f ime  representation, timing verification, VHDL code generation and the VHDL simula- 

tor output. 

The Interface Designer was aven the following microprocessor data transfer inter- 

face design problem: 

Microprocessor: Mo torola 6 8000 (8 Mhz dock fkequency) 

Memory: Four RCA 6 1 16 (15011s access tirne) 2Kx8 CMOS static RAM devices 

16-bit datapath interface between microprocessor and memory 

The memory is organized into two banks of 16-bit datapath width, mapped at address 
OxOOOOOO and 0x008000 in 24-bit address space (hex address) 

The memory is accessible fiom the User and Supervisor, Program and Data spaces. 

An overview of the 68000 to 6 1 16 design example specification is given in Figure 7- 
4. Some of the features illustrated by this design example are: address decoding, 16-bit 

data bus comection allowing both 16-bit and 8-bit data transfer, data bus bufféring, data 

transfer intemal decoded type information utilization, data tram fer acknowledge gen- 

eration and connection of non-multiplexed address signals. 



Bank of 4.6 1 16 RAM devices 

Microprocessor 
68000 l 

Interface: 

16-bit 
Data Path 

type : 
User 
Supervisor 
Program 
Data 

L 

cmd6 1 16-3 
Memory, US 
150x1s 
Lower Data 

i a d 6  1 16-3 
Memory,U3 
1 sons 
Upper Data 

~md6116-3 
Memory, U4 
15ûns 
Lower Data 

i a d 6  1 16-3 
Memory,US 
150ns 
Upper Data 

FIGURE 7-4. 68000 to 6116 Design Example Speciücation 

The Interface Designer is provided with instances of the cornponents being con- 

nected and a connection request. Table 7-4 shows the *es (using pseudo code for sim- 

COMPONENT INSTANCES: 
ul: instance-of: m68000 
u2 : instance-of : m6116 
u3: instance-of: 1116116 
u4: instance-of: m6116 
u5 : instance-of : m6116 

CONNECTION REQUEST: 
connection-request-1 

purpose: data-trançfex 
connect: U1 to US, U3, U4, US 
memory-map: US, U3 at address 0x000000 

U4, U5 at address 0x008000 
type-map : U2, U3, U4, US at 

user & supervisor, program & data 
data-bus-map: US to U1 lower-data 

U3 to U1 upper-data 
U4 to U1 lower-data 
U5 to Ul upper-data 

address-bus-map: US, U3, U4, U5 (AO-A10) to U1 (Al-Al11 
TABLE 74. Component Instances and Comection Request for Design Example 

plicity) that are passed to the Interface Designer. The complete CRL -es for the 

component instances and the connection request are given in D.2. 

7.4.2 Execution: 68000 to 6116 

To illustrate the operation of the interface design d e s ,  the design process was inter- 

rupted afier the creation and design of the Reques t information ISB. The d e s  that fired 
are shown in Table 7-5. The resulting II3 fiame network is shown in Figure 7-5. The 

IB-1-RW-CONNECT firame represents the interface block. ISB-4-REQUEST-INT is 



the ISB that generates the internd request signal, 1 SB-4-REQUE ST-INT-S IGNAL, 
with a timing ISB-4-REUQEST-INT-TIMING, fiom the 68000 reques t informa- 
tion. ISB-9-REQUESTLINT-OUT represents the Info ISB used to generate the 

Rule Fired 

create-rw-control-comect 

create-request-int 

Function of nile 

Cr- IB for 68000 to 6 1 16 

Create the intenid request generate ISB 

create-request-in 

extract-conversion-blocks 

(ISB04-REQUESTREW 
Create an ISB with instructions to finish the inter- 
nai request generate ISB @SB-5-REQUEST-IN) 
and design State ISB 

Create a Timing ISB for each input into the inter- 
na1 request generate ISB 

modlfy-strobe-to-logic-block 

modify-logic-to-logic-block 

rnodify-logic-to-logic-block 

~SB-~-REQUEST-IRT-SIGHA~ -qSB-4-RE QUEST-MT-TIMMG 

*C ONNE CTroH-sug-m qve sr-1 
* c ONNE CTIOH-SUB-Ez QUE ST-2 

*CONNE CTION-SUB-RE QUE ST-3 

*CONNE =ON-SUB-E Q-4 

^rSB-9-FlEQUE SLI-MT-OUT 

*I5B-8-CONU-SS 

% SB-7-C ONU-S 5 

*I S8-6-C ONU-S 5 

*r ~ ~ - 5 - x  QUE ST-M 

Design Timing ISB (ISB_a_CONV_SS) 

Design Timing ISB (ISB-7-CONV-SS) 

Design Timing ISB (ISB-8-CONV-SS) 

modify-block-to-finished 

- - p--p 

E'IGURE 7-5. The Example Interface After 8 Ruies Have Fired 

Lndicate that the internai request generate ISB is 
finished 

reques t information connected to the 6 1 16 memory. ISB-5-REQUEST-IN is an ISB 
that is used to keep track of the completion of ISB-4-REQUEST-INT. The d e  that fies 

to create the ISB-4-REQUEST-IN ISB is also used to finalize the State ISB state qua- 
tion. For convenience, the state equation for the State ISB is stored in the intemal request 
infornation h e  as seen in Table 7-6. A Timing ISB is provided for every signal going 

TABLE 7-5. Rules fued for Request Information ISB design 



I ISTAHC E: INTERFACE-SUB-BLOCK 
COMTAINS-SUB-BLOIK+IIU: 18-LRW-CONNECT 
COITAINS-SUE-BLOCK: ISB-8,CONU-SS ISB,7,CONU,SS ISB-6-CONU-SS ISB-5-REQUEST-II 
INPUT-COHPONENTS: U 1  
OUTPUT-COIBOWEHTS: 
STATUS: FIHISHED 
PurwasE: IWTERNRL REQUEST GEHEI~RTE 
FUICTIOW : REQU EST-IN 
IEEDS-FUNCTION: 
BROUP : 
HARDWIRE-FUHCTION : C O ~ I N R T O R I f l  L 
PRRRMETERS : 
USES-UELRY-UARIABLES: 
INPUT-SIGNALS: iï68000-LOS rt68000,UOS il68000,RS 
INPUT-T I t i I IBS:  ~ 8 0 0 0 ~ U O S ~ L D S ~ T I R I N O  ll68000-DS-AS-TIMN6 
INPUT: {AND (ASSO R68000,AS) <OR ( ISSU ti68000-UDS) CRSSO tlS8OOO-LOS>> > 
OUTPUT-TIPUNB: ISB-4,REQUEST-IHT-TIRING 
OUTPUT-STATE: (RBSU ISB,4,REQUEST-fHT,SI8WCIL) 
OUTPUT-SIGMALS: ISB-4,REQUEST-INT-SIGNAL 

TABLE 7-6. Intemal Request Generation Frame fur Design Example 

into the ISB-4REQUEST-INT (the 1 SB-nn-CO-S S ISBs). A schematic represen- 

68000 

UDS 

LDS 

Request Information Flow 

FIGURE 7-6. Request Interface Information Schematic 

tation of the reques t infonnation circuit is shown in Figure 7-6 to give the reader a 

clearer picture of the signals involved. Figure 7-6 shows the circuit inside the 

ISB-4-REQUEST-INT ISB and how the ISB signds are related to signals on the 68000 

and 61 16. The three Timùig ISBs in Figure 7-6 are wires since no timing conversion is 

required. It should be noted that at this point in the design, the 

ISB-4-mQUEST-INT_SIGNAL is not connected to the 

I SB-9-FtEQUEST-INT_OUT ISB. 
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If the inference engine is allowed to continue the design process until completion 

(627 mie fkings) the IB fiame network in Figure 7-7 is obtained. It should be noted that 

FIGURE 7-7. Completed interface Design Example Frame Network 

some of the IB &unes were removed for display clarity (for example, only some of the 

data signal and address signal ISB fiames are shown). 

Intemal sipals and their timings are shown at the top of Figure 7-7 

(1 SB-M-XXXX~INT_S IGNAL) . 1 SB-2 4 9 _ADD represents the interface between the 

68000 and 6 1 16 address signals. 1 SB-8 8-DATA represents the interface between the 

68000 and 6 1 16 data signals. The ISBs called ISB-M-CONV-CC represent the interface 



blocks that connect the output of the II3 to the input of a component It should be noted, 

that for this example design, only one Timing ISE3 is required: ISB-69_CONV_SS, 

which is a Leading Edge Delay primitive circuit. 

7.43 System Schematic: 68000 to 6116 

To provide a visual representation of the interface design example, the output of the 

Interface Designer was dram manually as a schematic shown in Figure 7-8 fiom the IB 
fiame network. The IB schematic is given in terms of its Info ISBs to emphasize the gen- 

eral interface methodology and how the methodology relates to the Gnal design output. 

Different infornation port signals fiom the microprocessor are decoded within ISBs to 

generate internd signals. There are two intenial decoded address information sig- 

nais for the two different address banks. S O selects address O and SI seiects address 

0x8000. There are two internal decoded word information signals for the upper and 

lower data bytes. For this design, the intemal decoded word information signals corre- 

sponddirectly to t h e m s  andLDS signais fiomthe68000. The internal decoded type 

information signal gets activated whenever the User, Supervisor, Program or Data space is 

selected. The interna1 decoded reques t information signal is activated when any data 

transfer is in progress. 

The information from the internal decoded address, type, word and 

reques t information ISBs are combined using a four input AND combinatonal circuit 

and applied to the CE signal on the 61 16. The d i r e c t i o n  information f?om the master is 

comected to the OZ and wR signal on the 61 16 in the form of intemal decoded read  

and wri t e  information signals. The internal decoded read information signal is also 

connecteci to the direction signal input (DIR) on the bidirectiond buffers (shown as 

) connecting the data signals. The internal access information signal is 

generated so tbat it is active whenever the memory devices are activated and is comected 

to the enable input (EN) on the bidirectional buffers connecting the data signals. The inter- 

nal a c c e s s  information signal is also comected to a Leading Edge Delay input whose 

output comects to the DTACK acknowledge signal. The Leading Edge Delay takes the h t  

edge of the intemal access information signal (the edge that is related to the initiate 

transition fkorn the reference), and delays it by an amount calculated from the timing con- 

s e t s  extracted during interface design, which is 76 ns for this example. The buffered 

address signals (ALAU) f?om the 68000 are connected to the (AO-~10) address signal 

inputs on the 61 16 memory. As shown in the schematic the lower data bus (DO-~7) fiom 
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68000 
u1 

Addr 
Al423 

Data 
DO-D15' CE" 

: J m D R  (A0:IO) 1 

Decode 

ADDR(A0: IO) 1 

FIGURE 7-8. Schematic for interface Design Example 



the 68000 is connected to the data signals on U2 and U4, while the upper data bus ( ~ 8 -  

D15) &om the 68000 is comected to the data signds on U3 and U5. 

7.4.4 Timing Constraint Veriûcation: 68000 to 6116 

For this work, the default target implementation technology was the XILINX 
XC4000 programmable logic device family [89]. This logic famiy was chosen due to its 

flexible architecture, and large range of gate wunts fkom 3,000 (standard 2-input gates) for 

the XC4003 device to 25,000 for the XC4025 device. The Interface Designer allows the 

ISBP parameters to be specified as a triplet of values: (minimum maximum typical). For 

the XC4000 series the ISBP combinatorid delay parameter was specified as (311s 711s 5ns), 
the clock to output delay was specified as (211s 411s 3ns) and the tnstate enable delay was 
specified as (7ns 15ns l k ) .  These ranges of values were chosen since they encompass 

the -4, -5 and -6 speed grades of the XC4000 senes devices. A triplet of values was chosen 

for the ISBP parameters since it allows the Interface Designer to perform worst case tim- 

ing analysis during the timing constraint verification phase by using the minimum and 

maximum values, while also providing a typical value that can be used to investigate how 

the interface will perfom unda typical conditions in a VHDL simulation. 

AU timing constraints for the 68000 to 6 1 16 interface design example were found to 

be satisfactory. This indicates that the Interface Designer produced a valid design fkom a 

signal timing perspective. 

7.4.5 VEtQL Code Output: 68000 to 6116 

The Interface Designer automatically translates the IB fiame network into VHDL- 

87 code. The VHDL-87 code was adopted by the Institute of Electrical and Electronic 

Engineers (IEEE) in 1987 in the form of IEEE standard 1076. The VHDL-87 standard was 

updated and extended in 1993 to version VHDL-93 by adding several new features. This 

work uses VHDL-87 since none of the VHDL-93 extensions of the Ianguage were 

required and because VHDL-87 has easily availabie compile and simulation tools. The 

VHDL language proved to be ideal, since it allows representation of a hierarchial data 
structures similar to the fiame network developed for the interface. For example, the inter- 

naI reques t generation kame fiom Figure 7-6 is translated into the VHDL code shown 
in Table 7-7. 

A complete design example of VHDL code for the IB IB-1-RW-CONNECT, is 

given in E.2. The VHDL code for the ISBs used to build up IB-1-RW_CONNECT is given 



library IEEE; 
use IEEE.S~-LOGIC,~~~~.ALL; 
library DAMELIB ; 

entity ISB-4-RBQUEST-INT is 
generic ( 

TPD : t h e  ) ;  
port ( 

M68000AS-Ul : IN std-logic; 
M68000JDS,Ul : IN std-logic; 
M68000LDS-Ul : IN std-logic; 
ISB-4-EIEQUEST-INT-SIGNAL : OUT std-logic ) ; 

end ISB-4-REQUEST-INT; 

architecture ONLY of ISB-4-ElEQUEST-INT is 
begin 

ISB-4-REQUEST-INT_SIGNAL <= 
( ( not M68 0 0 0-AS-U1 ) a d  
( (  not M68000-UDS-U1 ) o r  ( not M68000-LDS-U1 ) ) 
) after TPD; 

1 end ONLY; 
TABLE 7-7. VfllDL Reques t Generation Entity for Design Example 

in E. 1, while the MIDL test bench that can be used to simulate the IB-1-RW_CONNECT 

interface is given in E.3. 

7.4.6 VEEDL Simulation: 68000 to 6116 

Once the VHDL code is generated, the Interface Designer has completed all its 

assigned tasks and execution is termùiated. The user can now take the VHDL code and 
pass it onto a VHDL simulation tool to verify the validity of the design by comparing the 

simulation output to the component spedication fkom the manufacturer's data books. It 

should be noted that simulation is not a required step in the design process and the VHDL 
code c m  be used directly to synthesize the interface using a VHDL synthesis tool. How- 

ever, for this work, verification of the correct operation of the Interface Designer necessi- 

tated the VHDL s i d a t i o n  of all design. generated. 

It should be noted that in the VHDL simulation ISBP parameters are single values, 

representing typical values. If a method is developed that allows more accurate values to 

be found for the ISBP parameters (such as back annotation through the use of a XILKNX 

VHDL synthesis tool), then dose values can be used for the VHDL simulation instead. 

The 68000 to 61 16 interface design was compiled using the Mentor Graphics Qvh- 

corn VHDL compiler. The VHDL code was shulated using the Qhsim VHDL simulator 

in Mentor Graphics. The resulting simulation wavefonns can be seen in Figure 7-9. The 
excitation waveforms simulate a write cycle at address 0x0080 12 followed by a read cycle 
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at address 0x0001 la. These addresses were chosen by the Interface Designer' using 

unique bit patterns, to f d  within the memory banks starhg at 0x000000 and 0x008000. 

Unique bit patterns are used to allow a design engineer to quickly veri@ the correct con- 

nection of the address signals in the timing diagram. The write cycle is a 16-bit data tram- 

fer, wwhüe the read cycle is an 8-bit data tramfer. The simulation plot displays alI data 

transfer signals on both the microprocessor and the memory. The events in the timing dia- 

gram were labelled by hand with their relative time of occunence for analysis and discus- 

sion purposes. The interpretation of the signal states in the timing diagram is given in 

I Single Signal BUS Signds 

7 ----------- x zz ... x xx... 
O 1 z X 

O Low Voltage 
1 High Voltage 
Z High hpedance 
X Unlaiown Voltage (either High or Low) 

FIGURE 7-10. Simdation Timing Diagram States 

Figure 7- 10. 

The signal naming convention in the simulation plots is as follows. If a signal is 

named 'laaa_bbbb-ccc', then aaa is the component name, bbb is the signal name and ccc is 

the device instance name. For the signal name 'a' is used for the address bus, while 'd' is 

used for the data bus, if the data bus is 8-bit wide. If the data bus is 16-bit wide, the upper 

1 

FIGURE 7-11. IB Signal Naming for Simulation 



8 bits are n d  'ud' and the lower 8 bits are called 'Id'. For example in Figure 7-1 1, the 

upper 8 data bus signals of device ~ 1 ,  a 68000 microprocessor, is c d e d  
/m68000-udul. 

The simulation plot in Figure 7-9 shows the activation of the CE signal of U4 and U5 

during the write cycle starting at t=200ns at address 0x80 12. For the mite cycle, the 6 1 16 

OE signal is negated, while is asserted. The data signds f?om the 68000 microproces- 

sor pass through the IB to the appropriate data signals of each 61 16 RAM. For example, 

the /m6 8 0 0 0-ud-ul data signals (=0x20) pass to the /m6116_d-u3 5 signals. 

/m6 8 0 0 O D T A K _ U l  becomes asserted at t=344ns, whde the write cycle terminates at 

-70ns with the negation of the /m6 8 0 0 0-UDS-U1 and /m6 8 0 0 0-LDS-U1 signds. 

chce the vDS and LDS signals are negated, DTAK becomes negated as expected. 

The next cycle in Figure 7-9, a read cycle, starts at time H370ns at address 0x01 la. 
Only the /m6 8 0 0 O-UDS-U~ is activated during this read cycle indicating an 8-bit data 
tcansfer. The IB correctly activates the /m6 11 6-CEJ3 signal. The data supplied by U3 

gets driven onto the 68000 upper data bus (/m68 0 0 0-ud-ul) as expected. The lower 

data bus of the 68000 is not used during this data transfer. 

7.4.7 Validation of the Interface: 68000 to 6116 

To validate the data transfer interface generated by the Interface Designer, the 

VHDL simulation output timing diagram given in Figure 7-9 was manually compared to 

the Motorola 68000 data sheet[55] and the RCA 61 16 data sheet[67]. The comparison was 
accomplished in two stages: First the state of each signal in the VHDL timing diagram 

was v d e d  by checking the required state fiom the data sheets. For example the CE sig- 

nal on the 61 16 is at a low voltage level dwbg a data transfer and hi& otherwise. Next, 

individual data sheet timing parameters were compared to the timing parameters fkom the 

VHDL simulation. Some important timing parameters that were compared are shown in 
Table 7-8. The time provided by the IB fiom the timing simulation is calculated fkom the 

relative tirne of occurrence of event in the timing diagram. For example, the 6 1 16 address 

valid event occurs at ~ 7 5 n s ,  while the LCE event occurs at t=208ns. Thus the time fiom 

address valid to &CE is 20811s-7511s = 133ns. The ma?@ represents the difference between 

the timing parameter provided by the IB VHDL simulation and the timing parameter 

required by the input of a component. A positive margin indicates that the timing parame- 

ter provided by the output of the IB meets the timing parameter requirement of the input of 

the component. AU timing margins were found to be positive, showing that the timing 

specifications given by the component manufacfurers were met and therefore indicathg a 



Timing Parameter 1 Requireù 1 Provided by IB 1 Margin ( 

Write Cycle: 

61 16 Address Valid to LCE 

valid design fiom a signal timing perspective. As well, the logic Ïevels and the sequence of 

61 16 TCE to Address M d  

6 1 16 Data-in Valid to TCE 
6 1 16 TCE to Data-in lmralid 

Read Cycle: 

61 16 Address Valid to &CE 

61 16 TCE to Address Invalid 

68000 Data-In Valid to &D'EUX 

68000 m~ to Data-In Invatid 

68000 ~ T D s  to ' ~ T A C K  

the signal events are as expected. 

