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			Preface

			This book is about the design and architecture of computers. Architecture is the ‘‘art or science of building; a method or style of building,’’ according to one dictionary. A computer architect develops the functional and performance specifications for the various blocks of a computer system and defines the interfaces between those blocks, in consultation with hardware and software designers. A computer designer, on the other hand, refines those building-block specifications and implements those blocks with an appropriate mix of hardware, software, and firmware. I believe that the capabilities of an architect are greatly enhanced if he or she is exposed to the design aspects of a computer system. Consequently, the backbone of

			this book is a description of the complete design of a simple but complete hypothetical computer. The book describes the architectural features of existing computer systems as enhancements to the structure of the simple computer.

			Books on digital systems architecture fall into four categories: logic design books that cover the hardware logic design in detail but fail to provide the details of computer hardware design; books on computer organization that deal with the computer hardware from a programmer’s viewpoint; books on computer hardware design that are suitable for an electrical engineering curriculum; and books on computer system architecture with no detailed treatment of hardware design aspects. I have tried to capture the important attributes of the four categories of books to come up with a comprehensive text on hardware design and architecture. I have included the pertinent software aspects as needed.

			The book was a result of my teaching a sequence of computer architecture courses at the senior undergraduate and beginning graduate levels for several years to both computer science and electrical engineering students. 
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			Chapter - 1 Introduction: Computer System Components

			Recent advances in microelectronic technology have made computers an integral part of our society. Each step in our every day lives may be influenced by computer technology: we awake to a digital alarm clock’s beaming of preselected music at the right time, drive to work in a digital-processor-controlled automobile, work in an extensively automated office, shop for computer-coded grocery items and return to rest in the computer-regulated heating and cooling environment of our homes. It may not be necessary to understand the detailed operating principles of a jet plane or an automobile to use and enjoy the benefits of these technical marvels. But a fair understanding of the operating principles, capabilities, and limitations of digital computers is necessary if we would efficiently use them.

			This book is designed to give such an understanding of the operating principles of digital computers. This chapter will begin by describing the organization of a general-purpose digital computer system and then will briefly trace the evolution of computers.

			1.1	Computer System Organization 

			The primary function of a digital computer is to process data input to produce results that can be better used in a specific application environment. For example, consider a digital computer used to control the traffic light at an intersection. The input data is the number of cars passing through the intersection during a specified time period, the processing consists of the computation of red–yellow–green time periods as a function of the number of cars, and the output is the variation of the red–yellow–green time intervals based on the results of processing. In this system, the data input device is a sensor that can detect the passing of a car at the intersection. Traffic lights are the output devices. The electronic device that keeps track of the number of cars and computes the red–yellow–green time periods is the processor.

			These physical devices constitute the hardware components of the system. The processing hardware is programmed to compute the red–yellow–green time periods according to some rule. This rule is the algorithm used to solve a particular problem. The algorithm (a logical sequence of steps to solve a problem) is translated into a program (a set of instructions) for the processor to follow in solving the problem. Programs are written in a language ‘‘understandable’’ by the processing hardware. The collection of such programs constitutes the software component of the computer system.

			1.1.1	Hardware

			The traffic-light controller is a very simple special-purpose computer system requiring only a few of the physical hardware components that constitute a general-purpose computer system. The four major hardware blocks of a general-purpose computer system are its memory unit (MU), arithmetic and logic unit (ALU), input/output unit (IOU), and control unit (CU). Programs and data reside in the memory unit. The arithmetic and logic unit processes the data taken from the memory unit and stores the processed data back in the memory unit. Input/output (I/O) devices input and output data (and programs) into and out of the memory unit. In some systems, I/O devices send and receive data into and from the ALU rather than the MU. The control unit coordinates the activities of the other three units. It retrieves instructions from programs resident in the MU, decodes these instructions, and directs the ALU to perform corresponding processing steps. It also oversees I/O operations. 

