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Concepts Introduced in Appendix A

classifying instruction set architectures

memory addressing

operands

operations

interaction between compilers and architecture

ISA design

RISC-V ISA
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Instruction Set Types

An n address architecture indicates the number of operands

that have to be speci�ed with each arithmetic operation.

stack architecture (zero address machine)

accumulator architecture (one address machine)

general-purpose register architecture (two and three address
machines)

register-register (load-store)
register-memory
memory-memory
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Code Sequences for C = A + B

stack
Push A == M[SP]=M[A]; SP=SP+1;
Push B == M[SP]=M[B]; SP=SP+1;
Add == M[SP-2]=M[SP-1]+M[SP-2]; SP=SP-1;
Pop C == C=M[SP-1]; SP=SP-1;

accumulator
Load A == AC=M[A];

Add B == AC=AC+M[B];

Store C == M[C]=AC;

register (register-memory)
Load R1,A == r[1]=M[A];

Add R3,R1,B == r[3]=r[1]+M[B];

Store R3,C == M[C]=r[3];

register (load-store)
Load R1,A == r[1]=M[A];

Load R2,B == r[2]=M[B];

Add R3,R1,R2 == r[3]=r[1]+r[2];

Store R3,C == M[C]=r[3];
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Memory Accesses and Total Operands for ALU Instructions
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Figure A.3 Typical combinations of memory operands and total operands per typical ALU instruction with 
examples of computers. Computers with no memory reference per ALU instruction are called load-store or register-
register computers. Instructions with multiple memory operands per typical ALU instruction are called register-memory or 
memory-memory, according to whether they have one or more than one memory operand. 
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Advantages and Disadvantages of Common ISAs
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Figure A.4 Advantages and disadvantages of the three most common types of general-purpose register 
computers. The notation (m, n) means m memory operands and n total operands. In general, computers with fewer 
alternatives simplify the compiler’s task because there are fewer decisions for the compiler to make (see Section A.8). 
Computers with a wide variety of flexible instruction formats reduce the number of bits required to encode the program. 
The number of registers also affects the instruction size because you need log2 (number of registers) for each register 
specifier in an instruction. Thus, doubling the number of registers takes three extra bits for a register-register 
architecture, or about 10% of a 32-bit instruction. 
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Addressing Issues

byte addressable

number of bytes in a word

byte order (little endian or big endian)

alignment requirements

extension of bytes and halfwords
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Aligned and Misaligned Addresses

An aligned object's memory address must be an integer

multiple of the size of the object being accessed.
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Figure A.5 Aligned and misaligned addresses of byte, half-word, word, and double-word objects for byte-
addressed computers. For each misaligned example some objects require two memory accesses to complete. Every 
aligned object can always complete in one memory access, as long as the memory is as wide as the object. The figure 
shows the memory organized as 8 bytes wide. The byte offsets that label the columns specify the low-order three bits of 
the address. 
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Addressing Modes
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Figure A.6 Selection of addressing modes with examples, meaning, and usage. In autoincrement/-decrement and 
scaled addressing modes, the variable d designates the size of the data item being accessed (i.e., whether the instruction 
is accessing 1, 2, 4, or 8 bytes). These addressing modes are only useful when the elements being accessed are adjacent 
in memory. RISC computers use displacement addressing to simulate register indirect with 0 for the address and to 
simulate direct addressing using 0 in the base register. In our measurements, we use the first name shown for each mode. 
The extensions to C used as hardware descriptions are defined on page A.38. 
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DSP Addressing Modes

DSP and other special-purpose processors sometimes have
special purpose addressing modes to support speci�c types of
applications.