(from data sheet) 

>Ons 

7.5 Timing Verifkation Failures 

TABLE 7-8. 68000 Interface Timing Margins 

>Ons 

>5ns 

>Oas 

>Oas 

>-90ns 

>Ons 

~245x1s 

Once the Interface Designer completes the interface, it uses a chosen implementa- 

(hm situdation) 

208-75 = 133m 

tion technology with given propagation delays, setup and hold times for the ISBf parame- 

+ 1331s 

505-478 = 27as 1 +27ns 

478-225 = 2 5 3 1 ~  +203ns 

495478= 1711s 1 +12ns 

ters. The Interface Designer then evaluates the timing constraints. If no timing constraïnts 
are violated, the Interface Designer then generates the VHDL code for the interface. Since 

880-845 = 35ns 

1 1 75- 1 150= 25m 

1044-1020= 241s 

1 160- 1 140=20ns 

1 163- 1 140= 2311s 

no consîraints failed the designed interface is assumed to be correct and the user can pro- 

ceed directly to the synthesis of the VHDL interface code without performing a VHDL 

4-3511s 

t25m 

+l  l4ns 

+ 2 h  

+222ns 

simulation, 

If a timing constraint fails, the Interface Designer will pause and present the user 
with a list of the failed constraints the EXECUTION-LOGFILE fiie. The user is respon- 

sible for investigating the reason for the failed timing constraint and has several options to 

proceed. The choice of which option to use depends pr imdy on the severity of the fail- 
we. 

1. ARer analyzing the failed timing constraint the user decides the components being con- 
nected are incompatible and selects a different component. 

2. If the failed constraint is withui approximately two implernentation technology propa- 
gation delays (e.g. 2011s for LS TTL logic), the user may choose a faster implementa- 
tion technology and have the Interface Designer re-evaluate the timing constraints. 



3. If the failed constraint is within approximately half an implementation technology 
propagation delay (e-g. 511s for LS TTL logic), the user may proceed to the VHDL sim- 
ulation stage to manually check if the failure also exists in the simulated interface. The 
consbaint evaluation process used by the Interface Designer is consemative since it 
uses a worst case range of values for the ISBP parameters. The VHDL hu la to r  on the 
other hand uses a single ISBP parameter value to simulate the hardware implementa- 
tion of the interface circuit and thus produces a more accurate and realistic estimate of 
the interface signal timings. If the VHDL simulation indicates that all timing parame- 
ters are satisfied, then the design can be used without modification. 

Several components in Table 7-1 were found to be incompati%le with each other and 

will afways generate timing comtraints that fail. The 68 09 microprocessor was fomd to be 

incompatible with the Intel 2732,2764,27128,27256 and 27522 EPROMs due to a data 
hold-time violation: the 6809 requires a lOns hold tirne for the data fkom the EPROM, 

while the EPROMs only provide a hold time of zero relative to the address and chip 

enable. The Intel i8255 is another device that has compatibility problems with various 

microprocessors due to its data hold time requirement for a write cycle. The i8255 and 

i82c55a-2 both require a 3011s hold time, while most microprocessors in the list provide 

less than 3011s. The incompatibilities between components found are not unique to the 

Interface Designer, but also would have been discovered by a human design engineer. 

Once discovered, the design engineer has two choices: Re-design using different compo- 

nents or generate an exceptional, cornplex interface. The Interface Designer will always 

re-design using different components. 

If two components are found to be incompatible, one of the components must be 
replaced with a component of similar functionality and the Interface Designer must be 

invoked again with the new set of components. A case data base for the incompatible com- 

ponents could be constructed to avoid failures due to incompatibility in any future design. 

Table 7-9 presents a summary of the designs used to test the DAME data transfer 

Interface Designer. The 68000 design was presented in this chapter while others are pre- 

sented in Appendix F. The designs were selected to use a cross section of devices with dif- 
ferent complexity and speed. 

The last table column lists the waU dock execution times to design completion, 

including the generation of the VHDL code representation. The execution times shown are 
ody approximate and will vary according to the CPU use by other users. Due to the large 

memory footprint and high CPU utihation of Knowledge Cr& it is better to have a ded- 



icated system to nui the Interface Designer. Approximately 30% of the execution time was 

required to generate the IB and ISB fiames, 30% of the time was required for the timing 

constraint verification, while 40% of the time was required to convert the fiame represen- 

tation for the IBs and ISBs to VHDL representation. As cm be seen fkom Table 7-9, the 

design time is approxirnately proportional to the total number of devices in the system 

(about 4.5 minutes/device). 

Master l Slave 

TABI 

/ Address 1 Data Path 1 Total Time 1 ~ Width min:sec 

0x000000,0x008000 1 16 bits 18:20 

0xO0000,0x08000 1 16 bits 1 3 l:O9 I 
OxOe400 8 bits I 
0x00008000 32 bits 29:07 

0x00000000 16 bits 

0x000 1 BO0 1 8 bits 1 1 
0xeOOO 8 bits 14: 1 1 

ûxe800 8 bits 

OxecOû 8 bits 

0x00008000 16 bits 17: 19 

OxOOOOOOOO 16 bits 

0x8000 8 bits 13:39 

0x0000 8 bits 

0x4000 8 bits 

E 7-9. Summary of Designs 

The simulation results for the microprocessor systems shown in Table 7-9 were all 

verified with the component manufacturer's data sheets and found to be correct. The simu- 

lation results were also analyzed fiom a system architecture perspective and found to be 

correct: Each device was activated only when required, the data fiom each device was sent 

over the correct data bus signals and the address signals of a device were connected in the 

correct sequence. The goal of this proof of concept Interface Designer was the develop- 

ment of an automated interface design expert system that could produce data tramfer 

interface that assures that the cornponents operate correctly according to the specifications 

provided in the component mdacturers'  data sheets. The interface design examples 

show that this goal has been achieved. 

The designs produced by the Interface Designer are similar to that produced by a 

human designer. This is primarily due to the fact that the design process developed for this 

work attempts to mimic a human designer. For example, the human interface design exam- 



ple for a 68000 to 61 16 interface given in Figure 3-1 in Chapter 3, is similar in many 

respects to the design generated by the Interface Designer shown in Figure 7-7: Both sys- 

tems use a separate address decoder, bank select decoder, DTACK delay generator and they 

'combine7 the decoded address signals using an AND gate with the UDS and LDS data 

strobes to generate the CE signals on the 6 1 16. Some minor differences exist in the use of 

the AS signal and the lack of utilization of the type information signds in Figure 3-1. 

These differences, however, will not change the basic operation of the interface and it 

wodd be difficuIt to decide which design is more optimal. 

The completion t h e s  for the Interface Designer shown in Table 7-9 indicate that a 

complete interface for a simple system can be designed in 15 to 30 minutes. From experi- 
ence this should be faster than an expert human designer solving the same problem. In 
addition, it indudes the generation of machine readable VHDL code and a complete veri- 

fication of component timing parameters. An expert designer may be able to draw up an 
interface in 15 minutes, but he may not be able to perform a thorough check of the timing 

parameters. Furthermore, a manual process is more prone to human mors. With new, 

fater computer workstations becoming available every day, the Interface Designer will be 

able to complete a design within minutes, giving the user the abrliîy to experiment and try 

out many different configurations in a short t h e .  



Chapter 8 

Conclusions and Future Work 

This chapter presents the conclusions of this work and provides an overview of the 

contributions of this research in the fields of microprocessor system design, expert sys- 

tems and knowledge representation techniques. Further research areas of interest are also 

discussed. 

This work develops an expert system that is capable of designing the data transfer 

interface of a customized rnicroprocessor system. One of the most difficult aspects of 

automathg the interface design is the existence of the many subtle variations of the inter- 

face protocols. Based on the central premise that intedace design could be autornated by 
developing a limited number of representative timing patterns to represent the signal pro- 

tocols and making design decisions baed on the recognition these patterns, an automated 
interface designer is b d t  to design microprocessor system interfaces using cornmonly 
available components. 

The overall approach of this work is to perform design based on the recognition of a 
standard set of timing patterns. Any signal on the component or the interface must follow 

one of the standard timing patterns. To perfom interface design, the Interface Designer 
must be able to make certain assumptions about the behavior of signals through circuit 

elements such as wires: a human designer simply assumes that a wire delay is so small, 

that the timing pattern will not change fiom one end of a wire to the other. To give the 

Interface Designer the capability to use this assumption requires the development of a 
property of the timing patterns called small delay invariance: the type of timing pattern 

that a signal follows will not be changed by a s m d  delay. AU timing patterns developed 

for this work are s m d  delay invariant. 

There are several advantages of using this pattern matching approach for interface 
design and using a lunited number of timing patterns for rnaking design decisions: 

Rules can be used to capture human designer's expertise for interconnecting signals 
with different timing patterns using primitive circuits. In addition the Interface 
Designer does notiequire a sub-system capable of generating the primitive circuits 
themselves, since the required primitive circuits can be pre-designed. 



There is a reduction in the level of detail, and hence the complexity, of the design pro- 
cess and the information that must be modeled and represented by the Interface 
Designer: The level of detail needs only be sufncient to allow the pattern matching 
d e s  to select one of the pre-designed primitive circuits. 

The timing patterns provide a powerfbi tool for s inipl img the representation of the 
timing behavior of a component. Essentially, the timing pattems mode1 only those 
aspects of a signal's timing that are required for interface design. 

Any component whose data transfer interface protocol can be represented by the timing 
patterns developed c m  be added to the component library database. Once in the compo- 
nent hirary database, the component can be used immediately in designs, without 
changes to the design d e  base. 

The nurnber of different d e s  required to perform the interface design is limited by the 
srnd number of different timing patterns. Using a human designer's expertise, the 
number of d e s  can be further reduced by eliminating the impossible or improbable 
cases. 

The system can be extended to use new timing pattern with relatively iittle effort. The 
only addition to the design d e  base will normally be d e s  to manipulate the new tim- 
ing pattern. Once the new d e s  are added to the Interface Designer, it will be able to 
generate designs with component using the new timing pattem. 

The approach to intdace design used in this work is shown to be valid by generat- 

mg a number of microprocessor systems using a variety of different components and veri- 
Qmg the design using simulation tools. The designs produced are of similar complexity 

and speed as that of a human designer. However, there are some potentid problems associ- 

ated with the timing pattern based approach: 

Interface design may fail with a given set of components: the interface will be function- 
ally correct, but some timing parameters may be violated. The timing violation is 
caused by the InteTface Designer choosing interface primitive circuits based on the tim- 
ing pattems without knowing the achial timing parameters of the hished interface. The 
Interface Designer will detect such problems, but currently can not redesign the inter- 
face when a timing parameter violation is found. Similar to what a human designer will 
do, another design is to be generated using more compatible components, instead of 
producing an overly complex design. 

A component may have a complex interface that uses signal timings which can not be 
modelled using the developed timing pattems. In such a case it may not be feasible to 
develop a new timing pattem due to the complexity of the protocol. This may occur 
with new microprocessors such as the Pentium II microproces~or~ where the designer is 
expected to use third party interface components between any penpherals and the 
microprocessor. The signals between these interface chips and the microprocessor c m  
be considerd tightly coupled and will usually be connected directly. In these cases, an 
automated interface designer that connects the required signals directly will be suffi- 
cient to accomplish the interface design. 



The Interface Designer is given the design expertise to manage the representative 

timing patterns in the f o m  of rules. In essence, the system is provided with the knowledge 

of how to comect signals that follow certain timing patterns using a set of pre-dehed 

primitive circuits. However, the design of a data transfer interface can not be accomplished 

with just these niles since they effectively only address the issue of when signals change 

state (i.e. their timing behavior), but not what the different state of the signals represent. 

Furthemore, to accomplish interface design, the Interface Designer must h o w  the pur- 

pose and the source or destination of the information represented in the states of the sig- 

nais. To address this issue, a novel representation of the signal behavior is developed that 

represents the data transfer protocol of a component as a series of infoxmation transfers. 

Each information tramfer has a specific purpose in the protocol of a capability and con- 

sists of two parts: the state information indicating what the information encoded in the 

state of signals represents, and timing infornation representing when the state information 

is valid. Once this approach is taken, it is relatively simple to analyze the protocol of corn- 

ponents to isolate the different types of information transfened: data, address, direction, 

type, size, width, request and delay information. 

The advantages provided by the technique of representing the data tramfer protocol 

as a series of information transfers proves to be quite far reaching: 

It provides a simple method to represent the purpose and function of an information 
transfer by assigning it a unique type. A design expert's knowledge on how to comect 
signals with a specific type could then be represented as d e s  that recognize and con- 
nect specific information transfa iypes. 

0 Furthermore, once the Interface Designer has indicated that signals involved in an 
information transfer must be connected, the connection process can be accomplished 
without consideration of the type of information using the timing pattern matching 
rules and state information management rules. 

It provides a method for abstraction and information hiding. It allows the component to 
be represented as a hierarchial network of h m e s  where each lower level of the hierar- 
chy reveals more detail about a component. At a given abstraction level, conespondhg 
d e s  at that specific level perfom design without having to know specific details fiom 
the lower levels. 

The primary disadvantage of this method is encountered when developing the 

design d e s  that must handle the state and timing information separately. M e n  a signal 

enters an interface block, it is relatively simple to determine how the state must be 

changed and how the timing behavior must be changed, but it is difficult to develop a gen- 

eral method to design an interface block that can accomplish both changes. To overcome 

this problem, different microprocessor system designs were analyzed to see if a cornmon 



rnethod could be detenriined. It was found that the timing information of a signal can be 
changed using primitive circuits such as a Flip-Flop, followed by a change of the state 

information using a combinatonal circuit. This work uses the same approach, since it fits 
in very weU with the state and timing information based information transfers. 

Once the design is completed, an interface implementation technology is chosen and 

each of the interface primitive circuit parameters is assigned a range of values specified as 

an upper Et, lower limit and typical value. Each input timing parameter that must be sat- 

ided by an interface output timing parameter is represented as a timing constraint. Each 

timing conskakt is verified at the maximum and minimum values of the interface parame- 

ters. The approach taken for the analysis of the timing conslraints was conservative. An 

approach based on probabilistic evaluation of timing constraints as proposed by Escalante 

[26] may provide a more accurate estimation of the actual behavior and perfomiance of 

the interface. 

The primary goal of this work is to produce real-world designs: an automated sys- 

tem that actually generates a data transfa interface between components. In producing 

such a design it was found that a method had to be developed that allows testing and 

implementation of the data transfer interface. The method developed generates a VHDL 

representation of the interface which can be simulated and synthesized using standard 
VHDL tools. 

The organization of the component and interface models as hierarcbial networks of 
fiames and design d e s  that utilize information fiom the fiame networks allows design to 

proceed in a top down, divide and conquer fashion, starting with the hi& levels, working 

towards the more detailed lower levels. The hierarchial interface generated using this 

method greatly facilitates the generation of VHDL code for the interface, since there is a 

direct mapping fiom the hierarchial interface fiames to a VHDL representation. 

To sumnarize, the major contributions of this work are: 

The development of a set of standard timing patterns to represent the timing behavior of 
signals involved in data transfer. 

The development of a representation of the data tramfer pro tocols in terms of infoxma- 
tion transfers, where each idonnation transfer is based on one of the timing patterns. 

The development of a simple and complete hierarchial fkne based representation of 
the components. 

* The development of a hierarchial fiame based representation of the interface. 



The development of a set of forward chaining rules that build up the data tramfer inter- 
fice. 

The development of a set of primitive circuits used by the interface design rules as the 
basic building blocks of the components. 

The development of pardel abstraction levels for the component model, interface 
model and the interface design process so that independent interface design d e s  can 
cany out the design at each abstraction level. 

The developrnent of a method to v@ that the timing behavior of the interface satisfies 
the timing behavior of the components being connected. 

The development of a method to translate the interface fiames into VHDL code to 
allow implementation and testing of the interface in real-world applications. 

The development of a method to automatically generate a VHDL test bench that allows 
simple verifidon of the operation of the interface. 

The implementation and testing of the Interface Designer using real-world interface 
design examples. 

8.2 Future Work 

Based on the success of the simple automated Interface Designer developed for this 

work we believe it is worthwhile to further develop and extend the DAME microprocessor 

design system. This section elaborates on how the Interface Designer's capabilities could 

be extended and discusses some areas of interest for hture research. 

One area of focus for the DAME system should be the development of an intelligent 

component editor. The intelligent component editor would assist the design engineer in the 

entry of new components. An extension of the work by Li [49] using model fiames as out- 
lined in Appendix G would allow an intelligent component editor that guides the knowl- 

edge engineer during component entry. This would remove many of the problems and 

mors introduced during manual component entry and it would allow the component data 

structures to be verified before they are entered into the component l i b rq .  

The DAME system should be extended to include design optimization information 

in the knowledge base. This would d o w  microprocessor systems to be produced that are 

optimized according to a requirement such as lowest cost, highest speed or lowest power 
consumption. The knowledge representation techniques developed for this work lend 
themselves readily to the inclusion of such information. For example, for mernory devices, 
information could be included that indicates lowest power consumption is achieved when 

chip select is negated. This information could then be utilized when trying to minimize 
power consumption. 



The primary focus of the DAME system to this point has been the generation of the 

interface between components. The higher levels of the DAME system shodd be devel- 

oped to aIlow a complete microprocessor system to be generated using only original spec- 
%cations. When dweloping the higher design levels, a case history knowledge base could 

be integrated into the DAME system that avoids the use of incompatible components. 

Designs using components that have been previously found to be incompatible and requir- 

ing time consuming redesign of the interface could thus be avoided. 

The integration of VHDL simulation tools directly into the DAME system to d o w  

direct simulation of the designed interface would enhance the utility of the system. Ideally, 

a VHDL representation of each of the components in the component Iïbrary should be 

developed which would ailow fidl functional simulation of the designed interface. PÙrfher- 

more, the development of a method for cross annotation of primitive circuit parameters 

between the Interface Designer and the VHDL (or other) synthesis tools would allow tim- 

ing constraints to be re-checked after implementation using actual timing parameters. 

Further research shodd be directed to the development of techniques for redesign if 

a design fails for some reason. The curent system simply requires complete redesign 

using different components. An investigation into the feasibility of backtrackùig would be 

required. This would allow some of the already generated design to be reused, avoiding 

complete redesign. 

Another useful area of research would be the development of a more theoretical and 

formalized representation of the timing templates. This rnay allow automatic generation of 

the primitive circuits used for interconnecting signals with given timing patterns. For this 

work, the co~ect ion of signals following given timing pattern was accomplished by spe- 

cific rules. Rules were provided for al1 timing patterns. By adding a represenbtion of the 

timing patterns as signal transition graphs as used by Escalante [27][28], it may be possi- 
ble to replace these niles using a design system that will generate primitive circuits auto- 

matically. This would avoid the tedious and enor prone task of manually designing and 

writing the d e s  that generate the primitive circuits. 

Research should address the development of a method for representing timing links 
between timing templates, and/or timing links between the timing templates and a com- 

mon clock, to allow representation of more complex timing relationships found on some 

of the newest microprocessors. This research could be M e r  extended to the develop- 

ment of timing templates for other component capabilities such as hterrupt and bus arbi- 

tration. The new capabilities will require completely new timing templates to be 



developed that allow the protocol of these capabilities to be represented using information 

transfers. 

Further research efforts shodd also be directed at methods for finding an optimal set 

of primitive circuit propagation delays. These propagation delays could then be passed to 

the synthesisllayout tools for the interface as guidelines. The current system uses fked 
intervals for the primitive circuit propagation delays that are dependant on the implemen- 

tation technology chosen. By telling the layoutkynthesis tool what the propagation delay 

should be, it will be more likely that the resulting interface will not violate any timing con- 

straints, resulting in less requirernent for redesign. 

An extension of the DAME design system could be an useful interactive tool for 

educationd institutions as a teachhg aid for microprocessor system design. Such an 

expert system could systematically guide the student towards designing a complete micro- 

processor system. It could present the student with the components being connected, high- 

light the diffient signals that must be comected and present the student with explmations 

of why certain design decisions are made as the design proceeds. The system codd either 

produce the design automatically, illustrating the different steps taken, or it could let the 

student make the design decisions, pointhg out errors or suggesting alternative designs. 

A commercial product based on the DAME intdace designer should be feasible 

and will require M e r  development of the curent system. A co~ll~llercial automated 

design system wili most likely be only used for microprocessor systems based on sirnpler 
microprocessor and memory components. Designs involving more complex design issues 

such as caches or synchronous DRAM using burst data transfer will stül require manual 

design. However, even with such res~ctions, there would be a large market for an auto- 

mated design system since more and more commercial products include custom micropro- 

cessor systems. 
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Appendix A 
Timing Templates for Modehg Data Transfer 

This appendix presents a description of the different timing templates developed to 
mode1 the data tramfer protocol. The timing templates are divided into two types: non- 
interactive timings that have timing relations fiom the reference to the information signal, 
and interactive timings that have timing relations fiom the information signal to the refer- 
ence signal in addition to timing relations f?om the reference to the information signal. 