			A terminal consisting of a keyboard and a video display (i.e., a cathode ray tube – CRT) is the most common I/O device. A printer is the most common output device. Scanners are used to input data from hard-copy sources. Magnetic tapes and disks are used as I/O devices. These devices are also used as memory devices to increase the capacity of the MU. The console is a special-purpose I/O device that permits the system operator to interact with the computer system. In modern-day computer systems, the console is typically a dedicated terminal. 

			1.1.2	Software

			The hardware components of a computer system are electronic devices in which the basic unit of information is either a 0 or a 1, corresponding to two states of an electronic signal. For instance, in one of the popular hardware technologies, a 0 is represented by 0 V while a 1 is represented by +5 V. Programs and data must, therefore, be expressed using this binary alphabet consisting of 0 and 1. Programs written using only these binary digits are machine language programs. At this level of programming, operations such as ADD and SUBTRACT are each represented by a unique pattern of 0s and 1s, and the computer hardware is designed to interpret these sequences.

			Programming at this level is tedious since the programmer has to work with sequences of 0s and 1s and needs to have very detailed knowledge of the computer structure.

			The tedium of machine language programming is partially alleviated by using symbols such as ADD and SUB rather than patterns of 0 and 1 for these operations. Programming at the symbolic level is called assembly language programming. An assembly language programmer also is required to have a detailed knowledge of the machine structure because the operations permitted in the assembly language are primitive, and the instruction format and capabilities depend on the hardware organization of the machine. An assembler program is used to translate assembly language programs into machine language.

			The use of high-level programming languages such as FORTRAN, COBOL, C, and JAVA further reduces the requirement of an intimate knowledge of the machine organization. A compiler program is needed to translate a high-level language program into the machine language. A separate compiler is needed for each high-level language used in programming the computer system. Note that the assembler and the compiler are also programs written in one of those languages and can translate an assembly or high-level language program, respectively, into the machine language.

			The sequence of operations that occurs once a program is developed. A program written in either the assembly language or a high-level language is called a source program. The assembler translates an assembly language source program into the machine language program. This machine language program is the object code. A compiler converts a high-level language source into object code. The object code ordinarily resides on an intermediate device such as a magnetic disk or tape. A loader program loads the object code from the intermediate device into the memory unit. The data required by the program will be either available in the memory or supplied by an input device during the execution of the program. The effect of program execution is the production of processed data or results. 

			

			Operations such as selecting the appropriate compiler for translating the source into object code, loading the object code into the memory unit, and starting, stopping, and accounting for the computer system users are automatically done by the system. The computer system manufacturer usually provides a set of supervisory programs that permit such automatic operation. This set, called the operating system, receives the information it needs through a set of command language statements from the user and manages the overall operation of the computer system.  A simple rendering of the complete hardware-software environment of a general-purpose computer system.

			1.2	Computer Evolution 

			Man has always been in search of mechanical aids for computation. The development of the abacus around 3000 BC introduced the positional notation of number systems. In seventeenth-century France, Pascal and Leibnitz developed mechanical calculators that were later developed into desk calculators. In 1801, Jacquard used punched cards to instruct his looms in weaving various patterns on cloth.

			In 1822, Englishman Charles Babbage developed the difference engine, a mechanical device that carried out a sequence of computations specified by the settings of levers, gears, and cams. Data were entered manually as the computations progressed. Around 1820, Babbage proposed the analytical engine, which would use a set of punched cards for program input, another set of cards for data input, and the third set of cards for output of results. The mechanical technology was not sufficiently advanced, and the analytical engine was never built; nevertheless, the analytical engine as designed probably was the first computer in the modern sense of the word.

			

			Several unit-record machines to process data on punched cards were developed in the United States in 1880 by Herman Hollerith for census applications. In 1944, Mark I, the first automated computer, was announced. It was an electromechanical device that used punched cards for input and output of data and paper tape for program storage. The desire for faster computations than those Mark I could provide resulted in the development of ENIAC, the first electronic computer built out of vacuum tubes and relays by a team led by Americans Eckert and Mauchly. ENIAC employed the stored-program concept in which a sequence of instructions is stored in the memory for use by the machine in processing data. ENIAC had a control board on which the programs were wired. A rewiring of the control board was necessary for each computation sequence.