Modulo or circular addressing to support continuous streams of
data.
Bit reverse addressing to support fast fourier transforms.
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Types and Sizes of Operands

general-purpose operand types and sizes

char or unsigned char, 1 byte, two's complement or unsigned
short or unsigned short, 2 bytes, two's complement or unsigned
int or unsigned int, 4 bytes, two's complement or unsigned
�oat, 4 bytes, IEEE FPS
long int or unsigned long int, 4 or 8 bytes, two's complement
or unsigned
pointer is 4 or 8 bytes
double, 8 bytes, IEEE FPS
long long int or unsigned long long int, 8 bytes, two's
complement or unsigned

DSP types

�xed point, fractions between -1 and +1
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Instruction Operation Categories
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Figure A.12 Categories of instruction operators and examples of each. All computers generally provide a full set of 
operations for the first three categories. The support for system functions in the instruction set varies widely among 
architectures, but all computers must have some instruction support for basic system functions. The amount of support in 
the instruction set for the last four categories may vary from none to an extensive set of special instructions. Floating-
point instructions will be provided in any computer that is intended for use in an application that makes much use of 
floating point. These instructions are sometimes part of an optional instruction set. Decimal and string instructions are 
sometimes primitives, as in the VAX or the IBM 360, or may be synthesized by the compiler from simpler instructions. 
Graphics instructions typically operate on many smaller data items in parallel—for example, performing eight 8-bit 
additions on two 64-bit operands. 
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Operations for Media and Signal Processing

Media and signal processor processors sometimes have special
operations to support speci�c types of applications.

partitioned arithmetic operations
saturating arithmetic
special instructions tailored for applications (e.g.
multiply-accumulate)
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Transfers of Control

conditional branches (pc-relative)

unconditional jumps (pc-relative or immediate)

direct procedure calls (immediate)

returns (register)

indirect procedure calls (register)

large switch statements (register)
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Breakdown of Control Flow Instructions
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Figure A.14 Breakdown of control flow instructions into three classes: calls or returns, jumps, and conditional 
branches. Conditional branches clearly dominate. Each type is counted in one of three bars. The programs and computer 
used to collect these statistics are the same as those in Figure A.8. 
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Branch Target Distances
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Figure A.15 Branch distances in terms of number of instructions between the target and the branch instruction. 
The most frequent branches in the integer programs are to targets that can be encoded in 4–8 bits. This result tells us 
that short displacement fields often suffice for branches and that the designer can gain some encoding density by having 
a shorter instruction with a smaller branch displacement. These measurements were taken on a load-store computer 
(Alpha architecture) with all instructions aligned on word boundaries. An architecture that requires fewer instructions for 
the same program, such as a VAX, would have shorter branch distances. However, the number of bits needed for the 
displacement may increase if the computer has variable-length instructions to be aligned on any byte boundary. The 
programs and computer used to collect these statistics are the same as those in Figure A.8. 
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Evaluating Branch Conditions

condition codes (e.g. SPARC)

IC = r[2] ? r[3];

PC = IC < 0, L1;

N - bit set when result is negative
Z - bit set when result is zero

== Z

< N

<= N || Z

> !N && !Z

>= !N

!= !Z

condition register (e.g. MIPS)

r[1] = (r[2] < r[3]) ? 1 : 0;

PC = r[1] != r[0], L1;

compare and branch (e.g. VAX, RISC-V)

PC = r[2] < r[3], L1;
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Evaluating Branch Conditions Methods
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Figure A.16 The major methods for evaluating branch conditions, their advantages, and their disadvantages. 
Although condition codes can be set by ALU operations that are needed for other purposes, measurements on programs 
show that this rarely happens. The major implementation problems with condition codes arise when the condition code is 
set by a large or haphazardly chosen subset of the instructions, rather than being controlled by a bit in the instruction. 
Computers with compare and branch often limit the set of compares and use a separate operation and register for more 
complex compares. Often, different techniques are used for branches based on floating-point comparison versus those 
based on integer comparison. This dichotomy is reasonable because the number of branches that depend on floating-
point comparisons is much smaller than the number depending on integer comparisons. 
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Calling Conventions

Identifying registers for special purposes.

stack pointer
return address

Preserving the values of some registers across calls.

callee save
scratch (caller save)

Transferring values between functions.