AU signals shown in a signal timing template are marked with an O for output or an 

1 for input, indicating the allowed direction of the signals with respect to the component. 

The signal timings described in this section are illustrated by showing the timing 

linlcs between events other than those shown in Figure 4-19. The range of the allowed val- 

ues for the timing parameter of the timing links are shown using the symbol 4-1 
or 1 -  with respect to the reference evenf as explained in Section 4.7.2, if the 
timing parameter is bounded by infinity on one side and an omp delay on the other. For a 
causal timing link, where the timing parameter value is bounded by O one side and + infin- 
ity on the other, the symbol a-- is used. 

For discussion purposes, all timing links in the signal timings presented are given 
names such as 'setup time link', 'hold time link', 'response time link', 'acknowledge time 
link' or 'access time link'. The timing link names have slightly different meanings for the 
different timing templates, and must be discussed in the context of the timing template in 

which they are used. 

A.1 Non-Interactive Timings 

A.1.1 Strobe Timing 

The Strobe Timing shown in Figure A-1 is used to give the timing of a signal that 
has what is often called non-multiplexed timing behavior (for example the address signal 
on a MC68000 microprocessor relative to the AS * signal, or the address signal on an 61 16 

relative to the CE* signal). For a Strobe Timing, the transition to a valid state of the infor- 

mation signal typicdy occurs before the initiate event (calied the setup time of the infor- 
mation signal), while the valid state remains present until after the terminate event (called 
the hold time of the information signal). The information signal and the reference signals 
are either both outputs or both inputs. There are always-accompanied-by links between the 
reference events and the signal events as shown in Figure A- 1. 



setup 

referenc hold time link 
time link 

information signal (O, 1) 

FIGURE A-1. Strobe Timing 

This signal timing provides information about when the information signal is valid 

and stable. The fkst event of the information signal is an event such as a transition fkom a 

tristatdopen or invalid to a valid state, while the second event is the complementary event 

of the fk t  event. The setup timing parameter range is (- +omp), while the hold timing 

parameter range is (-omp +-). 

A.1.2 Latch Timing 

The Latch Timing is typically used to give the timing of a signal that is shared for 

different functions, and is commonly called a multiplexed signal timing behavior. For 

example, in a 8088 microprocessor, the address of a data tramfer and the data itself are 
transferred by tirne multiplexing the address information and the data information onto the 
same signals. Time multiplexing onto the same signal means that at some point in time a 

signal will contain the address, while at another thne the signal will contain the data. 

ref+ ref- always-accornp-d-by 
reference signal (0,I) clock hold time link 

clock setup time link 

ALE signal (O, 1) 

setup time link 

information signal (O, f )  
hold range (-omp +-) 

(- +omp) setup range 

clock Setup range 4 IIB clock hold range 
(-omp +-) 

FIGURE A-2. Latch Timing 

in a Latch Timing, the information signal has a timing link to a clock signal (cded 
ALE or Address Latch Enable signal) using the setup time and hold time always-accompa- 

nied-by timing links as shown in Figure A-2. The ALE signal is related to the reference 
events through the clock setup time and clock hold t h e  always-accompanied-by timing 



links. The information signal, the reference and the ALE signal are either dl inputs or 

outputs. 

For a Latch Timing, the transition to a valid state of the information signal typically 

occurs before the ALE asserted event (setup t h e  link), while the valid state remains 

present until afkr the ALE negated event (hold time link). The ALE asserted event typi- 

cally occurs before the initiate event (clock setup time link), while the ALE negated event 

typicdy occurs after the taminate event (clock hold time Mc). The information signal 

and the reference signals are either both outputs or both inputs. 

It shodd be noted that the ref+ event has an indirect always-accompanied-by timing 

relation to the information signal events through the a l e  event. The relationship is indi- 

rect since no direct timing links between the ref+ and the information signal events are 

given. 

This signal timing provides information about when the information signal is valid 

and stable. The fkst event of the information signal is an event such as a transition fkom a 

histate/open or invalid to a valid state, while the second event is the complementary event 

of the f i t  went. The setup and clock setup timing parameter ranges are (- +omp), while 
the hold and clock hold timing parameter ranges are (-omp +-). 

A.1.3 Foliows Timing 

The Follows Timing is used to give the timing of signal îhat is the response to a ref- 

erence initiate event (for example the data sipals on a 61 16 memory device during a 
read). The information signal is always an output signal and the reference is always an 

reference signal (I) 

old time link 

(O +-) setup range b-D 6-b hold range (O +-) 

FIGURE A-3. Foiiows Timing 

input signal. There is a responds-with timing link between the reference events and the 
information signal events. 

This signal timing provides information about when an information signal output is 
valid and stable in response to an input reference signal, implying causality. Tne fkst event 

of the information signal is an event such as a transition f?om a tristatdopen or invalid to a 



valid state, while the second event is the complementary event of the first event. The setup 

and hold timing parameter ranges are (O +-). 

A.1.4 Pulse-Latch Timing 

The Pulse-Latch Timing is used to give the timing of input signals that must be valid 
during the terminate reference event of a device relative to an input terminate reference 

event (for example a data signal on a 61 16 memory during a read relative to the events on 

the CE * signal). In a Pulse-Latch Timing, a valid state of an information signal is present 

reference signa (I) 

information signal (1) 

setup range (- 

aiways-accomp -. 

hold tirne link 

setup time link 

hold range (-omp +-) 

FIGURE A4. Pulse-Latch Timing 

before the terminate event (setup t h e  link), and the valid state stays until after the termi- 

nate event (hold thne link). The reference signals and the information signal are both input 

signals. In a Pulse-Latch Timing, the information signal has timing links to a reference 

using the setup time and hold time always-accompanied-by timing links as shown in 

Figure A-4. 

This signal timing provides information about when an input information signal has 
to be valid relative to the input reference ref- event. The f i t  event of the information sig- 

nal is an event such as a transition fiom an open or invalid to a valid state, while the sec- 

ond event is the cumplementary event of the £kst event. The setup timing parameter range 

is (- +omp), while the hold timing parameter range is (-omp +-). 

A.1.5 Fsllows-Latch Timing 

The Follows-Latch Timing is used to give the timing of input signals that must be 

valid during the output terminate reference event of a device (for example a data signal on 

a MC68000 microprocessor relative to the UDS signal during a read). In a Follows-Latch 

Timing, a valid state of an information input signal is present before the terminate event 

(setup time link), and the valid state stays until after the terminate event (hold time link). 

The reference signal must be an output signal, while the information signal must be an 



expects 
reference signal (O 

hold time Iink 
access t h e  link 
information signal (I) setup time link 

hold range (O +-) 
(- +omp) setup r 

(O +-) access range 6-B 
FIGURE A-5. Follows-Latch Timing 

input signal. In a Follows-Latch Timing, the reference signal has expects time links to the 

information signal using the setup and hold time links shown in Figure A-5. 

One of the distinguishing feature of the Follows-Latch Timing is the setup t h e  of 

the expects timing lulk that is negative. The expects t h e  link between the ref- and sig+ 

events is allowed to go negative for this timing since it is assumed there is a causal rela- 

tionship between the ref+ event and the sig+ event (access time link). 

This signal timùig provides information about when an input information signal is 

valid and stable relative to an output reference ref- event. The first event of the information 

signal is an event such as a transition fiom an open or invalid to a valid state, while the 

second event is the complementary event of the first event. The access timing parameter 

range is (O +-), the setup timing parameter range is (- +omp), while the hold timing 

parameter range is (O +-). 

A.1.6 Logic Timing 

The Logic Timing is used to give the timing of information signals that have a tim- 

ing similar to the reference. For example on a Ze0 microprocessor, the MREQ* signal has 

a similar timing as the RD* signal. Figure A-6 illustrates the Logic Timing. The reference 

accompanied-by l 
complementary-precedes 

reference signal (O) 

setup time link 
hold t h e  link 

information signal (0) NEG NEGO 

(-omp +omp) setup range 1 hold range (-omp +omp) 

FIGURE Ad. Logic Timing 



and the information signal both are outputs for a Logic Timing. The information signal 

events for a Logic Timing are detectable and are therefore restricted to state changes 

between ASSO and NEGO. The reference event to information signal ment links are both 

accompanied-by timing links. Another notable aspect of this timing is the complementary- 

precedes timing luik between the sig+ and sig- events. This luik assures that the informa- 

tion signal event sequence will be glitch kee. No events are allowed on the information 

signals other than those iinked to the reference. The setup and hold timing parameters 

have a range of (-omp +omp). 

The Logic Timing allows the description of any glitch fiee signal that behaves simi- 

lm to the reference. By definition, a reference signal behaves similar to the reference. 

Therefore the Logic Timing makes it possible to give the signal timing of the reference 

signal itself by speciwg the setup and hold timing parameters as (O). 

The importance of being able to speciQ the timing of the reference signals is real- 

ized later in this work when every information transfer between components is given as 

timing information and state information. The use of the Logic Timing allows the refer- 

ence information to be given in the same way as any other information, such as address 

information. Any techniques and heuristics developed for connecting information transfer 

between components can then also be applied to the reference information. 

Figure A-7 shows a typical application of the Logic Timing. A MC68020 micropro- 

Reference Signal timing of the 
DS* signal ofa 
MC68020 

DS* 

FIGURE A-7. Logic Timing Example 

cessor has the DS* data strobe signal, which is used as the reference signal. The signal 

timing for the DS * signal is given as a Logic Timing with a setup and hold timing pararn- 
eters of zero. 

A.2 Interactive Timings 

A.2.1 Handshake Timing 

The Handshake Timing s h o w  in Figure A-8 and Figure A-9 is an interactive timing 

that is used to give the timing of an information that interacts with the reference. The 



events on the information signds are detectable. The timing links are either responds-with 

or expects timing links as shown in Figure A-8 and Figure A-9. If the information signal is 

an output, the reference signal is an output, while if the information signal is an output, the 

reference signal will be an input. A typicai example of the Handshake Timing is the signal 

responkwith 
reference signal (O) 

acknowledge time link 

information signal (I) 

?we~;~ine 
response time link 

achowledge range (O +-) 
response range (O +-) 

hold range (O +-) 

FIGURE A-8. Handshake Timing (Information Signal is Output) 

reference signal 0 -b,b-wi~ expects 
- -4:- 

acknowledge time link hold time link 

information signal (0) response time link 

achowledge range (O +-) 
response range (O +-) 

hold range (O +-) 

FIGURE A-9. Eanàshake Timing (Information Signal is Input) 

relationship between the UDS * /LDS * signds and the DTACK* signal in a MC68000 

microprocessor. 

The acknowledge, response and hold timing parameter range is (O +-). The Hand- 

shake Timing presents the timing of an information signal that can be used to adjust the 

time fiom the reference initiate to terminate event by changing the acknowledge timing 

parameter. 

A.2.2 Wait Timing 

The Wait Timing shown in Figure A- 10 and Figure A- 1 1 is another interactive tim- 

ing that is used to give the signal timing of an information signal that interacts with the 

reference. There are responds-with and expects timing links as shown in Figure A-10 and 

Figure A-l 1. There is an complementary-precedes luik between the sig+ and sig- events 



(acknowledge time link). There is also a complementary-precedes link between the ref+ 

and ref- events. (minimum time link). The events on the information signals are detect- 
able. If the refeience signal is an input, the information signal is an output, while if the ref- 

expects 
reference signal (O) -* 

complementary-pgcedes 
setup time link 

response t h e  link *x$-, acbwledge thne 1" information signal CI) 

minimum range (O, +-) 
setup range (O, +-) 

acknowledge range (O, +-) 
response range (O, +-) 

FIGURE A-10. Wait Timing (Mormation Signal is Output) 

erence is an output, the information signal wiil be an input. 

minimum time 

reference signal (I) 

response time Iink 
achowledge t h e  link 

FIGURE A-11. Wait Timing O[nformation Signal is Input) 

A typical example of the Wait Timing is the relationship between the MREQ* signal 

and the WMT* signal on a 280 microprocessor. The minimum, setup, response and the 

achowledge timing parameter range is (O +-). The achowledge timing parameter can be 

used to adjust the time interval between the reference initiate to terminate events. 

The Wait Timing fiom Figure A-10 has an interesting property: if the information 

signal does not have an event after the reference initiate event (i.3. the information signal 
stays negated), then the initiate to terminate time interval will be aven by the timing 

parameter of the minimum time link. 



A.23 Pulse Timing 

The Pulse Timing shown in Figure A-12 is an interactive timing that is used to give 

the signal timing of the terminate reference went relative to the initiate reference event. 

The Pulse Timing is used in components where the time f?om the initiate to the terminate 

event is ked. For example the E signal on a 68HCll microprocessor provides a k e d  

thne intemal from the initiate to terminate reference event. The Pulse Timing has a corn- 
plemetayprecedes link between the ref+ and ref- events (access time link). The access 

- Complementary-precedes 
Information Signal / Reference (O, 1) 

access time link 

6 -  access range 

FIGURE A-12. Pulse Timing 

timing parameter range is (O +-). The reference signal and the information signal are the 
same for this timing. The reference / information signal can be an input or an output. 



Appendix 33 
The Component and Interface Frame Hierarchy 

B.1 The Component Frames 

A microprocessor system component, such as a MC68000, is represented by a corn- 

/ MICROPROCESSOR 1 
is-a 7 

- 

FIGURE B-1. The MC68000 Component Device Frame 

ponent device f ime.  The component device fiame will speci@ the component's charac- 

teristics, behavior and atîributes. These characteristics include items such as the number 

and names of signals pins, power consumption, voltage requirements, tasks the device can 

perform and how the device will perfonn those tasks. 

Figure B- 1 shows the organization of a MC 6 8 0 0 0  microprocessor device fiame. 
The MC6 8 0 0 0 inherits al1 the properties of a microprocessor (such as '@pe 'Master') 

fiom the MICROPROCESSOR prototype fiame. The MC 6 8 0 O O device has bus arbitration, 

data transfer and interrupt capabilities which are represented in the device fiame with a 
"hm-capability luik to the BUS-ARBITRATION-CAPAEKCLITYl, DATA-TRANS- 

FER-CAPABILITYl and INTERRUPT-CAPABILITYl device fiames. MC68000 sig- 

nal~ are represented by k e s  linked the MC68 000 fiame through the "hm-signal 

relation. 

B.1.1 The Capability Device Frame 

The protocol of a capability consists of a series of information transfers. Each infor- 

mation transfer is represented using a state timing specifcation device fhme inside the 
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capability device & m e  as shown in Figure B-2. The state timing specification fhme is 

&a - DATATRANSFER 
CAPABILITYl 

uses- 
sub- 

TIMING- 
SPEC * 

FIGURE B-2. The MC68000 Capability Device Frame 

related to the capability f i m e  using a Aha~-xxx-spec relation, where xxx represents the 

class of information. For example, the address information is given using the " h a -  
address-spec relation and the reques t information is given using a "hm-req-spec rela- 
tion as shown for the data transfer capability in Figure B-2. Each of the information tram- 

fer device fiames, such as the STATE-TIMING-SPEC5 fiame for the address 

information, is based on a STATE-TIMING-SPEC prototype fiame as shown in 

Figure B-2. 

A capability c m  ofien be classified M e r  into sub-categories of the capability. For 
example, data tramfer capability can be classified into read and write data tramfer capabil- 
ities. Some information transfer protocols for the data tramfer capabüity will be common 



to both read and write sub-capabilities, while others will be specinc to the read and write 
sub-capabilities. The device fkmes developed for the capabiliv mode1 ailow representa- 

tion of sub-capabilities through the use of sub-capability fiames such as DT-READ- SUB- 
C m 1  and DT-wRITE-SUB-CAP~ device fiames shown in Figure B-2. 

Any idormation tramfers that are common to all the sub-capabilities are given in 

the capability frame, while any information tram fer specitic to a sub-capability is given in 
the sub-capability fiame in the %es-sub-capnbility dot. For example in Figure B-2, the 

addreçs information specincation is common to both the read and write sub-capabilities 

and therefore is given in the data transfér capability, while the data information speci6- 

cation changes for the read and mite sub-capabilities and therefore is given in the read and 

wrïte sub-capabilities. 

Table B-1 summarizes the relations used to give the state-timing device fiames for 

each information class within a data transfer capability. 

Information Class 

R e q u e s t  

Address 

Type 

Word 

D i r e c t i o n  

W i d t h  

D e l a y  

Data 

Relation 

^ha-req-spec 

^hm-address-spec 

^hm-type-spec 

Ahas-word-select-spec 

%ses-sub-capability / hm-identijïcaîion-spec 

^hm-word-width-spec 

^hm-del-spec 

^hm-data-spec 

TABLE El. Relations Used to give the State-Timing Frames for Data Transfer Capability 

B.1.2 A Note About Choosing the Name of a Frame 

The names for the device and prototype fiames used to build up a component are 

chosen to assist the human user in identification of the function of a fhme. For example 

DT-READ-SUB-C~I  frame is the Data Tramfer Read Sub-Capability fiame in 

Figure B-1. Instantiation of prototype fiames are usually given the name of the prototype 

kame with a unique number attached to the end of the name. For example in Figure B-1 
the STATE-TIMING-SPEC5 frame is used to represent an instance of the state timing 

speci6cation prototype f i m e  STATE -TIMING- SPEC. Component device fiames which 
represent actual components (such as the MC 6 8 0 0 0 fiame in Figure B- 1) are given a 

name indicating the component's name fiom the manufacturery instead of the name of the 

prototype h e  extended by a number. 



B.13 The State-Timing Specification Device Frame 

Each information transfer is represented using a state-timing specification k e ,  
which consists of a fiame representing the timing information and a fkame representing 

the state information of the information tramfer. The example shown in Figure B-3 gives 

O Device Frame has address-spec i 

diIMM<j31 & is-a 

is-a / 
STATE 

FIGURE B-3. State Timing Specification 

the address information specitication STATE-TIMING-SPEC5 device fiame which is 

linked to a capability f i m e  using a Ahas-address-.spec relation. The STATE-TIMING- 

SPEC5 fiame is broken into the timing information transfer and the state information 

transfer in the fomi of the TIMïNG3 device fiame and the STATE3 device fiame, which 

are related to the state-timing fbme using "uses-timing relation and %es-state relations 
respectively. 

B.1.4 The State Specification Device Frame 

The purpose of a state spedication device fiame is to associate a set of states with 
some kind of abstract meaning or interpretation. If a state specification includes n binary 
signals, then the set of possible states will consist of 2n states. Two different methods are 
used to associate a set of states to an interpretation of the set of states. 

The Grst method applies when the set of states that must be represented by the state 

information is complete and regular: for n binary signals, 2n states have meaning. 
AdLzess state information f d s  into this category: 10 address signals can be used to rep- 



resent 1024 states, each state indicatùig the address of a single memory location. A short- 
hand notation is used to represent this type of state information because of the large 

STm-TIMLNG-SPEC5 
(Address fnfonnation) 

is-u 

Weight + 
FIGURE B-4. State Information for Address Information Transfer 

number of states: the binary weight of each signal is given in a magnitude state informa- 
tion device fiame STATE-MAG- TABLE^, as shown in Figure B-4. 

The second method for representing state information is used when there is more 

than one state associated with an infiormation tramfer, but the set of states is either not 
complete (Le. not al l  binary states must be represented) or is irregular (Le. each state in the 

set of states has a different menrùng unrelated to the other states). An example of this kind 
of state information is shown in Figure B-5 for the type information of the MC68000 

microprocessor: the binary FCO, F C ~  and FC2 signals used to generate the states for the 

type information can represent eight unique states, but only five of which are used. The 

five that are used represent the supervisor and user program space, the supeMsor and user 

data space, and the intemipt aclmowledge data space. They are given in the state informa- 
tion device frame STATE-TABLE1 as shown in Figure B-5. 

B.1.5 The Timing Specïfication Device Frame 

The purpose of the timing specification device fiame is to provide the timing behav- 
ior of the signals used in the state specification device fiame. A timing specification device 
fiame represents the timings of signals as discussed in Section 4.7.4. The prototype of a 
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uses-state 

STATE-TABLE 1 

~eyword (Meaning) 

'User Data' 

State 

((ASSO FCO)(NEGO FCl)(NEGO FCS)) 
1 

. . 