			John von Neumann, a member of the Eckert–Mauchly team, developed EDVAC, the first stored-program computer. At the same time, M. V.Wilkes developed EDSAC, the first operational stored-program machine, which also introduced the concept of the primary and secondary memory hierarchy. Von Neumann is credited for developing the stored-program concept, beginning with his 1945 first draft of EDVAC. The structure of EDVAC established the organization of the stored-program computer (von Neumann machine), which contains:

			1.	An input device through which data and instructions can be entered.

			2.	Storage into which results can be entered and from which instructions and data can be fetched.

			3.	An arithmetic unit to process data.

			4.	A control unit to fetch, interpret, and execute the instructions from the storage.

			5.	An output device to deliver the results to the user.

			

			All contemporary computers are von Neumann machines, although various alternative architectures are being investigated.

			Commercial computer system development has followed the development of hardware technology and is usually divided into three generations.

			•	First-generation (1954–59) – vacuum tube technology

			•	Second generation (1957–64) – transistor technology

			•	Third generation (the mid-1960s) – integrated circuit technology.

			We will not elaborate on the architectural details of the various machines developed during the three generations, except for the following brief evolution account.

			First-generation machines such as the UNIVAC I and IBM 701, built out of vacuum tubes, were slow and bulky and accommodated a limited number of input-output devices. Magnetic tape was the predominant I/O medium. Data access time was measured in milliseconds.

			Second-generation machines (IBM 1401, 7090; RCA 501; CDC 6600; Burroughs 5500; DEC PDP-1) used random-access core memories, transistor technology, multifunctional units, and multiple processing units. Data access time was measured in microseconds. Assembler and high-level languages were developed.

			The integrated-circuit technology used in third-generation machines such as the IBM 360, UNIVAC 1108, ILLIAC-IV, and CDC STAR-100 contributed to nanosecond data access and processing times. Multi-programming, array, and pipeline processing concepts came into being.

			Computer systems were viewed as general-purpose data processors until the introduction in 1965 of DEC PDP-8, a minicomputer. Minicomputers were regarded as dedicated application machines with limited processing capability compared to that of large-scale machines. Since then, several new minicomputers have been introduced, and this distinction between the mini and large-scale machines is becoming blurred due to advances in hardware and software technology. 

			The development of microprocessors in the early seventies allowed a significant contribution to the third class of computer systems: microcomputers. Microprocessors are essentially computers on an integrated-circuit(IC) chip that can be used as components to build a dedicated controller or processing system. Advances in IC technology leading to the current very large scale integration (VLSI) era have made microprocessors as powerful as minicomputers of the seventies. VLSI-based systems are called fourth-generation systems since their performance is so much higher than that of third generations systems.

			Modern computer system architecture exploits the advances in hardware and software technologies to the fullest extent. Due to advances in IC technology that make the hardware much less expensive, the architectural trend is to interconnect several processors to form a high-throughput system.

			We are now witnessing the development of fifth-generation systems. There is no accepted definition of what a fifth-generation computer is. Fifth-generation development efforts in the U.S.A. involve building supercomputers with very high computational capability, large memory capacity, and flexible multiple-processor architectures. The Japanese fifth-generation activities aimed towards building artificial-intelligence-based machines with very high numeric and symbolic processing capabilities, large memories, and user-friendly natural interfaces.

			

			1.3	Design Vs. Architecture 

			Architecture is the art or science of building, a method or style of building. Thus a computer architect develops the performance specifications for various components of the computer system and defines the interconnections between them. A computer designer, on the other hand, refines these component specifications and implements them using hardware, software, and firmware elements. An architect’s capabilities are greatly enhanced if he is also exposed to the design aspects of the computer system.

			A computer system can be described at the following levels of detail:

			1.	Processor-memory-switch (PMS) level, at which an architect views the system. It is simply a description of system components and their interconnections. The components are specified to the block-diagram level.

			2.	Instruction set level, at which level the function of each instruction is described. The emphasis of this description level is on the behavior of the system rather than the hardware structure of the system.