'Uitmpt Acknowledge' 1 ((ASSO FCO)(ASSO FCl)(ASSO FC2)) 

'User Program' 

'Supervisor Data' 

' Supervisor Program' 

[ STATE-TABLE 

((NEGO FCO)(ASSO FC I)(NEGO FC2)) 

((ASSO FCO)(NEGO FCI)(ASSO FC2)) 
((NEGO FCO)(ASSO FCl)(ASSO FC2)) 

FIGURE B-5. State Information for MC68000 me Information Transfer 

timing device m e  corresponds to the timing template on which the timing device h e  

is based. For example in Figure B-6, the TIMING1 device fiame is based on the 

STROBE-TIMING prototype. 

The events and timing parameters found in the timing device fiame are given in the 

slot and mer format as shown in Figure B-6. The slot name is the name of the event or 

timing parameter? while the Wer gives the value assigned to the event or timing parameter. 

In this timing, eventl and event3 represent the reference events while event2 and event4 

represent information signal events as shown in Figure B-7. 

B.1.6 The Signal Device Frame 

A component has electricd signal wires over which information is transfmed or 

which supply power and ground reference voltages. The electrical connection points are 

called signals and the information about these signals is stored in a signal device fiame, 

which is linked to the component device fiame using a Ahas-signaC relation. Each individ- 

ual signal will have electricd characteristics such as voltage levels and drive capability, a 

device pin number and a p o l e  associated with it. This information will be aven in dots 

containing the appropriate information as shown in Figure B-8. 



1 1 Device Frame 

-1 Prototype Frame 

- - -- 

(Address Information) 

uses-timing 
\ \ (Timing Information Frame) 

1 Slot 

1 STRûBE-TIMING is-a is-a 1 Strobe-Timing 

event3 1 (! NEGODS*) 

FIGURE B-6. Example Strobe Timing Information Frme 

I event 1 event3 

information signal 

- - 

FIGURE B-7. Event Names for Strobe T h h g  

B.1.7 Overview of the Component Organization 

A component is assembled by building up a hierarchical set of device fiames which 

are created by instantiating prototype fiames. Fiepre B-9 gives an overview of how the 

component mode1 is organized by presenting some prototype, device and instance cames 
for a MC68000 microprocessor. The MC 6 8 O O O f i m e  inherits the type 'Master' fiom the 
MICROPROCESSOR prototype fiame. The data transfer capability is represented by the 

DT-CAP-MICRO11 device fhme which is based on the DT-CAP-MICRO prototype 

fiame. The data transfer capability in tum has a read sub-capabiliîy called DT-RD- 

CAP3 3. The sub-capability has delay specincation STATE-TIMING5 which consists of 



has-signal 
\ 

is-a 
pin number 

drive-capability 1 h a  

Polarity (ASSO OV) 

FIGURE B-8. Example Signai Frame 

signal timing TIMING14. TIMING14 is based on the HANDSHARE-TIMING prototype 

fiame, 

The instance of a component such as ul, are created during the system design 

phase. As the system is designed, decisions are made about what components should be in 

the system, and the appropriate instances are created. Device Games such as the 

MC68 0 0 0 fiame are created when components are entered into the component library 

data base, which is independent of the system design phase. Prototype fiames are created 

when the d e s  are written that will accomplish the interface design. The prototype fiames 

must be flexible and universal enough to be used as building blocks for m y  components 

that will be created and entered into the component library. The developer of the prototype 

fiames must assure that any fiames instantiated £iom the protoSrpe contain al1 the relevant 

information required for interface design. 

B.1.8 Examples of Component Frame Hierarchy 

This section presents a more detailed overview of the fiame hierarchy for the 

MC68000 microprocessor (Figure B- 10) and the MK6 1 16 static RAM (Figure B-1 1). It 

should be noted that these diagrams only show a partial set of the device fiames as the fidl 

set is too complicated to show in a single figure. This is the hierarchy that was used for 

implernenting the fiames to represent components in Knowledge Cr&. 

B.1.9 Examples of Component Frames 

This section presents sorne examples device and prototype frimies as they were 

implemented in Knowledge Craft in the DAME Interface Designer. 
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FIGURE B-9. Prototype, Device and Instance Hierarchy 

B.1.9.1 Example of a Timing Information Frame 

Table B-2 gives the fiame representing the timing of the address signals for the 
MC68000 microprocessor. The address signal timing are based on a Strobe Timing. The 
reference signals, which consists of the MC 6 8 0 0 0 -LDS and MC 6 8 0 0 0 -UDS signals, 
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are given in the /\signaZl slot. The information signais consist of the MC68000- 

ADDRESS-BUS are given in the 9ignaI2 dot. The reference events are &en in the 
"eventl and "event3 slots, while the uiformation signal events are given in the "ment2 and 

"event4 slots. The timing parameters for the setup and hold times are given in the %me2 

and "tirne4 slots. The "tirne2 timing parameter is associated with the "ment1 -> "ment2 

relation, while the "tirne4 timing parameter is associated with the "event3 -> "ment4 rela- 
tion. The events and timing parameters are represented using w e n t  qressions> and 

<tirne> notation as developed in the Section 4.3 and Section 4.5. Figure B-12 gives a 

(defichema MC68000-ADDRES S-TIMING 

(is-a S T R 0 B E - m G )  

(signai1 MC68000-UDS MC68000-LDS) 

(si@ MC68000-ADDRESS-BUS) 
(event l (! (OR ( ASSO MC68000-UDS) ( ASSO MC6800&LDS))) 

(ment3 (! (NOT ((OR( ASSO MC68000-UDS) ( ASSO MC68000-LDS)))) 

(event;! (! VAL.ID0 MC68000-ADDRESS-BUS)) 

(ment4 (! INVALIDO MC68000-ADDRESS-BUS)) 

(tirne;! (- - W  

(tirne4 (10 W) 
TABLE B-2. ExampIe Frame for MC68000 Address Timing Information Frame 

graphitai representation of the timing shown in Table B-2. 

setup 
tirne2 

- -  - 

event 1 event3 

reference 
time link 
= (-- -10) 

ADDRISS-BUS 

FIGURE B-12. Strobe Timing for MC68000 Address Signals 

The MC6 8 0 0 0 -ADDRESS-TIMING device fiame is based on the Strobe Timing 

prototype fiame shown in Table B-3. The timing links between events and their allowed 
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timing parameter range are stored in the "hm-timing-relationr dot of  the timing template. 

(defschema STROBE-TIMING 

(is-a TIMING) 

(has-mode1 STROBE-TIMING-MODEL) 

(has-timing-dations 

(eventl COMPLEMENTARY-PRECEDES ment3 @ (O +-)) 

(ment3 COMP-Y-PRECEDES eventl @ (O +)) 

(ment2 COMPLEMEN?ARY-PRECEDES event4 @ (O +-)) 

(ment4 EVENTUALI,Y-PRECEDES event2 @ (O t-)) 

(eventl ALWAYS-ACCOMPANIED-BY event2 @ tirne2 (- +OMP)) 

(evene ALWAYS-ACCOMPANIED-BY event4 @ tirne4 (-0MP +))) 

(signail) 

(sirrn;iiz) 
(ment 1) 

(menu) 
(event2) 

(event4) 

(time2) 

(tirne411 
TABLE B-3. Rame for S trobe Timing 

For the Strobe Timing the allowed range for the setup timing parameter "tirne2 is given as 

(- +OMP) which means a range f?om negative innnity to a positive omp delay, while the 

hold timing parameter "tirne4 is given as (-OMP +-) which means a range fiom negative 

omp delay to positive infinity. 

B.1.9.2 Example of a State Information Frame 

A state Somat ion fiame associates a set of states with a meaning or interpretation. 

For this woik, the meaning of a state will be given as a key word, while the state itself will 

be given using the signal-state notation developed in Section 4.3. If the state involves n 

binary signals, a maximm of 2n possible states exist. 

To illustrate the concept of a state and its meaning, this section gives the type state 

information fiame of the MC68000 micloprocessor (Table B-4). There are three signals 
associated with the type infoxmation: FCO, FC1 and FC2. These are binary signals that 

can only be asserted and negated. The three signals can be used to indicate access to five 
different type spaces: the user data space, the supervisor data space, the user program 
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space, the supervisor program space and the interrupt acknowledge space. Each of the dif- 

(defschema MC6800û-TYPE-STATE 

(is-a SUIE-LABLE) 

(condition-si& MC68000-FCO MC68000-FC 1 MC68000-FC2) 

(selects USER-DATA USER-PROGRAM SUP-DATA SUP-PROGRAM INT-ACK) 

(access-table 

(USER-DATA (AND (NEGO MC68000-FC2) (NEGO MC68000-FC1) (ASSO MC68000-FCO))) 

(USER-PROGRAM(AND (NEGO MC68000-FC2) (ASSO MC68000-FC1) (NEGO MC68000-FCO))) 

(SUP-DA= (AND (ASSO MC68000-FC2) @'EGO MC68000-FC1) (ASSO MC68000-FCO))) 

(SUP-PROGRAM (AND (ASSO MC68000-FC2) (ASSO MC68000-FC1) (NEGO MC68000-FCO))) 

(INT-ACK (AND (ASSO MC68000-FC2) (ASSO MC68000-FC 1) (ASSO MC68000-FCO))))) 

TABLE F3-4. Example Frame for the MC68000 Type State Information 

ferent type spaces is assigned a key word: USER-DATA, SUP-DATA, USER-PROGRAM, 
SW-PROGR4M and INPACK which are listed in the /\selects slot. Each key word in 

Table B-4 has the appropriate state of the Fc O, FC 1 and FC2 signals associated with it in 

the Aaccess-table slot. The access-table can be viewed as a dictionary that associates a 
keyword with a signal state. The signal states are given using the notation for the -tate 

expression> as given in Section 4.3. 

A state information fiame as shown in Table B-4 will be utilized during interface 

design for determinhg the appropriate states of signals for specific conditions. For exam- 

ple, if a system is being designed with a memory bank in the supervisor data space, the 

SUP-DATA key yields the state expression: 

(AND (ASSO MC68000-FC2) (NEGO MC68000-FC 1) (ASSO MC68000-FCO)) (EQ 8-1) 

This state expression can then be used to design a combinatorid decoder that can 

generate a signal that is active whenever the MC68000 accesses the supervisor data space. 

8.2 The Interface Frames 
This section gives some simple example &unes for the interface and their ISBs. The 

fiames shown are simplined for illustration purposes, and only important overall aspects 

are discussed. 

The organization of the fiames used to build the interface follows the hierarchy 

developed in Chapter 5. An IB frame is made up of more detailed ISB fiames, which in 

turn are made up of ISBP frames. At each level of the fiame hierarchy more detail is 

revealed about the interface. Each ISB will have a specsc purpose attached to i t  The 

organization for the IB fiames can be seen in Figure B- 13. A single IB fiame, IB - 1, rep- 
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FIGURE B-13. Interface Block Organization 

resents the interface designed for a specific connection request connection- 

Reques t - 1. A connection request is a simple frame that instructs the Interface Designer 

to initiate the interface design process. The IB frame c m  wntain any number of ISB 

fiames iinked to the parent fiame with a Ahas-sub-block relation. 

The k e s  that are used to build up the interface are called the interface device 

fiames. D3 and ISB device £kames are created during the interface design process by 

instantiating the prototype IB and ISB k e s .  An interface device fiame is related to a 

protome fhme through the %-a relation. For example, the I B - 1  device fiame in 

Figure B-13 is created by instantiating the ra prototype k e .  Similady the connection 

request device fiames are created during the interface design process by instantiating the 

C o ~ e c t  ion-Reques t prototype frame. 

B.2.1 Frame Representzation of the Interface Block 

A typical & m e  representing an IB is given in Table B-5. This fiame is presented to 

show the general organization of the IB fiames. The Ahas-sub-block slot will normdy 
contain the fiames making up the next more detailed level of the interface (ISB-5 and 



(defschema IB-1RW-CONPJECT 
(has-sub-block ISB-5 ISB-17 ) 
(has-internal-signal INT-SIG-1) 
(purpose DATA-TRANSFER CONNECT) 
( func t ion DATA-CONN) 
(needs-function ADD-CONN) 
(componentl U1) 
(cornponent2 US U3 U4 U5) 
(devicel MC68000) 
(device2 MK6116) 
(comection-req CONNECTION-REQUEST-1) 

TABLE B.5. Interface Block Frame 
ISB-17 in Table B-5). The Ahas-internal-signaI slot is used to store any signal intemal to 
the IB after they are created during the design process (INT-SIG-1 in Table B-5). The 

"'nction /'heeds-function slots are used to control the design of different aspects of the 
interface. For example, the ADD-CONN keyword in the "needs-functiun slot indicates that 

the address must still be comected for this interface, while the DATA-COBiN keyword in 

the "finction slot indicates that the data signals have been connected. Once the address 

signais are connected, the ADD-CONN key word will be moved fkom the 3leeds-finction 

to 'yitnction slot. The /'deviceX slots indicate the components being comected (such as 

MK6ll6 and MC6 8 O O O ) ,  while the "componenfl dots indicate the instances of the corn- 

ponents being connected (such as U1, ~ 2 ,  ~3 etc.). A luik to the comection request 
that was used to create the IB is provided in the Aconnection-req slot. 

A VHDL representation of the fiame from Table B-5 is shown in Table B-6. The 

Il entity IB-1RW-CONNECT is 
port ( MC68000JJDS : IN std-logic, etc..-.); 

end IB-1RW-CONNECT; 

architecture ONLY of IB-1-RW-CONNECT is 
signal INT-SIG-1 : std-logic; 

begin 
P m 1  : ISB-17 

port rnap ( 
INT-SIG-1 => -SIG-1, 
MC68000-UDS => MC68000-UDS 1 ;  

PART-2 : etc ... 
end ONLY; 

TMLE Ba. VHP)L Representation of Example Interface Block Frame 

VHDL representation will be generated by the InterEace Designer once the IB and its ISBs 
have been designed completely. The Interface Designer will produce a structural architec- 
ture of the IB fiame in t m s  of its ISBs. Far example, the architecture of the 

IB-1-RW-COUNECT VHDL entity is given by instantiating the ISB-17 entity as 
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PART-1. It should be noted that the VHDL fhme above is highly simplified for illustra- 
tion purpose. 

B.2.2 Frame Representation of an ISBP 

A typical came representing a Combinatorial ISBP is shown in Table B-7. The 

( de£ schema ISB-4-RELINT 
(instance INTERFACE-SUB,BLOCK 
(has-sub-block ISB-8 ISB-9) 
( purpo s e INTERNAL EtEQUEST GENERATE 
( function REQUEST-IN) 
(needs-function)) 
(hardware-function COMBINATORIAL) 
(parameters (pdelay (8 12 9)) ) 
(input-signals MC68000LDS MC68000-UDS) 
(input-timings MC68000-WDS/LDS-TIMING) 
(input (OR (ASSO MC68000-UDS) (ASSO MC68000,LDS) 1 )  
( output - t iming REQJNT-TIMING-1) 
(output-state (ASSO REQ-INT-SIGNAL) ) 
( output - signals R E L I N ' L S I G N A L  ) ) 

TABLE B-7. Combinatorial ISBP 

"purpose slot is provided to indicate the purpose of this specific 1%. This slot is cwently 

used primarily for debugging purposes. A "hardware-fincrion slot indicates that this is a 

Combinaional ISBP, with the propagation delay parameter given in the parameters slot. 

For this Combinatorial ISBP the propagation delay ( 6 1 2  9 ) indicates a minimum 

delay of 6 ns, a maximum delay of 12 ns and a typical delay of 9 m. The "input dot con- 

tains the input state expression which is the combinatonal equation that maps the inputs of 

the ISB to the outputs. Slots are provided for the ISB input and output signals and timing. 

The Aoutput-state slot is provided to indicate the required output state when the input state 

expression is me .  The required information for filling in the combinatorial ISBs is found 

either by analyzing the different information state specification of the components being 

connected, andlor by analyzhg the overall architecture of the complete design. 

The example in Table B-7 gives an ISBP that generates the intemal request signal 
REQINT-S IGNAL. This Combinatorial ISBp has two inputs, MC 6 8 O O OLDS and 
MC 6 8 O O O-UDS, and implements the state expressions: (OR (ASSO MC 6 8 O O O-UDS) 

(AS SO MC 6 8 0 0 0-LD S)). The output state slot indicates that the REQ-INT-S IGNAG is 

asserted whenever the state expression is tme. A schematic representation of the ISBP 
fiarne of ~ a b l é ~ - 7  is shown in Figure B-14. A VHDL representation of the k e  fiom 

Table B-7 is shown in Table B-8. The VHDL representation will be generated by the Inter- 

face Designer, once the ISBP fiame has been completed, by systematically mapping the 

contents of frame slots to the VHDL entiw and architecture. For example, the "input-sig- 
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FIGURE B-14. Schematic Representation of Exampie ISBP Frame 

entity I S B - 4 E U 3 I N T  is 
generic (TPD : t h e  := 9 ns); 
port (MC68000-UDS-U1 : IN std-logic; 

MC68000-LDS-U1 : IN std-logic; 
REQ-IXT-SIGNAL : OUT std-logic) ; 

end I S B - 4 R E L I N T ;  

architecture O N L Y  of ISB-4-REOINT is 
begin 

 RE^^-SIGNAL <= 
(not MC68000-UDS)or (not MC68000,LDS)after TPD; 

end ONLY; 

TABLE B-S. VHDL Representation of Example ISBP Frame 
nals and "output-signals are mapped to input ports and output ports of the VHDL entity. 

While the ANpüt state equation is mapped to a concurrent statement in the architecture 

body. 



VHDL Code for ISBPs 

C.l Package Dedaration for ISBPs 
LIBRARY AImalib; 
USE isse.stLlogic-ll64.all; 
PACKME primitive ZS 

CONSTABIT timegrap-delay : TïME := 3 ns; 
C O p J S T m  tirne-en-delay : TIWE := 2 ns; 
CONSTABIT time_clock_delay : T ~ M E  := 2 ns; 
CONSTANT thmipure-delay : TIWE := 55 ns; 
COWPOrJEPJT mld2p 

GENERIC ( t e  : T m  := tirnegrop-delay); 
PORT (hl, m2 : IN std-logic; 

autl : OüT std-logic); 
END COMPOblENT; 
COWPONENT or2p 

GEllERIC (tpd : f IME := tima-prop-d.elay) ; 
PORT (hl, in2 : IW std-logic; 

outl : OUT std-logic); 
EM) COMPOPSEWT; 
COMPOmZNT xor2p 

GENERIC (tpd : TIME := tjmeprop-delay); 
PORT (inl, in2 : XW etd-logic; 

out1 : OUT std-logic); 
EM) C O M P O ~ ;  
CCMPONZïW? in- 

Gm!amuC (tpd : TIWE := thgrop-delay) ; 
PORT (in1 : I N  st&logic; 

outl : OUT std-logic); 
END COBmONWT; 
CoMPobmam! âïatchp 

OENERIC (tpd : TIWE := tinispropd8elay; 
t K e n  : TIME := time-an-delay); 

BORT (id., latch-en : IN atd-logic; 
outl : OUT std-logic); 

END COMPOblEbPP; 
CôMPONEXPr dge-âffp 

GEHERXC (tpd-clock, tpd-xes : TIME := thgrop-delay) ; 
PORT (inl, clk, clr : fbt stclogic; 

outl : OUT std-logic); 
END C o n e O ~ ;  
CôMPOHENT pure-delayp 

CiEbIERIC (tpd : TIMg : = thneme-delay) ; 
PORT (in1 : IN std-logic; 

sys-reset : IN std-logic; 
sys-clock : IN std-logic; 
cutl : OUT std-logic); 

END COMPObTEbiT; 
COMPO- leadinsr-edge-delam 

GENElUC (tpd edge : TIME := time-sure-delay; 
tpd-: TIME := tirnesrop-delay); 

PORT ( h l  : X N  std-logic; 
sys-reset : IN std-logic := ' 0 ' ;  
sys-dock : IN atdJogic := ' 0 ' ;  
outl : OUT stLlogic) ; 

KM) C O W P O ~ ;  
CôMPOHENT trailiag-edge-delam 

GEHEEKC (tpti-edge : TIME := time~e-delay; 
tpB : TIMg := tbe~rop-delay) ; 

PORT (in1 : IN stL1ogi.c; 
8ys-resst : IN std-logic := ' 0 ' ;  
8ys-clock : IN std-logic := ' 0 ' ;  
out1 : OU1? std-logic); 

aJI, C O M P O ~ ;  
CéMPObTENT tri-state-buf f erg 

amm~IC (tpd : TIME := thesrop-&la% 
tKttri : TXME := thne-en-delay); 



C.2 Entity and Architecture Declaration for ISBPs 

C.2.1 2 Input AND Entity 
USE ieee.stLlogic-ll64.aZl; 
ENTITY and2p IS 

G m l m l C  ( t e :  TTWE 1; 
PORT (hl, an2 : XN std-logic; 

out1 : OUT std-logic); 
END and2p; 

ARCHITECTURE pcfrait OF aad2p IS 
BEGIN 

outl <= in1 AND h 2  tpd; 
E3ZD pcircuit; 

C.2.2 2 Input OR Entity 
USE ieee.stclogic-ll64.all; 
EXUTITY or2p IS 

GEXERIC (t*: TIME 1; 
PORT (inl, m 2  : ZN std-logic; 

outl : OUT stdJogic); 
END or2p; 

ARQfITEemTRE pcircuit OF or2p IS 
-GIN 

out1 <= in1 OR in2 tpd; 
END pcircuit; 

C3.3 2 Input XOR Entity 
USE ieee.et~logic-ll64.a; 
ENTITY xor2p IS 

GEmERxC (tpd : T m  1; 
PORT (hl, in2 : IN std-logic; 

outl : OUT std-logic); 
END xor2p; 

ARCXITECmTRE pcircuit OF xor2p IS 
BEGIN 

outl <= in1 XOR in2 AFTER t H ;  
END pcircuit; 

C.2.4 hverter Entity 
USE iese.et&llogiic-ll64.sll; 
Ebmrrm in- xs 

amuERxC (tpd : T m  1; 
PORT (in1 : XN st&hgic; 

outl : OUT std-logic); 
END invg; 

ARCHXTECTCTRE pcircuit OF in- IS 
BEGIN 

outl <= NOT in1 AFTER tpB; 
EHD pcircuit; 



C.2.5 D-Eatch Entity 
USE ieea-std-lwic-ll64.all; 
ENTITY dlatchg 1s 

-c (tpd, t&en : TIME ); 
POElT (hl, lat-en : IN std-logic; 

outl : OUT std-logic); 
IOID dlatchp; 

state-change0 : PROCESS (hl) 
BEGIN 
IF (in1 = ' O r  O R h l  = '1') THEN 
clel-sig <= inl after tpd; 

gLSE 
del-sig <= 'x' after tpd; - IF; 

EP93 PROCESS; 

state-changel : PROCESS (exsig, del-dg) 
BEGIN 

X F  ( To-bit(--sig) = '1') TEEN 
out1 <= del-sig after O ns; 

E a D  IF; 
EHD PROCESS; 

END pcirdt; 

C.2.6 D-FLip-F1op Entity 
USE ieee.stdJogic-ll64.all; 
ENTITY due-dffp XS 

GEWERXC (tM-clock, tpd-res : TIME ) ; 
PORT (hl, clk, clr : IN std-logic; 

out2 : OUT std-logic); 
END dge-affp; 

ARQIITECTURE pcircuit OP edge-dffp IS 
BEGIH 

state-change : PROCESS (clk, cl=) 
BEGIN 

IF ( To>it(clr) = '1' ) TBEN 
outl <= ' 0 '  AFTER tpd-res; 

ELSIF ( clk'event AND clk = '1' TXEN 
IF (in1 = ' O '  OR ha1 = ' I r )  

outl c= in1 after tpd-clock; 
ELSE 

out1 <= \XI after tpd-clock; 
EElD IF; 
EM) IF; 

EbTD PROCESS; 
Elm pcirdt; 

C.2.7 Pure Delay Entity 
IiIBRARY ieee; 
USE ieee.st&lqic-ll64.all; 
L~BRARP damelib; 
USE -1ib.primiti.ve-edge-Mfp; 
BNTITY pure-del- IS 

GmlERxC (tpB : TIME ); 
PORT ( h l  : IN std-l~gic; 

sys-resst : IN stclogic; 
sys-clock : fbl st&logic; 
outl : OUT std-logic); 

END pua?e,~laYP; 



ARCffITECTmZE pcircuit OF pure-delayp 16 
BEGYN 

outl <= in1 after tpd; 
EHD pcircuit; 

C3.7.1 D-FLi:p-Hop Implemenation of 50 ns Pure delay 

part1 : e-e,dffp 
PORT XAP (inl, 8ys,cl0~k, sys-reset, sigl); 

part2 : edge-dffp 
PORT M J W  (sigl, sys-clock, sys-reset, autl) ; 

END dsl50ns; 

C.2.8 Leading Edge Delay Entity 
USE ieee.st~logic,ll64.all; 
LfBRARP chmlib; 
USE Almrlib .primitive. 8nd2p; 
USE âamelib .priZOitive.puxe,delayp; 
m I T Y  Ieaafng-dge-delayp IS 

-C (tpd-edge, tpd : TIWE ) ; 
PORT (in1 : ïN std-logic; 

sys-reset : ïDï  std-logic; 
sys-clock : IN st<loqic; 
outl : OUT std-logic); 

END leasing-edge-delayp; 

ARQII%!li$CTURE pcizcuit OF leading-edge-delayp IS 
FOR al% : anap 

use entity Arimnlib.anB2p(gcircuit); 
POR al1 : pure-delm 

use entity ~ l i b . p u ~ e - d e l a y p ( p c i r c u i t ) ;  
SI- ide1 : std-logic; 

BEGIN 
ni : d p  

GEUERrC MAP (tpa => tpa) 
PORT MAP (in1 => idel ,  in2 => inl, outl => outl); 

n2 : pure-delayp 
GENeRIC 1#AP (tpd => tpd-edge) 
PORI! WbP (in1 => iPi, 

syereaet => sys-reset, 
sy~-clock => sys-clock, 
outl => idel); 

END pcircuit; 

ARCKITECTURE del50ns OB leasing-edge-delam IS 
FOR al1 : and2p 

usa entity damalib.andSp(pcircuit); 
FOR al1 : pure-delayp 

use eatity drmrlib-gure,delayp(dsl50ns); 
SIGNAL ide1 : etd-logic; 

BEGIN 
nl : andSp 

QWERIC I a P  (tpB => tpB) 
PORT MAP (in1 => idel, in2 => inl, outl => autl); 

n2 : pure-delayp 
-c ~#AP ( t p d  => tpd-edge) 
PORT XAP (in1 => inl, 

sys-reset => sys-reset, 
sys-clock => irys-clock, 
out1 n> idel); 

EMD del50ns; 



C.2.9 Trailing Edge Delay Entity 
USE ieee . st4Jlogic-1164. all; 
tfBRÀRY Almrlib; 
USE àameïib.primitive.and2p; 
U s g  damelib .primitive. in-; 
USE âamelib .primitive .pitre-delayp; 
ENTITY trailing-edge-delayp XS 

m C  (tpd-edge, tpB : TIME ) ; 
PORT (iP1 : X H  std-logic; 

m r e a e t  : Ibl std-logic; 
sys-clock : Ibl std-llogic; 
outl : OVT std-logic); 

EblD trailing-dge-cîelayp; 

ARCXXTECTURE p c i r d t  OF trailing-edge-delayp IS 
FOR al1 : and29 

use amtity Alrm.rlib.and2p(pcircuit); 
FOR a i l  : in- 

use entity damelib. in- (gcircdt) ; 
FOR al1 : pure-delayp 

use entity Almrtlib .pure-delayp (pcirat) ; 
SIGNAL idel, k i - 1  : std-logic; 

BEGIN 
nl : a W p  

GEbTeRIC WAI? (tpB => tpd) 
PORT BdAP ( h l  => inv-iâel, in2  => inl, outl => outl); 

a2 : pure-delayp 
oEaTsRIC (tpd => tpd-edge) 
PORT WW ( h l  => hl, 

sys-reset => sys-reset, 
sys-clock => sys-clock, 
out1 => idel); 

I l3:rpVp 
GmlERIC MAP (tpd => tpd) 
PORT MAP (in1 => idel, outl => *idel) ; 

EbTD pcircuit; 

PLRCHITECTVRE del5ûns OF trailingedge-delayp IS 
FOR aLI : rindlp 

use entity A.rmalib.nna2p(pcircuit); 
FOR al1 : in- 

use entity Almalfb.invp(pcircuit); 
FOR al1 : pure-delayp 

use eotity Anmala-gure-delayo(de15Ons); 
81- idel, in-idel : etci-logic; 

BEGIN 
pl: rndap 

GzwERxc WAP (tpd => tpd) 
BORT MAP (in1 => inv-i&l, in2 => inl, outl => autl); 

n2 : pure-delm 
-C MAP (tpd => tpd-edge) 
PORT WAP (in1 => inl, 

8y8-reset => sys-reset, 
sys-clock => sys-clock, 
outl => idel); 

n3 : in- 
m c  WÀP (tpB => tpd) 
PORT MAP ( h l  => ide l ,  outl => inv-idel); 

del5Ons; 

C.2.10 Tri-Sate Buffer Entity 
USE ieee . st4-logic-1164. all; 
EEiTITP tri-etate,Puf ferp IS 

GmxERsC (tpB : TIME; t e t r i  : T m ) ;  
PORT (hl, triout : std-logic; 

out1 : OUT std-logic) ; 
tri-state-bufferp; 



SI- BeLsig : st&logic; 
SI- tri-sig : st&logic; 

BEGIbl 
tri-sig <= tri-out after tpi-tri; 

state-change0 : PROCgSS (hl) 
SEGIH 
IF (in1 = \ or  OR in1 = \ I r )  TaEN 
Bel-aig <= in1 after tpd; 

ELSE 
del-eig <= *Xr after tpd; 

END IF; 
EmD PROCESS; 

state-changel : PROCESS (tri-sig, d e l - d g )  
=am 
IF ( To-bit(tri-sig) = % I r )  T f f E N  

outl <= del-sig after O ns; 
ELSE 
outl <= \ZN aftet  O ns; 

Z2üD IF; 
END PROCESS; 

pcircuit; 

C.2.11 Open CoUector BuEer Entity 
USE ieee.st&logic-1164.al1; 
ENTITY oc-buf ferp IS 

GENEEKC (tpd : TIME 1; 
PORT (in1 : IN std-logic; 

outl : OUT stglogic) ; 
END oc-bufferp; 

ARCHITgCTURE pcircuit OF oc-buffexp 18 
BEGXN 

stats-change : PRôCESS (inl) 
BEGIN 
IF ( To-bit(in1) = \ O r  ) 

outl <= \ O r  after tpd; 
ELSE 
outl <= \ Z Y  after tpd; 

END IF; 
EtüD PROCESS; 

EWD gcircuit;Abstraction Levels for Znfozmation T r a n s f e r s  



Appendix D 
CRI, Frames for Design Example from Section 7.4 

D.1 CRL Frames for the Motorola MC68000 Microprocessor 

The component fiames are divided into two parts. First, the body fiames only con- 

tain the timing independent fiames. The body h e s  are the same for aIl speed versions of 

a component. Second the timing fiames contain the fiames that are specific to a certian 
speed component. 

D.1.1 CRL Frames MC68000 Body 

Note: some address and data signals have been deleted for braity. 

(defschema m68000 
: parallel 
(is-a ssicr:oprocessor) 
(han-capability 

m6800O-data-transfez-cap m68000-bus-arb 
m68000jnterrupt) 

(has-si-1 
m68000-as m68000-uds m68000,lds 
m68000,dtak m68000-rd 
m68000fc0 m68000-fcl m68000-Ec2 
ni68 00 0-br ai68 0 0 0-bg m68 0 0 0,bgack 
m68000-d0 m68000,dl m68000,d2 m68060a? 
m68000-64 m68000,d5 m68000-86 1~68000-67 
m68000dd8 m68000-d9 m68000-dl0 m68000,dll 
rn68000-dl2 m68000-dl3 m68000-dl4 m68000-dl5 
m68000,al m68000,a2 m68000-a3 
m68000-a4 m68000-a5 m68000,a6 m68000a7 
rn68000-a8 m68000-a9 m68000,alO m68000-al1 
m6800O9l2 m68000-a13 m68000-a14 m68000-a15 
m68000-al6 m68000-a17 m68000-al8 m68000-a19 
m68000,aSO m68000-a21 m68000-a22 m68000-a231 

(has-bus 
m68000,data-bus m68000-addmms-bus 
m68000,control-bus m68OOO,&ta,transfer_bus)) 

(defechema m68000,as 
: parailel 
(is-a signal) 
(pin-number 6 ) 
(polarity (as8 O) 
(ah-riamn ) 
( dm-timing m68 0 0 0-da-as-timing) 
(ah-function s) 
(i-0 output) ) 

(defacheuna m68000,dtak 
:paralle1 
(is-a signai) 
(pin-nlrmbet 10) 
(polarity (asa O)) 
(&ive=-type ope~~collsctor) 
(sim-xldmU9 
(sim-timing m68 000~contro1,timig) 
( sin-function k) 
(i-O input)) 

(defschexua m68000,uds 
:pa~allsl 
(is-a signal) 
(pin-nirmber 7) 



(polarity (aas O) ) 
(sim-naxw ) 
(sim-timing m68000-uds,14s-t;ming) 
(sim-fuaction a) 
(i-O output)) 

(deEschsrna m68000-lda 
: parallel 
(is-a signal) 
(pin-number 8) 
(golarity (ass O ) 
(sim-aama ) 
( aim-timing m68000-uds-lds-timing) 
(sim-function s) 
(i-O output) ) 

(defschema m68000-rw 
rparallel 
(is-a signal) 
( p i n - n d r  9) 
(polarity (am O ) )  
(sim-- ) 
(ab-timing m 6 8 0 0 0 - d s ~ z w Z W t ~ ~ )  
(dm-function w) 
(i-O output) ) 

(defschema m68000-fc0 
: parallel 
(is-a signal) 
(pin-number 28 ) 
(polarity (as8 1) ) 
(sim-name ) 
(sim-timing m68000dsfc2iming) 
(sim-function Oa) 
(i-O output) ) 

(defschema m68000,fcl 
:paralle1 
(is-a signal) 
(pixk-number 27) 
(polarity (ass 1) ) 
(sim-name 
(sh-timing m68000-ds-f c-timing) 
(eh-fuaction la) 
(i-O outaut)) 

(def schama m68000-f c2 
rparallel 
(ia-a signai) 
( p i n - n h r  26) 
(polarity (aas 1)) 
(sim-IlUme 
(sim-timiilg m68000-ds-fc-tbing) 
(sim-function Oa) 
(i-O output)) 

(defschema m68000,al 
:paralla1 
(is-a signal) 
(pin-number 29) 
(poiarity (ass 1)) 
(sim-nrima (m68000-a 1)) 
(sim-timing m68OO0-address-timing) 
(sim-Eunction al) 
(i-O output)) 

*...o. 

(defschema m68000-a23 
: purailel 
(is-a signal) 
(pin-number 52) 
(polarity (aas 1) ) 
(sim-name (m68000-& 23)) 
(sim-timing m680OO_addresa,timing) 
(ah-fuactioa a23) 
(i-O output) 

(def achema m68000-80 



:paralle1 
(is-a s igaa ï )  
(pin-number 5) 
(polarity (as8 1)) 
(sian-nama (m68000,ld 0) ) 
(sh-t;s m68000-write~&ta-tming) 
(sh-fuactian do) 
O input output ) ...... 

(dafecheana m68000,dl to m68000-dl5 
. . m . . *  

(cïefschtmm m68OOO-data-transfer-hs 
:gara1101 
(is-a signai-bus) 
(Us-signal 
m68000,dO m68000-dl m68000-62 m68000-d3 
m68000-d4 m68000,dS m68000-86 m68000,d7 
m68000-88 m68000,d9 m68000-dl0 m68000dll 
~~68000-812 m68000-dl3 m68000-dl4 m68000-615 
m68000,al m68000-a2 m68000-a3 
m68000,a4 m68000,a5 m68000-a6 m68000,a7 
m68000,a8 m68000-a9 m68000-a10 m68000-al1 
m68000-a12 m68000-a13 m68000-al4 m68000-a15 
m68000-a16 m68000-a17 m68000-a18 m68000-a19 
m68000-a20 m68000-a21 m68000-a22 m68000-a23 
m68000,mr m68000-as 1~68000-dtak m68000-uds m68000-lds 
1 )  

(defschema m68000,âata-bue 
:paralle1 
(is-a si--bus) 
(sim-timing m6800O,write-data-timing m68OOO-read-data-timing) 
(hus-signal 

m68000-d0 m68000,dl m68000-62 m68000-d3 
m68000-84 m68000,dEi m68000-d6 m68000-d7 
m68000-d8 1~68000-89 m68000-dl0 m68000-dl1 
m68000-612 m68000-dl3 m68000-dl4 m68000d15)) 

(defschegna m68000-aâdress-bus 
:paxalle1 
(is-a signal-bus) 
(sh-timing m68000,adBireas,timing) 
(has-signal 

m68000-al m68000-a2 m68000-a3 
m68000,a4 m68000-a5 m68000-a6 m68000-a7 
m68000-a8 m68000,a9 m68000-a10 m68000,all 
m68000-a12 m68000,s13 m68000-al4 m68000,&15 
m68000-al6 m68000-a17 m68000-a18 m68000,a19 
m68000-a20 m68000-a21 m68000-a22 m68000,a23)) 

(defschema m680OO~control~bus 
:parailel 
(is-a signal-bus) 
(has-signal m68000-rw nr68000-lds rn68000-uds ~168000-dtak m68000-as 

m68000-br m68000,bg m68000-bgack)) 
(defschema m68000,data-traasfer-cap 

:paralle1 
(is-a data-tz~sfer-capdcro) 
(has-dt-type-spec m68000-dt-type-spec) 
(hae-dt-req-8gec m68000,dt-re~spec) 
(Us--rd-select -mec m68OOO~worii_select~sgec) 
(has-=rd-width-sgac none 1 
(haa-acîdres8-spec mS8000-address-mec) 
(uses-protocol m68OOO~dt~writeg~tocol m68OOO~dt,read_protocol) 
(uses-timing m68 O 00-ds-as-timing) 1 

(defschema m68000,~reaBgrotocol 
:para1101 
(is-a ~ead-protocol) 
(has-idantification-mec m68000read-sgec) 
(hae-del-spec m68000-del-spetc) 
(han-data-mec m6800Oread-data-spec)) 

(Bef achema m6800O~dt~write~rotoco1 
:parailel 
(Fs-a write~rotocol) 
(haa-idsntification-~pec m68000-mite-spec) 



(haa-Bsl-mc 
(bas-data-spec 

(def schenna m68000,reacLspec 
: parallel 
(ie-a 
(uses-state 
(u~ea-thhg 

(defschema m68000,read-atate 
:paralle1 
(is-a 
(state-signala 
(state 

(defacherna m68000-write-spec 
:pasalle1 
(is-a 
(uses-state 
(uses-timiiig 

(defacheuna m68000-write-state 
:para1101 
(is-a 
(stata-signal8 
(state 

(def sch& m68OOO,&ta_aagnitude 
:paralle1 
( is-a lookup-table ) 
(selects O 1 2  3 4 5 6 7 8 9 10 11 12 13 14 15) 
(access-table (O m68000,dO) (1 m68000-dl) (2 m68000-d2) 

(3 m68000dd3) (4 m68000,d4) (5 m6800035) 
(6 m68000-66) (7 m68000-d7) (8 1~68000-d8) 
(9 m68000,d9) (10 m68000-d10) (11m68000-dll) 
(12 m68000-d12) (13 m68000-d13) (14 m68000-d14) 
(15 m68000,dlS))) 

(defacharna m68000-read-data-spec 
: paralle1 
(is-a state-timing-spec 
(usas-atats m68000-8ata_aagnituBs) 
(uses-timing m68000-read_bata,timing)) 

(defschema m68OOO-write-âata-~ec 
:paraIlel 
(is-a state-timingspec) 
(uses-state m 6 8 0 0 0 ~ d a t a ~ ~ t u d e )  
(uses-timing m6800O-write-data,timing)) 