			3.	Register transfer level, at which the hardware structure is more visible compared to previous levels. The hardware elements at this level are registers that retain the data being processed until the current phase of processing is complete.

			4.	Logic gate level, at which the hardware elements are logic gates and flip-flops. The behavior is now less visible, while the hardware structure predominates.

			5.	Circuit level, at which the hardware elements are resistors, transistors, capacitors, and diodes.

			6.	Mask level, at which the silicon structures and their layout that implements the system as an IC are shown.

			

			As one moves from the first level of description towards the last, it is evident that the behavior of the machine is transformed into a hardware-software structure.

			1.4	Exercise 

			1.	Which approach is effective and efficient in conceptualizing design ideas in architecture: ‘form follows function’ or ‘function follows form’?

			2.	Do you know cases of modular building architecture using recent technologies/processes?

			3.	How to analyze ‘Factors’ Affecting Land Use Change. 

			4.	How are slots made? Can you tell me in detail?

			5.	How can you find a good dataset for Object-Oriented software architecture design?

			6.	What are the methods of teaching architecture design in the early stages?

			7.	Can you give some information about the application of fluid-structure in architecture?

			8.	What are some examples of coupling and cohesion for class and object?

			9.	Who is interested in the network on “Seaside Architecture Studies”?

			10.	When do certain architectural objects become an element of art?

			

			Chapter - 2 Combinational Logic

			Each hardware component of a computer system is built of several logic circuits. A logic circuit is an interconnection of several primitive logic devices to perform the desired function. It has one or more inputs and one or more outputs. This chapter introduces some logic devices that are used in building one type of logic circuit called a combinational circuit. Each output of a combinational circuit is a function of all the inputs to the circuit. 

			Further, the outputs at any time are each a function of inputs at that particular time, and so the circuit does not have a memory. A circuit with memory is called a sequential circuit. The output of a sequential circuit at any time is a function of not only the inputs at the time but also the state of the circuit at that time. The state of the circuit is dependent on what has happened to the circuit before that time, and hence the state is also a function of the previous inputs and states. This chapter is an introduction to the analysis and design of combinational circuits. Details of sequential circuit analysis and design are given in Chapter 3.

			2.1	Basic Operations And Terminology 

			Example 1.1 Consider the addition of two bits:

			0 plus 0 = 0

			0 plus 1 = 1

			

			1 plus 0 = 1

			1 plus 1 = 10 (i.e., a SUM of 0 and a CARRY of 1) 

			The addition of two single-bit numbers produces a SUM bit and a CARRY bit. The above operations can be arranged into the following table to separate the two resulting bits SUM and CARRY:

			A plus B

			A B SUM CARRY

			00 0 0

			01 1 0

			10 1 0

			11 0 1

			A and B are the two operands. Each can take a value of either 0 or 1.

			The first two columns show the four combinations of values possible for the two operands A and B and the last two columns represent the sum of the two operands represented as a SUM and a CARRY bit.

			Note that the CARRY is 1 only when A is 1 and B is 1, while the SUM bit is 1 when one of the following two conditions is satisfied: A is 0 AND B is 1; A is 1 and B is 0. That is, SUM is 1 if (A is 0 AND B is 1) OR (A is 1 AND B is 0). Let us say A0 (pronounced ‘‘not A’’) represents the opposite condition of A; that is, A is 0 if A0 is 1 and vice versa, and similarly, B0 represents the opposite condition of B. Then we can say SUM is 1 if (A0 is 1 and B is 1) OR (A is 1 AND B0 is 1). A shorthand notation for this is as follows:

			SUM=(A’.B)+(A.B’)........ (1.1)

			CARRY=A. B

			where ‘‘+’’ represents the OR operation (not arithmetic addition), ‘‘.’’ represents the AND operation, and ‘‘0’’ represents the NOT operation (complement operation).‘‘/’’ is also used to represent the NOT operation, as in A; B, etc.  The right side of Eqs (1.1) is Boolean expressions. A and B are Boolean variables. Possible values for the Boolean variables in the above example are 0 and 1 (could also be True or False). An expression is formed by combining variables with operations. The value of SUM depends on the values of A and B. That is, SUM is a function of A and B, and so is CARRY.