(defschema m68000,adBzress~gnitude 
:paraIlel 
(is-a lookup-table) 
(selects 1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23) 
(acceas-table (1 m68000-al) 

(2 1~68000-a2) (3 m68000a3) (4 m68000-a4) 
(5 m68000-a5) (6 m68000-a6) (7 m68000-a7) 
(8 1~68000-a8) (9 m68000,a9) (10 m68000-a10) 
(11 m68000-all) (12 m68000a12) (13 m68000-a13) 
(14 m68000-a14) (15 m68000a15) (16 m68000-a161 
(17 m68000-a17) (18 m68000a18) (19 m68000-~19) 
(20 m68000-a20) (21 m68000a21) (22 m68000-a22) 
(23 m68OOO,a23) ) ) 

(defechema ~68000,ac¶&eae,spec 
: parallel 
(is-a state-timing-spec ) 
(uses-state m68000-address-gnitude) 
(uses-timing m68000-address-timing) 

(def acharna nr68000,dt,typelYPsepac 
rpatallsl 
(is-a etate-timing-apec) 
(uses-state m68000-type-state) 
(uses-timing m68000-ds-fc-timing)) 

(def schenaa mt58000-type-state 
:para2101 
(is-a lookup-table) 
(condition-slgnals m68000,EcO m68000-fcl m68000fc2) 
(select8 user-data usergrogram sup-data 

supgrogram int-ack) 
(access-table (user-data (and (nego m68000-fc2) (nego m68000-fcl) 



(asso m68000-fc0))) 
(user~rogram(aPd (nego mS8000,fc2) (asso mb8000fcl) 

(nego m68000fcO)) 1 
(sup-data (and (asso m68000-f c2) (nego m68000fcl) 

(asso m68000fcO))) 
( s u p g r o g r a m  (and (asso m68000-fc2) (asso m68000-fcl) 

(nego m68000-fc0))) 
( int-a& (and (asso m68000fc2) (asso m68000-fcl) 

(asso m68000,fcO))))) 
(defschema m68000,dt-recspec 

:paralle1 
(is-a state-timingsgec) 
(uses-stata m68000-dt-re~state) 
(uses-timing m68OOO-u~-lds-t~g m68000-da-as-timing) 

(defschemia m68000-dt-recstate 
:paralle1 
(is-a state-spec) 
(state-signal8 m68000-uds m68000-lds) 
(state (and (asso m68000-as) 

(or (as80 m68000-uds) (asao m68000,lds))))) 
(defschama m6800O-word~3elect-~c 

:parailel 
(is-a state,timing,apec) 
(uses-  ta te m68000-~tor~select-~tate) 
(uses-timing ~~68000-uds-lds-timing)) 

(defschema m68000-=rd-select-state 
: parallel 
(ia-a double-lookup-table) 
(condition-signala m68000-uds m68000,ld~) 
(select1 (O 7 )  (O 15)) 
(select2 (O 7 )  (8 15)) 
(access-table ((O 15) (((O 7) (asso m68000,lds)) 

((8 15) (asso m68000-uds)))) 
((O 7) (((O 7) (asso rn68000,lds) 

((8 15) (asso m68000,uds)))))) 
(defschema m68000-del-mec 

:paralle1 
(is-a state-timing-sgec) 
(uses-state m68000-del-state) 
(urnes-timing m68000,control,t;ming)) 

(defschema m68000-del-state 
:paraIlel 
(ia-a state-spec) 
(state-signais m68000-dtak) 
(state (assi m68000,dtak))) 

CRL Frames MC68000 Timing (8Mhz) 
(daf schema m68 O 00-ds-zw-timing 

:paralle1 
(is-a 
(signal1 
( signal2 
(wsntl 
(mant3 

(avant2 
(avant4 
(the2 
(the4 

(defschema m68000,coatrol,t~s 
:paralle1 
(is-a 
(signal1 
( s i m 2  
(svsntl 
(svsnt3 

strobe-timing) 
m68000-uds m68000,lds) 
m68000-rw) 

( 1  (or (asso m68000-uds) (asso 1~68000-las)))) 
( 1 (not (or (a880 m68000-uds) 

(asso m68000-lds))))) 
(va10 ! va10 m68000-rw) ) 
(va10 ! va10 m68000-rw) ) 
(-- -60)) 
(40 + - ) I l  

handahake-timing ) 
m68000-uds m68000,1ds) 
m68 000-dtak) 

( 1  (or (a890 ~~68000-uds) (asso m68000,lds)))) 
( 1  (not (or (aeso m68000-uds) 

(asso m68000-lds))))) 
( 1  aesi m68000-dtak)) 
( 1  negi m68000-dtak)) 



(tirne2 (variable) ) 
(the3 (125 320)) 
(the4 (O 245))) 

(dafschama m68000,reaLdata-timing 
:paralhl 
(is-a pulse-latch-timing) 
(aigsall m68000-uds m68000-la) 
(signal2 m68000,data_bus) 
(wentl (1 (or (aaso m68000-uds) (asso m68000-lds)))) 
(event3 (1 (not (or (asso m68000,uds) 

(asso 11~68000-lds))))) 
(uvant2 (float ! vali az68000,data-bus)) 
(evant4 (vali 1 float m68000,data,bus)) 
(time2 (-- -35) )  
(tiare4 (O +-I l  

(defschema m68000~vrite~~ta,t~ng 
:paralle1 
(is-a strobe-timing) 
(signal1 m68000-uds m68000,lds) 
(signal2 m68000-data-bus) 
(svsntl (1 (or (as80 m68000,uds) (asso m68000lds)))) 
(wemt3 ( 1 (not (or (asso m68000,uds) 

(asso m68000-lds))))) 
(event2 (open 1 va10 m68000,&ta,bus) 1 
(went4 (vaïc 1 open m68000,data-bus)) 
(the2 (-- -30)) 
(the4 (30 + - I l )  

(defschenia m68000,addressZ;ming 
:paralle1 

(amant2 
(ovent4 
(kime2 
(tirne4 

(defschema m6800O-ds-as,t;mi.rig 
:paralle1 
(is-a 
(signal1 
(signal2 
(evarrti 
(evsat3 

(evsPt2 
(event4 
( t h 2  
(time4 

(defschama m68000-ds-fc-timing 
:pualle1 
(is-a 
(signal1 
(signal2 
(eve~tl 
(svsat3 

(avant2 
(evellt4 
(tiBm2 
( t h e 4  

(defschama m68000-uds-lds-thhg 
: parallel 
(la-a 
(signal1 
( signal2 
(artsntl 
[clvent3 

strobe-timing) 
m68000-uds m68000-lds) 
m68000-aadress-bus) 

( 1  (or (as80 m68000-uds) (asso m680001ds)))) 
( 1 (not (or (asso m68000-uds) 

(asso m68000,lds))))) 
(! va10 m68000-addreas-bus)) 
(1 ivalo m68000,addrsss-bus)) 
(-- -30)) 
(30 + - ) I l  

strobe-t iming ) 
m68000-uds m68000,lds) 
m68000-as) 

(1  (or (aseo m68000-uds) (asso m68000-lds)))) 
( ! (not (or (aseo m68000-uds) 

(asao m68000,lds) ) 1 ) 1 
(-10 1 asso m68000-as)) 
(asso 1 va10 m68000-as)) 
(--= 0)) 
(0 + - ) I l  

strobe-timing) 
m68000-uds m68000-1b) 
m68000~fc0 m68000,fcl m68000-fc2) 
(1 (or (asso m68000,uds) (asso m68000-lds)))) 
(1 (not (or (asso m68000-uds) 

(asso m68000-lds))))) 
( 1 va10 sig2) ) 
(1 ivalo sig2) ) 
(-- -60)) 
( 4 0  + - ) I l  

logic-tining) 
m68000-lda m68000-uds) 
m68000,lds m68000,uds) 
(1 (or (as80 m68000-uds) (asso m68000-lds)))) 
(1 (not (or (asso m68000~uds) 

(asso m68000-lds))))) 
(want2 (1 as80 sig2)) 



D.2 CRL Frames for Component Instances and the Connection Request 
(DEFS- Uï 
: PAmLmL 
(INSTANCE M68000) 
(PARULOE DIP)) 

(DKPSCfIgWÀ U2 
: PA- 
(INSTANCE M6116) 
( P m  DIP) ) 

(DEFSCHEMA W3 
: PARALLEII 
(INSTANCE M613.6) 
(PACKAGE DIP)) 

(DEFS- 04 
: PARATjLgIi 
(INSTANCE 16116) 
(PACKAGE DIP)) 

(DEFS- US 
: PARALLEL 
(IblSTMICE WB1161 
(PACKAGE DIP) ) 

(defachana connection-request-1 
: para1101 
(is-a connectioo,request) 
(bas-sub-remest connection-sub-request-1 connection,sub_request_2 

connection,sub,reqclest_3 co~nection-sub-request,4) 
(puzpose data-transf er) 
(status new) 
( C ~ ~ s n t l  ul) 
(corngonant2 u2 u3 u4 US) 
(direction bidir)  
(usage1 (user-data sup-data usergrogram supgrogram) 
(usage2 (Tl 1 
( add-decode1 

(0000 (ami (negi 23) (negi 22) (negi 21) (negi 20) (negi 19) (negi 18) 
(negi 17) (negi 16) (negi 15) (negi 14) 
(negi 13 (negi 12 1 1 

(8000 ( a d  (negi 23) (negi 22) (negi 21) (negi 20) (negi 19) (neai 18) 
(negi 17) (tegi 16) (assi 15) (nagi 14) 
(nesi 13) (nwi 12)))) 

(data-decode1 (O 7) (8 15) 1 
(data-decode2 (O 7 ) 
(adül (1 11)) 
( a m  ( O  10)) 
(intrrf ace-width ( O 15 

(defschama conaection-sub,re~~est,l 
: parallel 
(is-a c~ection-subsub~e~e8t) 
(sub-request-of 
(componentl ul) 
(comamnant2 u2) 
(adcl-decdel 0000) 
(data-decodei (O 7 1 
(data-decode2 (O 7 1 1 

(defacheuna connsction-subsubrequest-2 
: pazallel 
(ia-a connection,sub,request) 
(8ub-requrst-of 
<camponsntl ul) 
~ C ~ U l t â  u3) 
(a&¶-bcodsl 0000) 
(data-dacode1 (8 15) 1 
(data-&coda2 (O 7 ) 1 

(def achema connection-sub,request-3 
:paralle1 
(ie-a connection,Bub,request) 



(sub-request-of ) 
(c-antl ul) 
(comipnn4pt2 u4) 
(add-decodel 8000) 
(data-ri4coasl ( O  7) ) 
(data-decoüe2 (O 7 ) ) )  

(defachelna connection-s~b-request-4 
:paralle1 
(is-a connsction-pnrb-request) 
(sub-requeat-of ) 
(componexltl ul) 
(c-onenta u5) 
(a--decoda1 8000) 
(data-decode1 (8 15)) 
(data-decode2 (O 7 ) ) ) 



VHDL Code for Design Example from Section 7.4 
The VHDL code is broken into three modules: the VHDL code for the ISBs, the IB 

and the test bench. 

E.1 VHDL ISBs for Design Example 

Note: some address and data signals have been deleted for brevity. 
-- STaRT of  ha code for IB-1-RW-CONNECT -- Device 1 : IB-l_RPQ_CONNECT -- Generatd on: 15:00:20 8-2-1997 Version 1.0 
libtary IEE; 
use IEEg. STD-LOQIC-1164 .ALLL; 
library MMELIB; 

antity ISB-27O-M68000-All,INT is 
generic ( 

TPD : t h ;  
TPD-EN : time; 
TPD-EDGE : time 1; 

port ( 
M6800O-Aïl-Ul : IN std-logic; 
M6116--0-02345 : OUT std-logic 1; 

end ISB_270-M68000_All-INT; 

architecture 0- of ISf1_270~M68000JLil~~ is 
use -1B. PRZXt.PIVE. ALL; 
for al1 : TRX-SPATE-BUFFIEtP 

use entity ~AWEZII~,TRI~~TATE-B~PERP(~C~~CU~~); 
signal SIG-ENAB : std-logic; 
signal SIG-ISIG : std-logic; 

begin 
PARTI : TRI-STATE-BUFFEFtP 

ganeric map ( 
TPD => TPD, 
TPD-TRI => TPD-EN ) 

Port map ( 
ïNI => SIG-ISIO, 
TRI-OUT => SIG-EbfAB, 
OuTl => M6116JU.O-US345 ); 

SIG-ISIG <= 
{ 

M680OO_Ell-O1 
) after O ns; -- Campldty was = 1 

SIG-mum <= 
( 
'1' 
) after O ns; -- Complexity was = O 

end ONLY; 
entity ISB_250-M68OOOS-IblT is 

generic ( 
TPD : th; 
TPD-EN : time; 
TPD-EDGE : time ); 

Port ( 
M68000JUdV1 : IN std-logic; 
M6116>0-U2345 : OVT std-logic ; 

d ISB-25 0 3 6 8  00 O-AI-IWP; 



entity IsB-137_W6116-DO-fNT is 
g o a s t i c  ( 

TPD : tirna; 
TPD-EN : time; 
TPD-ZDGE : thma ); 

Port ( 
M6116,DO,U35 : I E l  atd-logic; 
1 5 8 - 5 5 ~ A C C - E N ~ S f O N A L  : IN atd-logic; 
ISB-38-READ-INT-SIGNAL : IN std-logic; 
M68000-D8-U1 : OUT std-logic ) ; 

end fSfB_137-bl6116,DO,INT; 

architecture OHLY of XSB-137_2K6116-DO,TiU!C is 
use DAMEtIB . PRIMITIVE 
for al1 : TRI-STATE-BVPPERP 

ues entity O A ~ ~ ~ L I B . ' P R T _ S T A T E - B ~ ( ~ ~ ~ ~ ~ U ~ ~ ) ;  
s i g n a l  SIG-- : std-logic; 
si& SIG-ISIG : std-logic; 

begin 
PART1 : TRI-STATELBllFFERP 

generic map ( 
TPD => TPD, 
TPD-TRI => TPD-EW ) 

Po* =P ( 
INI => SfG-ZSfG, 
--OUT => SIG--, 
OUT1 => M68000-D8-U1 

SIG-ISIG <= 
( 

M6116-DO-U35 
) after O na; -- C-ldty wae = 1 

SIG-ELSAB <= 
( 

( 
ISB-55-DATA-ACC-EN-INT-SIGNAL 

1 
anB ( 

IsB-3 8-READ-INT-SIcNAt 
1 

) after TPD; -- C ~ l e x i t ~  was = 3 
anB OWLY; 



TPD-EDGE : t h e  ); 
port ( 

M68000-D8,VI : IN std2ogic; 
I S B - 5 5 - D A T L A C C - ~ ~ ~ - S I ~  : IN std-logic; 
XSE-35-WRITETEIEjT~SI~ : W std-logic; 
M6116-DO-035 : OUT std-logic 1; 

end fSB~121~M68000~D8~1~; 

signal SIG-ISIG : std-logic; 
begin 

PART1 : TRISTATE-BUP'FERP 
generiic map ( 

TPD => TPD, 
TPD-TRI => TPD-EN ) 

TRITRIOUT => SIG-EbIAB, 
OuTl => M6ll6-DOJY35 

8fG-ISIG <= 
( 

M680OO-D8-U1 
) aftet O ns; -- Complexity was = 1 

SIG-ENAB <= 
( 

entity TSB_105Jü6116-DO-~ is 
generic ( 

TPD : the; 
TPD-EN : t h ;  
TPD-EDGE : t h e  ); 

P o e  ( 
M6116-DO-V24 : IN std-logic; 
1-55-DATA-ACC-EN-INTINTSIGNAL : IN std-logic; 
~~B-~~-READ-INT-SIG~~LL : IN std-logic; 
M68000-DO-U1 : OUT std-logic ); 

end ISB-1OS-M6116-DO-fbtT; 

architecture ONLY of ISB-105Jü6116-DO,= is 
use DAMELIB.PFUMïTIWZ.ALL; 
for al1 : TRI-STATE-BUETERP 

use sntity DAWELXB-TRI-STATE-BVFFERP(pcircuit); 
signal SIG-- : std-bgic; 
signal SIG-ISXG : std-logic; 

begin 
PART1 : TRI-8TATE-BWFFER.P 

generic mag ( 
TPD => TPD, 
TPD-TRI => TPD-EH ) 

--OUT => SIG-ENAB, 
OüTl => M68000-DO-U1 

SXG-ISTG <= 
( 

M6116-DO-nZ4 
) after O ns; -- Cornpldty was = 1 



1 
and ( 

ISB-3 8-IZEADIZEADINT31GNAL 
1 

) afterr TPD; -- Camplexity was = 3 
end ONLY; 

entity ISB-894a68000-DO-IafT is 
gerreric ( 

TPD : tims; 
TPD-EW : the; 
TPD-EDGE : time 1; 

port ( 
M68000-DO-01 : IN std-logic; 
f S f S _ 5 5 - M T ~ C C E N I N T S I ~  : IN St&logic; 
ISB-35-WRXTE-Ibm!-SIGMUj : IN std-logic; 
M6116-DO-W24 : OUT std-logic ); 

end f SB-894668OOO-DO-XNT; 

architecture ONLY of ISB_89-M68000-DO-INT is 
use DAD5&IB. PFUMITIVE .ALL; 
for al1 : TRI-STATE-BUFFERP 

use entity DM~ELIB.TRI-STATE-BUFPERP (pcircuit 1 ; 
signal SIG-ENAS : std-logic; 
signal SIG-ISIG : std-logic; 

begin 
PART1 : TIU:-STATE-BVrFERP 

generic map ( 
TPD => TPD, 
TPD-TXî => TPD-EN 

port map ( 
IN1 => SIG-ISIG, 
TRI-OUT => SIG-ENAB, 
OUT1 => M6116-DOJ24 

SIG-ISIG <= 
( 

M68000,DO-O1 
) aftex O ns; 

C ~ l e x i t y  was = 1 
SIG-EESAB <= 

( 
C 

Comglexity was = 3 
end ONLY; 

entity fSB-713.M6116WIwEt.ïNT is 
generic ( 

TPD : t h ;  
TPD-EN : time; 
TPD-EDGE : thne 1; 

Po* ( 
IsB-3S-wRXTE,I~-SIGbfAL : ZN std-logic; 
M6116-~t72345 : OVT std-logic 1; 

emd ISB-71,M6116,PQR,INT; 



-- Coaiplerity osas = 2 
end ObILY; 

architecture ODiLY of ISB-69,W6116-CE-INT-0-Oo7 is 

1 after TPD; 
was = 6 

ISB-4-REQWST-INT-SIGNAL 
1 

) after TPD; -- C o m g l d t y  wae = 6 
elld OWLY; 

antity ISB-69_W6116,CE_Ibm!~8000-0-7 ia 
goneric ( 

TPD : time; 



library IgE; 
use IEEE.S'Pb'PbLOGIC~1164~ALL; 
library DAWELIB; 

entity 1S~,69J46116,CE,fbPP~8000~8-15 is 
generic ( 

TPD : t h ;  
TPD-EN : the; 
TPD-EDOG : time 1; 
( 
188-44-TYPE-XNT-SI~ : IN std-logic; 
I S B - ~ ~ - A D D J ~ ~ ! ~ S I ~ - ~ O O O  : IN std-logic; 
~ S B ~ ~ O ~ W O R D ~ I N T , S I G X A L ~ ~ ~ ~ ~  : IN std-logic; 

end 

IsB-4-REQIJEST-INTINTSIQ?SaL : IN std-logic; 
M6116-CECEUS : OUT std-logic 1; 

I S B - ~ ~ - M ~ ~ ~ ~ - C Z - Z N T - ~ O O O ~ ~ ~ ~ ~ ;  

architectuze OWLY of ISB-69-M6116-CE-INT-8000-8-15 is 
begin 

M6116-CE-US <= 
not ( 

entity ISB,67J46116-OE,INT is 
generic ( 

TPD : t h ;  
TPD-EN : t h ;  
%!PD-- : thne 1; 



port: ( 
ISB-38-READREADIHTIHTSIGNAL : I N  std-hgic; 
M6116-OE-U2345 : OUT std-logic ); 

end ISEL67J46116-OE-IïüT; 

architecture ONLY of ISB-67-246116-OE-INT is 
besh 

316116-03-02345 <= 
net ( 

ISB-3  8pnaafblTSIûNAL 
) after TPD; -- C o m g l e x i t y  was = 2 

end O-; 

eatity ISB-65-M68OOO-DTAKIPJT is 
generic < 

TPD : thne; 
TPD-EZ!? : t h ;  
TPD-EDGE : t h  1; 