			Consider the following statement: Subtract if and only if an add instruction is given and the signs are different or a subtract instruction is given, and the signs are alike.

			Let, 

			S represents the ‘‘subtract’’ action,

			A represents ‘‘add instruction given’’ condition,

			B represents ‘‘signs are different’’ condition, and

			C represents ‘‘subtract instruction given’’ condition.

			Then, the above statement can be expressed as

			S=(A. B) +(C. B’) 

			Usually, the ‘‘ . ’’ and ‘‘( )’’ are removed from expressions when there is no ambiguity. Thus, the above function can be written as

			S =AB+CB’

			2.1.1	Evaluation of Expressions

			Knowing the value of each of the component variables of expression, we can find the value of the expression itself. The hierarchy of operations is important in the evaluation of expressions. We always perform NOT operations first, followed by AND and lastly OR, in the absence of parentheses. If there are parentheses, the expressions within the parentheses are evaluated first, observing the above hierarchy of operations, and then the remaining expression is evaluated. That is,

			Perform 

			Parentheses grouping (if any). Then,

			NOT operation first,

			AND operation next,

			OR operation last,

			while evaluating an expression.

			The following examples illustrate expression evaluation. The numbers below each operation show the sequential order in which the operations are performed.

			Example: Evaluate AB’+BC’D

			A. B’+B. C’. D Insert ‘‘  ’’

			1 2    Scan 1 for NOT operations.

			3 45  Scan 2 for AND operations.

			6       Scan 3 for OR operations.

			Example : Evaluate A(B+C’D) +AB’+C’D’

			A.(B+C’.D)+A.B’+C’.D’ Insert‘‘. ’’

			1 NOT

			2 AND Within

			3 OR } parentheses

			4 5 6 NOT

			7 8 9 AND

			10 11 OR

			2.1.2	Truth Tables

			Truth tables for the three primitive operations AND, OR, and NOT. A truth table indicates the value of a function for all possible combinations of the values of the variables of which it is a function. There will be one column in the truth table corresponding to each variable and one column for the value of the function. Since each variable can take either of the two values (0 or 1), the number of combinations of values multiplies as the number of component variables increases. 

			For instance, if there are two variables, there will be 2 * 2 =4 combinations of values and hence four rows in a truth table. In general, there will be 2^N rows in a truth table for a function with N component variables. If the expression on the right-hand side of a function is complex, the truth table can be developed in several steps. The following example illustrates the development of a truth table.

			Example: Draw a truth table for Z=AB’+A’C+A’B’C

			There are three component variables, A, B, and C. Hence there will be 23 or 8 combinations of values of A; B; and C. The 8 combinations are shown on the left-hand side of the truth table.

			These combinations are generated by changing the value of C from 0 to 1 and from 1 to 0 as we move down from row to row, while changing the value of B once every two (i.e., 21) rows and changing the value for A once every four (i.e.,22) rows. These combinations are thus in a numerically increasing order in the binary number system, starting with (000)2 or (0)10 to (111)2 or (7)10, where the subscripts denote the base of the number system.

			In general, if there are N component variables, there will be 2^N combinations of values ranging in their numerical value from 0 to 2^N  1.

			

			2.1.3	Functions and Their Representation

			There are two constants in the logic alphabet: 0 and 1 (true or false). A variable such as A; B; X, or Y can take the value of either 1 or 0 at any time. There are three basic operations: AND, OR, and NOT. When several variables are ANDed together, we get a product term (conjunction).

			Example: AB’C, AB’X’Y’Z’

			When several variables are ORed together, we get a sum term (disjunction).

			Example :(A+B+C’), (X+Y’), (P+Q’+R’) 

			Each occurrence of a variable either in true form or in complemented (inversed, NOT) form is literal. For example, the product term XY0Z has three literals; the sum term (A0 þ B0 þ C þ D) has four literals. A product term (sum term) X is included in another product term (sum term) Y if Y has each literal that is in X.
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