Po* ( 
ISB-61,DELAYYINT-SIGïWiL : I N  std-logic; 
M68000-DZ!AX-V1 : OUT a t d - l o g i c  ); 

enâ I S B - 6 5 M 6 8  0 OO-IYPAq,IbTT; 

architectuze ONLP of I;S8,65-M6800OPrn!AK-INT is 
use MMELIB .PIUXCTXVE .ALL; 
for al1 : OC-BUFFERP 

use antity ~ I B . O C ~ B U F P g R P ( p c i r c u i t ) ;  
signal SIG-OSIG : std-logic; 

begin 
SIG-OS10 <= 

not ( 
I S B - 6 1 - D E L A Y - I b l T _ S I ~  

) after TPD; -- C a m i g l e x i t y  was = 2 
PARTI-OC : OC-BUPrERP 

ganeric map ( 
TPD => TPD 

Po* =s ( 
I N 1  => SIG-OSIG. 
OUT1 => M68000-DT-Ul ); 

emd omy; 

entity ICSB-61-DELAY-XNT is 
geaeric ( 

TPD : the; 
TPD-EN : t u ;  
TPD-EIIGE : t h  1; 

ISB-61-DELAY-StùT-SIOESAL : OUT std-lagic ); 
end 1-61-DELAY-INT; 

architecture ONLY of 1-61-DELAY-UT i a  
begin 

X S B - 6 1 - D E Z I A Y Y I N T b m ! S I ~  <= 

I S B - S S _ A C C - D E f i ~ - S f ~ - S - 1  
) after O ns; -- Coli lg lexi ty  was = 1 

end ONLY; 



end IS8,63,CûMV-SS; 

architecture OmY of ISB-63-C!ûPJVPJVSS is 
use DAMELIB . PRfadITIV& .ALL; 
for al1 : LEABIEïG-EDGE-D-YP 

use entity DAMELIB. WïEüG-EDGEDELAYP (DEL100NS) ; 
signal SIG-ISIG : atd-logic; 
signai SIG-OSIG : atdJogic; 

begin 
P M t T I  : LRADING-EDG'E-DELAYP 

generic map ( 
TPD-EDGE => 76 Xl8r 
TPD => TPD ) 

entity XSB-58-ACC-DEL-IiUT is 
generic ( 

TPD : t h ;  
TPD-EN : t h ;  
TPD-EXîGE : thne ); 

Po- ( 
XSB,49-ACCESS-XNT-SXONAL : IN 8td-logic; 
ISB-5 8JiCCC~EL-IblT-SIGNAL : OUT std-logic 1 ; 

end ISE-58-C-DELEL=; 

librazy IEE; 
use IEE .STD-LOGIC,1164 .ALL; 
librory DAME&IB; 

entity ISE-55-DATLACC-EH-m is 
generic ( 

TPD : t h ;  
TPD-EN : the; 
TPD-EDGE : t h e  ); 

Po* ( 
IS~-~~_ACCESS-IE~!-SIQUAL : IN std-logic ; 





M68000-FC1-U1 
1 

a d  ( 
not M68000-FCO-U1 

1 
1 

or ( 
( 
M68000-FC2,U1 

and ( 
M68000-El-01. 

1 
and ( 

not 168000-FCO-Ul 
1 

1 
) after 3fTPD; -- Compl&ty was = 17 

end ONLY; 

entity ISB_38-READREADINT is 
generic ( 

TPD : t h ;  
TPD-EN : the; 
TPD-EDOE : tims ); 

Po* ( 
M68000-RI-Wl : IN std-logic; 
ISB-~~-F~EADINT-SIGBAL : OUT std-logic 1 ; 

and ISB,38-XZEADXZEAD~; 

( 
M68000-RW-UI 

) after O ns; -- c ~ l e x i t y  was = 1 
end OLJLY; 

entity ISB-35-WRITEJNT is 
generic ( 

TPD : the; 
TPD-EN : thle; 
TPD-EDGE : thna ); 

architecture ONLY of ISB,35-WRITe_XNT is 
begin 

ISB-35_wRITEI-ZNTZNTSIGNAL <= 
( 

not M680OO-RW-U1 
) after TPD; -- Camplexity was = 2 

end 0PJI;Y; 

librazy IEE; 
uee IEEE.8TPd-UX3ZC-1164 .ALL; 
libtary TUMELX B; 



TPD : t w ;  
TPD-EN : C i m e ;  
TPD-EDGE : t h  ) ; 

: IN std-legic; 
: IN std-logic; 
: IN std-logic; 
: IPi std-logic; 
: IN std-logic; 
: IN std-logic; 
: IN std-logic; 
: II std-logic; 
: IN std-logic; 
: IN std-logic; 
: IN atd-logic; 

end 

M6BOOO-A12,Ul : II std-logic; 
ISB-16_eDDr)I~-SI~-8000 : OüT std-logic; 
ISB-16~DDIbFPIbFPSIQbfALQbfAL0 : OUT std-logic ); 

ISB-i6_pbD,I~; 

architecture 0M;Y of ISB-16-ADD-INT is 
begin 

I S B ~ 1 6 ~ D D I ï U T ~ S 1 ~ ~ 8 0 0 0  <= 
( 



a d  ( 
not M68000JLl3-lJ1 

1 
and ( 

not M6800032-U1 
1 

) after 3*TPD; -- C o s n p l e x i t y  anis = 14 
ISB-16~DDXTL-SIGMAL-0 <= 

) after 3*TPD; -- Complexity was = 14 
end OWIIY; 

e n t i t y  ISB-10-WORS-Mm! is 
generic ( 

TPD : t h ;  
TPD-EW : the; 
TPD-EDGE : t h  1; 

W68000LDS-U1 : IN std-logic; 
ISB-10-WORD-~-SICINALCINAL8-15 : OUT std-logic; 
~ S B ~ ~ O - W O R D ~ I ~ - S I ~ - O ~ ~  : OUT std-logic ); 

and ISB-10-WORD-INT; 

architecture ONLY of ISB-lO-WORD_Ibm! is 
bwrip 

ISB-iO-WORo,Ibn_SXGHALGHAL8815 <= 
( 

not M68000,UDS-Ul 
) after TPD; -- C o a n p l s x i t y  was = 2 

IsB-10-WORD-INTRDSI(;bIÀt(;bIÀtO-7 <= 
( 

not M68000,LDS-U1 



) after TPD; -- Comipldty was = 2 
end -Y; 

architecture of ISB-~-REQOEST-~~!~T is 
m i n  

ISB-4-REQUEST_Iî!JT-SZGNlU, c= 
( (  not M68000-liS-U1 ) and 

( (  not M68000-UDS-Ul ) or ( pot W68000-LDS-UI ) )  
) after TPD; -- CcnnplesÙ.ty was = 6 

and 0-Y; 

-- EWi of vhdï code for IB-l-RW-CODINECT -- Oaneratd on: 15:02:57 8-2-1997 Version 1.0 

VHDL II3 for Design Example 

Note: some address and data signals have been deleted for brevity. 
-- STmT of vhdl coüe for IB-1-RW-COMNECT -- Device 1 : IB-1-RW-CONNECT -- Ganeruted on: 15:00:20 8-2-1997 Version 1. O 

libzary XEEE; 
use IEE.STD-LOGIC-~~~~.ALL; 
librazy KüWB&XB; 

entity IB-1-RW-CûNNECT is 
generic ( 

TPD : the;  
TPD,EN : t h ;  
TPD-EDGE : t h  ); 

Port: { 
Y68000-ziS~Jl : Ibf stCClogic; 
M68000-LDS,Ul : IN std-logic; 
M68000-UDS-U1 : IN std-llogic; 
~68000_~12,~1 : ZN stalogic; 
M68000-A23-V1 : IN std-logic; 
M68000-RW-U1 : IN std-logic; 
M68000-PCO-Ul : m stLlogic; 
M68000-Xi-Ul : TB? std-logic; 
M68000-FC2-U1 : rn std-logic; 
SYS-CLôCK : XN stclogic; 
SYS-RESET : IN std-logic; 
M68000s-U1 : IN stcLlogic; 
M68000~~ll-Ul : IN std-logic; 
M68000-  AI LUI : O m  stLlogic; 
M6ll6-OEJ2345 : OUT std-logic; 
~6116-~~-u5 : o m  sta-logic; 
~6116,~~-~4 : OUT sta-logic; 
M6116-CECEU3 : OUT std-logic; 
M6116-CE-U2 : OUT stcLlogic; 
M6116-oIR,U2345 : OUT std-logic; 
3#6116_210-132345 : OUT std-logic; 
M6116SO-U2345 : OVT std-logic; 



M68000,DO,Ul : INOVI! stLlogic; 
M6116-DOJ24 : -OUT std-logic; 
M68000,D8-VI : IWOü!C atd-logic; 
M6116-DOJ35 : ïXOVT std-logic); 

and IB_1-RW-cotamcT; 



SYS-RESET => SYS-RESET, 
sYs,cLocK => SYS-CM)CK, 
IsB-58-ACC,DEL-INT-SIGwU;-S-l => Im-58-ACC-DEL-I-IGNAL-S-1 1; 

P A R E 1 2  : I23B-Ol-DEIAY-Ibfi 
generic map ( 

TPD => FPD, 
TPD-EN => TPD-, 
TPD-EMiE => TPD-EDaE ) 

port -3P ( 
XsB-S8>CCCCD~-~-SIGNALGNALS-1 => I S B - 5 8 - A C C - D E L I N T - S I ~ - S - 1 ,  
ISB-61-D~YYINT-SIGNAL => 1-61-Def+AYYINTrm!SXGXUAL 1; 

P m 1 3  : ISB-65>68000-XYPAXJbmr 
ganeric map ( 



TPD => TPD, 
TPD-EN => T P D S ,  
TPD-EOOE => TPD-EDGE ) 

Po* map ( 
ISB-61,DELAYYlbPP-SIGNIU => ISB-61-DELAY. 
M68000-IYP-Ul => M68000-IYPIhK-U1 ); 

PART-14 : ISB-67-246116-OE-IXUT 
ganeric map ( 

TPD => TPD, 
TPD-EN =i> TPD-EN, 
TPD-EMiE => TPD-EDOE 1 

SI-, 

Port =P ( 
ISE-38-READ-ISVT-SIQ;ilAt => ISB-38-READ-INT-SIGNAfrr 
16116-0E-D2345 => 16116-OE-02345 1; 

P m 1 5  : ISB,69~~6116-CE,Ibfi-8000-8-15 
generic mag ( 

TPD => TPD, 
TPD-EN => TPD-EN, 
TPD-EDGE => TPD-EDGE ) 

Po* EnaP ( 
ISB-44-TYPE-INT-SIGMAL => I S 8 - 4 4 - T Y P E J m - S f G ~ r  
ISB-16,ADD-INTINTSI--8000 => I S B _ ~ ~ - A D D ~ ~ - S I O N A L ~ ~ O O O ,  
XSBd10-WORDdINTINTSI~-8815  => 1 SB_~O_WORD-INT_SIGNAL-~-~S 8 

I ~ - 4 - R e Q ï J E S T - I b T 1 ! - S I ~  => ISB-4-REQUEST-INI ! -S I~ ,  
M6116-CE-U5 => M6116_CE,US 1; 

PART-16 : I S B ~ 6 9 ~ ~ 6 1 1 6 ~ C E ~ ~ ~ 8 0 0 0 ~ 0 ~ 7  
generic map ( 

TPD => TPD, 
TPD-EN a> TPD-m* 
TPD-EDGE => TPD-EDOB ) 

port: map ( 
ISB-44-TYPE-Ibf i -SIW => I S B - ~ ~ - ~ E - I N T - S I ~ I  
ISB-16~D-INT-SIONALONAL8000 => I~-~~-ADD,I~-SIGNAL~~OOO, 
Is8,10-W0nZ)nZ)INT~SIGMLfrGMLfrO~7 => ~ ~ - 1 O - O Q O ~ - I ~ - S I ~ - O - 7 ,  
ISB-4-REQUEST-Zbm!bm!SICaSAL => I S B - L R E Q V E S T - I N T _ S I ~ r  
M6116-CE-U4 => M6116-CE-U4 1; 

PART-17 : ISB_69-M6116-CE_fbfi_0,8,15 
generic map ( 

TPD => TPD, 
TPD-EN => TPD-EW, 
TPD-- => TPD-EDGE 

Po- map ( 
IsB-44-TYPE-ZNT-SIobau; => I S B S B 4 4 - T Y P E - I N T , S I ~ I  
XSB-16-ADDDINT-SIGNAL-0 I S B - 1 6 ~ D I ) I ~ - S I ~ - O ~  
~ ~ 1 0 ~ W o ~ - ~ - S I ~ - 8 8 1 5  => ISB-lO-WORD_INT-SIQAL8-15 I 

ISB-4-REQUEST-INT-SIGNAL => IS8-4-ReQUEST-INT,SXGNAt, 
M6116-CE_03 => M6116-CE-W3 1; 

P m 1 8  : I 8 8 - 6 9 - ~ 6 1 1 6 - ~ ~ _ 1 ~ - 0 ~ 0 ~ 7  
generic map ( 

TPD => TPD, 
TPD-EN a> TPD-EN, 
TPD-EDGE => TPD-EIXiE 1 

Bo* -P ( 
I S B - 4 4 T P P E J N T - S I ~  => I S B - ~ ~ - T Y P E - I ~ , S I ~ I  
I S B - i 6 J i D D D I b P r _ S I W - o  => I ~ - 1 6 - ~ D - ~ , S I ~ G N A L O ~  
Z S B - 1 0 - W O R D ~ I b m ! - S I ~ - O 0 7  => I~-~O-WORD,INIP~SI<;NAL~O~~, 
XSB-4-REQUEST-INT-SIe  => I ~ _ L R E Q ~ S T - ~ - S I ~ I  
M 6 1 1 6 - C E J 2  => M6116-CE-U2 1; 

PART-19 : ISB_71JU6116- . I l !YT 
generic map ( 

TPD => TPD, 
TPD-EN => TPD-EN, 
TPD-EDGE => TPD,- 1 

Po= map ( 
ISB-35-WRITE-XUT-SI- => I S B - ~ S - W R I T E - I N T - S I ~ I  
M 6 1 1 6 - ~ U 2 3 4 5  => M 6 1 1 6 - m u 2 3 4 5  1; 

PART-20 : ISB,89,W68000,!3O-Ibm! 
ganeric map ( 

TPD => TPD, 
TPD-EN => TPD-EN, 
TPD-EDGE => TPD-EDGE ) 

sort =P ( 



-- END of vhdl code for IB-1-RW-COHNECT -- Osnerated on: 15:02:57 8-2-1997 Version 1.0 

WXDL Test Bench for Design Example 

Note: some address and data sipals have been deleted for brevity. 
-- START of ~h&. C& for 
-- Device 1 : CûXPLETE -- Genexated on: 15:02:59 8-2-1997 Version 1.0 
library T-; 
use ~~~~~~~~~~1164 .AfrL; 
library DAMELIB; 



~ c h i t ~ c t ~ e  TEST-BKbl~84!sllpahCOWPLETE of TES'F-mmSYB i6 
constant SCALE : TTWE := 1 ns; 
use WORK. INTERFACESY~BI;ocq_PACKAGE .ALL; 
signal M68000AW-VI : stLlogi7; 
si- M68000-LD-U1 : etd-logxc; 
signal M68000-UDS-U1 : std-logic; 
signal M68000,RW-UI : std-logic; 
signal M68000,PCO,U1 : stClogic; 
si- 168000,FCl-U1 : std-logic; 
signal M68000,FCS,Ul : stLlogic; 
signai sxS,CLOCEC : std-lopic; 
signal SYS-RESET : st&lOdc; 
signal M68000,DTAILUl : std-logic; 
signal M6116-OFLU2345 : std-logic; 
signal M6116-CE-U5 : std-logic; 
signal MGî.16-CEJ4 : std-logic; 
si@ Y6116-CEJ3 : std-logic; 
signal M6116,Cg_U2 : std-logic; 
signal M6116-~~tT2345 : std-logic; 
s i g n a l  M68000-3~U1 : stU-logic-vector(23 dawnto 1); 
signal M6116-D-024 : st&logic-m3ctor(7 dawato O) ; 
signai M68000-LD-Ul : std-Iogic-vector(7 duwnto O); 
signal M6116-D-U35 : st&Zogic,vector(7 downto O); 
signal M68000-üD-ul : std-logic-vector(7 downto 0 ) ;  
signal M6116-Z~U2345 : std-logic-vector(l0 downto O); 

begin 
D m  : COWPLETE 

g = d c  -9 ( 
TPD => 3 as, 
TPD-EN => 15 ns, 
TPD-EDOE => 2 as 

Po- ssap ( 
M68000--1 => M68000>-Ui, 
M68000-LDS-U1 => M68000-LDS-U1, 
M68000-UDSUDSUl => M680OO,m)S,V1, 
M68000J~l2-Ul => M68000-A-Ul(12) , 
M68000-A23-tn => M68OOO~-Ul(Z3), 
M68000,RW-W1 => 168000-RW-01, 
M68000,FCO-VI => M68000-FCO-U1, 
M68000-FCI-VI => M6800O-FCl-U1, 
M68000-FC2-VI => W68000-X2-Ul, 
sYs_cLoac => SYs_CfXKSn, 
SYS-RESET => SYS-RESETS 
M68000,DO-U1 => M68000,LD-U1(0), 
M68000,D7-U1 => M68000-LD-U1(7), 
M6116,DO-U24 => M63.16-DJ24 (O), 
M6116-D7-U24 => M6ll6_D_U28 (7) r 
M68O0O,DSg1 => M6800O,UD-U1(0), 
M6800O-Dl5-Ul => M680OOJJD-U1(7), 
066116-DO-U35 => M6116-DJ35 (O), 
M6116-D7-U35 => M6116_D-W35(7), 
M68000~-Ul => M6800OJLUl(l)r 
M68000~1,Ul P> M68000AUl(ll), 
M68000-DTAX-UI => M68000-DTALUl, 
M6116-OEJJ2345 => M6116-OE-U2345, 
M6116-CE,V5 => M6116-CELUS, 
~6116-CE~U4 => M6116-CE_U4, 
M6116-CEJ3 => M6116-C-3, 
M6116,CE-Va => W6116-CE-U2, 
M6116-mu2345 => M6116-WR-02345, 
M6116>O-U2345 => M6116AU2345(0)r 
M6116JUO,U2345 => M6116--2345 (10) ) ; 

S T ~ U S ~ ~  : process 

-- W i n  
it-delay: 270 aâcïress: O 
W68000JS-U1 c= \Ir; w a i t  for 200 * SCAtE; 
~68000-AS-Ul <= \OR; wait for 270 SCAI;E; 
~ 6 8 0 0 0 ~ - U 1  c= \Ir; wait for 200 SCALE; 

it-dalay: 270 address: O 
M680003-U1 <= '1'; w d t  for 200 * SC-; 
M68000-~S-U1 <= ' 0 , ;  d t  for 270 SCALE; 



M68000s-U1 <n *Ir; mit: for 200 * SCALE; 
d process ST~US,1; 

STIbmniUs-2 : process 
bagin 

it-8elay: 270 aadress: O 
~68000-LDS-U1 <= '1'; d t  for 250 * SCALE; 
168000,LDS-01 <= *Or; d t  for 220 SCALE; 
M68000,LDS-Ul <= \Ir; wait for 200 * SCALE; 
it-delay: 270 aililress: O 
M68000,LDSWTSU1 <= *Ir; wait for 200 * SCALE; 
M68000,LDSJJl c= \Ir; wait for 270 * S a ;  
M6800O-LD8,Ul <= *Ir; wait for 200 * SCALE; 

end pmxess STIwmjUS-2; 

STIwaUS-3 : process 
beain 

it-cïelay: 270 address: O 
M68000,UDS-01 c= -1'; wait for 250 SCALE; 
M68000,UDS~Ul <= 'Or; wait for 220 * SCALE; 
M68000,UDSUPSUl *= Ilr; wait for 200 SCALE; 
it-àelay: 270 addreas: O 
M68000,~S~Ul c= -1'; wait for 200 SCALE; 
M68000-üDS-Ul <= -0'; wait for 270 * SCALE; 
M68000,UDS-VI <= '1'; d t  for 200 * SCALE; 

end proceae GTiMüLUS-3; 

STIWlTfrUS-4 : procesa 
b e g h  

it-delay: 270 aadrees: O 
M68000-RW-01 <= '1'; wait for 140 SCALE; 
M68000-RW,Vl <= \Or; m i t  for 370 * SCALE; 
M68000-KW-01 <= -1'; wait for 160 SCALE; 
it-delay: 270 aaatress: O 
M68000,~-Ul <= \Ir; d t  for 140 * SCALE; 
M68000-RELU1 <= \Ir; d t  fox 370 SCALE; 
M~~OOO-RFV-U~ <= '1'; wait for 160 SCALE; 

eaB procasa STIMULUS-4; 

STIMULUS,S : process 
b e s h  

if-delay: 270 address: O 
M68000-FCO-U1 <= *Or; wait for 140 SCALE; 
M68000-FCO-Ul <= \Or; d t  for 370 SCALE; 
M68000-FCO-Ul <= \Or; wait for 160 SCALE; 
it-delay: 270 adtkess: O 
M68000,FCO-Ul <= *Or; wait for 140 * SCALE; 
M68000~FC0,UI <= \Or; w a i t  for 370 * SCALE; 
M68000~FC0,UI <= *Or; wait for 160 S m ;  

end proceas STZXûLUS-5; 

STIMULUS-6 : pxocess 
b e g h  

it-delay: 270 aadress: O 
Bd68000,FCI,Ul <= \Or; d t  for 140 S m ;  
M68000-FC1,Uî <= *Ir; wait for 370 SCALE; 
M68000-FC1,Ul c= \OC; wait for 160 * SCALE; 
it-&lay: 270 addrass: O 
M68000,FCI-Ul <= \Or; wait for 140 SCALE; 
M68000,FC1,UI <= \Ir; wait for 370 * SCALE; 
M68000-PC1,Ul c= -0'; wait for 160 S u ;  

en6 procesa STZMULUS-6; 

STIMULUS-7 : process 
b u i n  

it-&lay: 270 acidress: O 
M68000-~C2-fn, <= '0'; wait for 140 SCALE; 
M68000-FC2,Ul c= '0'; d t  for 370 S W ;  
M68000-FC2,UI c= '0'; d t  for 160 * SC-; 
it-âelay: 270 aU&ess: O 
M68000,rC2,UI c= \Or; wait for 140 SCALE; 
M68000-FC2,Ul c= \Or; wait for 370 S W ;  



M68000-FC2-U1 <= *Ot; d t  for 160 * SCALE; 
and procesa 8TIMmjUS-7; 

S T ~ U S ~ C L O C K  : process 
begin 

S?CS-CLOCK <= \Or; d t  for 25 ns; 
SYS-CLOCK <= *Ir; wait for 25 as; 
&YS-CLOCK <= '0'; wait for O as; 

end process STIMULUS-CLOCK; 

STIWVLUS-RESET : process 
beofn 

8PS-RESET <= *Ot; omit for 1 ns; 
SYS-RESET <= '1'; d t  for 14 ns; 
SYS-RESET <= *Or; wait for 1000000 ns; 

end process STIMULUS-RESET; 

STIW13LUS~1000 : procese 
begin 

it-delay: 270 addrass: O 
M68000-LD-U1 76543210 
M68000-LD-U1 <= (uZZZZZZZZm); wait for 170 SCALE; 
M68000,LDJYl <= (uOO1lllOOa); wait for 330 * SCALE; 
M68000,LDJl <= ("ZZZZZZZZu); m i t  for 170 SCALE; 
it-delay: 270 aâdrrss: O 
M680OO,LD_Vl 76543210 
M68000-Li-W1 c= (uZZZZZZZZ"); wait for 170 SCALE; 
M68000,LD_V1 <= ("ZZZZZZZZa); m i t  for 330 SC-; 
M68000-W-UI c= ("ZZZZZZZZm); wait for 170 SCALE; 

end process STïMüLuS-1000; 

8TïMüLUS,1001 : process 
begin 

it-âelay: 270 address: O 
M6116-D-U24 76543210 
M6116-D-024 <= ("ZZZZZZZZ"); 
M6116-D-U24 c= (nZZZZZZZZm); 
M6116-D-U24 c= (VZZZZZZZZu) ; 
M6116-DDU24 <= (WZZZZZZZff); 
it-delay: 270 address: O 
M6116-D-U24 76543210 
M6116-D-KI24 <= (~zZZZzZZZff); 
M6116-D-U24 <= (~ZZZZzZZZ~); 
M6116,D,V24 c= (nOO1OO1OOff); 
M6116-D-W24 <= (WZZZZZZZ"); 

end procesa STïïüüLUS-1001; 

mit for 200 * SCALE; 
wait for 150 SCALE; 
wait for 135 * SCALE; 
wait for 185 SCillrE; 

wait for 200 * SCALE; 
wait for 150 SCALE; 
wait for 135 * SCALE; 
wait: for 185 SCALE; 

S ! F ~ U S ~ 1 0 0 2  : process 
begin 

it-delay: 270 aadress: O 
M68000--1 76543210 
M68000,VD,Ul <= (~zZZZZZZZ"); wait for 170 SCALE; 
M68000-UDJ1 <= ("00100000"); wait for 330 * S C . ;  
M68000-DDJYl <= ("ZZZZZZZZ"); wait for 170 * SCALE; 
if -delay: 270 address: O 
W68000,üD-U1 76543210 
M68000,VD_V1 <= (Y4ZZZZZZZff); w d t  for 170 SCALE; 
M68000-TJD-U1 c= (uZZZZZZZZm) ; orait for 330 * SCALE; 
W68000-üD-Ul c= ("ZZZZZZZZ"); orait for 170 SCALE; 

end process S T ~ U S ~ 1 0 0 2 ;  

S!FIwaUS-1003 : process 
W i n  

it-delay: 270 addrsss: O 
M6116,D-U35 76543210 
M6116_D_V35 <= (n~ZZZZZZZm); wait for 200 * SCALE; 
M6116,D,U35 <= (VZZZZZZZff); mit for 150 * SCALE; 
U6116-DJ35 <= (nZZZZZZZZm); wait for 135 * SCALE; 
M6116-DJ35 c= ("zZZZZZZZm); wait for 185 * SCALE; 
it-blay: 270 aWesa:  O 
M6116,D,U35 76543210 



16116-DDU35 c= (YZZZZZZZZR); wait for 200 SCAGE; 
M6116-DJ35 <= (nZZZZZZZZR); wait for 150 * SCALE; 
M6116-DA735 <= (~01000000~); wait £or 135 * SCALE; 
M6116-DJ35 <= (-ZZZZZXZZw); omit for 185 * SCALE; 

and process STIM~~US-~OO~; 

SI!IMuT(USS1004 : process 
begin 

-- it-delay: 270 address: O -- M68000~-U1 32109876543210987654321 
M68000JL.l <= (mlllllllllllllllllllllllw); mit for 170 * SCALE; 
M6800O,A_01 <= (mOOOOOOOO1OOOOOOOOO1OOIOff); wait for 330 S W ;  
M68000-A-Ul <= (~11111111111111111111111~); wait f o r  170 * S m ;  
it-delay: 270 address: O 
M6800 O A U l  32109876543210987654321 
W68000Ji-U1 <= (nlllllllllllllllllllllllw); wait for 170 * SCALE; 
M68000_ICUl <= (nOOOOOOOOOOOOOO1OOO1lOIOn); osait for 330 SCALE; 
M68000JLJJl <= (~llllllllllllllllllllllln); wait for 170 * SCALE; 

end process ST~USS1004; 
exld mSTI!BENCEICEISY~COMPLETE; 

configuration TEST-BEZ?Cï-SYSPEMSPEMCONFIG of TESTBENCELSYS'PEM is 
f 02: TESTSTBEN~SYSTEbd,COMPLETE 
and for; 

and TEST-BENCH-üYSTEbITEbICONFSG; -- END of vhdl code for COMPLETg 



Appendix F 
Other Interface Design Examples 

El Interface Design Example: BO86 

The Interface Designer was given the following design problem: 

Microprocessor: Intel i8O8 6A-2 (8Mhz) 

RAM: Four RCA a d 6  1 1 6-3 2Kx8 (1 5011s) with 1 6-bit datapath interface mapped at 
address 0x00000 and 0x08 000 in the 20-bit address space 

ROM: Two Mostek etc27 1 6- 1 2Kx8 (3 5Ons) EPROMs with 1 6-bit datapath interface 

mapped at address 0xOe400 

PIO: htel i8255a (40011s) parallel IO device with 8-bit datapath interface mapped at 
address OxOcOOO 

i8086a 
Microprocessor 

U1 

Interface: L r  

- 
Intedace: 

16 bits - 

m d 6  1 16-3 

Lower Data 

Address: 0x00000 

' Interface: 

16 bits 

I 1 1 Address: OxOeOOO I y". 
Lower Data 

Address: 0x08000 

cmd6 1 16-3 
Memory, U4 
15011s 
Lower Data 

cmd6 1 16-3 
Memory,US 
150ns 
Upper Data 

Bank of 2,27 16 RAM 
Address: 0x0~000 

1 Lower Data 1 



Some of the features illustratecl by this design example are: microprocessor system 
design using more than one type of component, address decoding using multiplexed 

adàress signals, interfacing 16-bit memory and %bit memory mapped IO devices to a 16- 

bit microprocessor allowing both 16-bit and 8-bit data tramfer, interfacing components of 

different speed using wait signal generation, and comection of multiplexed to non-multi- 

plexed address signals. A design problem speci6cation block diagram is show in 

Figure F- 1. The block diagram indicates that separate IBs must be generated for the RAM, 
ROM and the PIO. 

The VHDL simulation output for this interface is shown in Figure F-2. The simula- 

tion shows three data transfer cycles: a 16-bit write cycle to the RAM at address 0x08024, 

an 8-bit read cycb fiom the ROM at address OxOc61a and an 8-bit read cycle fiom the PI0 

at address OxOe420. The timing diagram illustrates the correct operation of the interface, 

specifically the correct generation of enable and wrîte signals, demultiplexing of the 
address signals and generation of the W x T  signal. The timing parameters fiom the simu- 

lation output were venIied against the timing parameters aven by the component manu- 

facturas and were found to provide a positive margin, indicating a valid design. This 

design shows that the Interface Designer is able to correctly design a more complex micro- 

processor system utilizing more than one type of different speed component. 

F.2 Interface Design Example: 68020 
The interface Designer was given the following design problem: 

Microprocessor: MotoroIa rnc68020- 12.5 (1 2.SMhz) 

RAM: Four Motorola m m 6  164-45 8kx8 (4511s) with 32-bit datapath interface mapped 
at address 0x00008000 in the 32-bit address space 

RCM: Two Intel 27 128a-2 16la8 (20011s) EPROMs with 16-bit datapath interface 
mapped at address OxOOOOOOOO 

RAM: one Motorola mcm6810 (45011s) 128 byte scratch pad R A .  mapped at address 
0x000 1 a 0 0  

This design example illustrates a design that uses the dynamic bus sizhg feature of 

the 68020: the MM,  ROM and PI0  to 68020 data transfer interface width are 32-bit, 16- 

bit and &bit respectively using memory devices of different speed. The VHDL simulation 

of the interface as shown in Figure F-3, illustrates data transfer cycles for each of the three 
different maories. 

The U1 DTAKO / 1 signals are both asserkd for the 6 164 RAM write cycle (t=100ns) 

indicating that the RAM is capable of tramferring 32-bit data. However only 24 bits are 





transfmed, as c m  be seen by the activation of 3 of the 6164 RAM  CE^ signals (/ 

m6 164-CElJJ2, /m6 1 6  4-CElJJ3, /m6 1 6  4-CEl-U4), since the 32-bit write cycle 

is on an odd address (Ox000080F5). 

The U1 D T M l  signal is asserted for the 27128 RAM read cycle (t750ns) indicat- 

h g  that the ROM is capable of transfmîng 16-bit data. However only 8 bits are tram- 
ferred, as can be seen by the activation of the /m2 7 12  8-CEJ6 signal, since this 16-bit 

read cycle is on an odd address (0x00000027). 

For the 68 1 0 read cycle at F 1470x1s orîly the U l  DTARO signal is asserted indicating 

that scratch pad RAM is capable of tramferring 8-bit data. The 8 bits are transferred fiom 

the /m6 8 1 O b u 8  signals to the /m6 8 02 O-uud-ul signals as can be seen in the simu- 

lation timing diagram (note: the naming convention for the 68020 uses 'uud' for 

D2 4:D3 1, 'umd' for Dl6:D2 3, 'lmd' for D8:D15 and Ud for ~ 0 : ~ 7 ) .  

The DTAKO / 1 signals of the 68020 serve two purposes in this design: they indicate 

the data path width of the slave device and they are also used as the handshake signai that 

terminates the data tramfer. The VHDL simulation shows that the asserted DTAKO / 1 

event is delayed depending on the speed of the slave component, about 10011s for the 6 164, 

250ns for the 27128, and about 45011s for the 68 10, as required from the cornponent man- 

ufacturer's data sheet, indicating a valid interface. 

The VHDL code was manuaiiy inspected to veri@ that the correct address signals 

on the slave devices are connected to the address signals on the microprocessor. As 

expected, the 32-bit 6 164 RAM memory bank AO:A12 signds are comected to the 68020 

A2 :A14 signals, the 16-bit 27 128 ROM rnemory bank A0 :A13 signals are comected to 

the 68020 Al:A14 signals and the 8-bit 6810 scratch pad RAM AO:A6 signals are con- 

nected to the 68020 A0 :A6 signals. The result of these connections can also be observed in 

the simulation of Figure F-3. 

The timing diagram illustrates the correct operation of the interface, specifically the 

correct generation of enable and write signals for the dynamically sized data bus and gen- 

eration of the DTAK signals. The timing parameters fiom the simulation output were veri- 

fied against the timing parameters given by the component manufacturers and were found 

to provide a positive margin, indicating a valid design. 

This design example illustrates a more difficult design. Udess intimately familiar 

with the data sheet of the 68020, a human designer will have to spend time investigating 

the dynamic bus sizïng signals and the signal protocol of the 68020. The human designer 

has to become f d a r  with the relationship between tfie DTACKO, DTACK1, S I Z E O ,  





allows the design to be generated automatically, reducing the design time and dso elimi- 

nating mors introduced into the design due to rnistakes in the interpretation or transcrip- 

tion of information f?om the data books. 

F.3 6809 Interface Example 
The InterEace Designer was given the following design problem: 

Microprocessor: Motorola mcm6809e (1 Mhz) 

IO: one Motorola mm6821 (45011s) Parallel IO Controller mapped at address Oxec00. 

IO: one Motorola mm6845 (45011s) CRT Controller mapped at address Oxe800. 

IO: one Motorola ma6850 (45011s) UART mapped at address Oxe000. 

This design example tests the design of a simple 8 bit microprocessor to IO device 

interface. In the VHDL simulation shown in Figure F-4. A data tramfer cycle for each of 

the three different IO devices is shown. The 6809 does not have an acknowledge signal or 

a wait signal, so fked E signal pulse width of 450x1.. is used in the simulation. 



FIGURE F-4. m6809 Design - VElüL Simdation 



F.4 02020 Interface Example 

The Interface Designer was given the following design problem: 

Microprocessor: Texas Instruments tms32020 (20Mhz). 

RAM: Two Motorola mcm6 164-45 8kx8 (4511s) with 16-bit datapath interface 

Mapped at address 0x0000. 

ROM: Two Intel 2764a-1 16kx8 (18011s) EPROMs wiîh 16-bit datapath interface 

Mapped at address Oxeû00. 

This design example tests the design of the interface for a 16-bit DSP microproces- 
sor to a high speed memory. In the VHDL simulation shown in Figure F-5, two data tram- 

fer cycles are shown. The tirst data tramfer cycle is a write to m6164 memory at address 

0x0000, while the second data tramfer cycle is a read f?om the 1112764 at address Oxe000. 





Appendig G 
The Model Frame 

When entering the component data structures into the component Ibrary, a set of 

device &mes is created that will represent the component. For example, when entering 

the 68000 microprocessor, a device fiame will be created that is based on the microproces- 

sor h e  prototype. The created fiames will be linked to its prototype through a "is-a 

relation. The f i m e  will have a series of slots that must be filled in. The content of a slot 

can be static value such as the number 68 for the nurnber of pins, or it can be another 

fiame. In any case, for every slot there will be a limited number of possible types of 

entries: either a value such as a number with a certain range, or some other fiame. Under 

some circumstance a slot may be left m. What is allowed for the content of a slot is 

determined by the d e s  used to design with the component. For example consider the 
"hm-capability slot for a component: only those capabilities for which the expert system 

d e  base was written are allowed for the content of the "hm-capability slot For now only 

the data transfer interface and the bus arbitration intdace are considered by the nile base, 

so only bus arbitration and data transfer capability fiames are allowed in the Aha.s-capa6il- 
i@ slot. 

A method is required to represent the permitted or required content of a slot in a 

device fiame. This is required for several reasons: First it allows documentation of the 

possible devices for which the interface rules developed so fa. will work. Second it ailows 

a small expert system to be written, that uses the data structure to help and guide a knowl- 

edge engineer in entering a new device, assuring that no mistakes are made. Third it 

allows an expert system to be M e n  which can test an entered device for validity: The 

expert system can veri@ if the content of a slot is valid and if al1 the required information 

to complete the design is present. 

The data structure that represents the permitted or rquired content of a slot is called 
a rnodelfiarne. Every prototype fiame will have a model h e  that indicates the permitted 

or dowed values for the slots of a device frame based on the prototype fiame. The model 

fiame wili guide the design engineer that is entering the component, giving him hints on 

what possible object or value to put as the content of a slot. This 'guiding' is either manual 

(i.e. the design engineer looks at the model h e s  and figures out what to put in the 

device fiame slot) or automated using an intelligent component editor (i.e. a small expert 

system that tells the design engineer what the contents of a slot should/must be). 



Using the model k e  when entering a device, it wouId be possible to present the 

user of the component entry expert system with a choice of possible options for the con- 

tents of a slot. For example, if the user is currently entering a new XYZ microprocessor 

component, he will create a frame which will be based on the microprocessor prototype. 

After creating a device &nue based on the microprocessor prototype and caLling it n z ,  
slots must be created in the XYZ k e  and filled in. One of these slots is the /\hm-capabil- 
ity slot. When filling in the "hm-capability slot of the xYz microprocessor, the user should 

be presented with a choice of creating a data transfeq intempt or bus arbitration capability 

fiame, assumuig rules have been developed in the expert system to design the data tram- 

fer, interrupt or bus arbitration interface. No other frames or values are allowed for the 

"hm-capability slot. If the user decides that the device under construction has data transfer 

capability, a new data transfer capability device h e  is created and entered in the "hm- 
capability slot. This new h e  must then be med in according to information obtained 

fiom its prototype fime. 

The model fiames of a prototype h e s  will have their own hierarchy as shown in 

Figure G- 1. They give the possible device hierarchy, since every model M e  slot will 
contain any allowed rnodel fiame. The hierarchy of the mode1 fiame serves two purposes: 

Fust the hierarchy of prototype models is used to give a complete device hierarchy since 

every dot in the model has a permitted model k e  or data value. Second, every slot in 

the model fiame cm have a comment or note attached which c m  be shown to the user of 

the system who is trying to enter a component into the library of cumponents, and thus 
gives a method of assisting the user in the entry of components. 

The flexibility of the rnodel fiame hierarchy allows device models of any detail to be 

entered. The b i t  is not the information the mode1 c m  show, but how much information 

the design engineer who entas the prototypes intB the kame ïibrary is willing to enter into 

the model fiames. 

The complete overall device h e  layout including the model name is shown in 

Figure G-2 for a 68000 microprocessor. The fiames found in the component rnodel can be 

organized into four different classes: prototype, model, device and instance. The prototype 

class contains al1 the information that should be uiherited by a device frame. The model 

class contains all the possible and permitted contents of the slots of device fiame that is 

based on a prototype fiame. The device class contains the actual fiame that make up a 

device. The instance class refers to actual devices in a system and will inherit al1 informa- 
tion fiom a device class h e .  
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