Passing argument values to a function through registers and
on the stack.
Returning a value from a function.
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Compilation Passes
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Figure A.19 Compilers typically consist of two to four passes, with more highly optimizing compilers having 
more passes. This structure maximizes the probability that a program compiled at various levels of optimization will 
produce the same output when given the same input. The optimizing passes are designed to be optional and may be 
skipped when faster compilation is the goal and lower-quality code is acceptable. A pass is simply one phase in which the 
compiler reads and transforms the entire program. (The term phase is often used interchangeably with pass.) Because 
the optimizing passes are separated, multiple languages can use the same optimizing and code generation passes. Only 
a new front end is required for a new language. 
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Compiler Optimizations

compiler optimization goals

Preserve semantic behavior.
Reduce execution time.
Decrease code size.
Reduce energy usage.

levels of compiler optimizations

high-level (close to the source code level)
low-level (close to the machine code level)
local (within a basic block)
global (across basic blocks)
interprocedural (across function boundaries)
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Major Types of Compiler Optimizations
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Figure A.20 Major types of optimizations and examples in each class. These data tell us about the relative frequency 
of occurrence of various optimizations. The third column lists the static frequency with which some of the common 
optimizations are applied in a set of 12 small Fortran and Pascal programs. There are nine local and global optimizations 
done by the compiler included in the measurement. Six of these optimizations are covered in the figure, and the remaining 
three account for 18% of the total static occurrences. The abbreviation N.M. means that the number of occurrences of that 
optimization was not measured. Processor-dependent optimizations are usually done in a code generator, and none of 
those was measured in this experiment. The percentage is the portion of the static optimizations that are of the specified 
type. Data from Chow, F.C., 1983. A Portable Machine-Independent Global Optimizer—Design and Measurements (Ph.D. 
thesis). Stanford University, Palo Alto, CA (collected using the Stanford UCODE compiler). 
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Register Allocation

two levels of allocating registers:

register assignment - assigning temporaries to registers
register allocation - assigning live ranges of variables to
registers

areas of memory (most register allocation is performed for
items on the stack)

run-time stack (some registers are dedicated to management
of the stack)
static data (sometimes there is a dedicated register that points
to the global data to reduce the cost of global data accesses)
heap
code (one register, the PC, is dedicated to point to the current
instruction)
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Tradeo�s When Encoding an Instruction Set

Bene�t of additional registers versus extra bits for referencing

them.

Simple formats simplify decoding and complex formats require

less space.

Fixed sized instructions simplify the fetch unit and pipelining

and variable size instructions require less space.
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Common Instruction Encoding Techniques
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Figure A.18 Three basic variations in instruction encoding: variable length, fixed length, and hybrid. The variable 
format can support any number of operands, with each address specifier determining the addressing mode and the length 
of the specifier for that operand. It generally enables the smallest code representation, because unused fields need not be 
included. The fixed format always has the same number of operands, with the addressing modes (if options exist) specified 
as part of the opcode. It generally results in the largest code size. Although the fields tend not to vary in their location, they 
will be used for different purposes by different instructions. The hybrid approach has multiple formats specified by the 
opcode, adding one or two fields to specify the addressing mode and one or two fields to specify the operand address. 
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Instruction Set Properties

A well designed instruction set can make life much easier for
the compiler writer.

regularity
provide primitives, not solutions
simplify tradeo�s
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Computer Architecture Periods

1960s
accumulator and stack architectures

1970s
high-level (CISC) architectures with microcode

1980s
load-store (RISC) architectures
increased reliance on compiler optimizations

1990s
doubling the address size
use of conditional (predicated) execution
prefetch instructions
support for multimedia and signal processing

2000s
run-time translation into micro-ops
virtual machines and JIT compilation

2010s
exploiting thread-level parallelism
support for domain-speci�c architectures
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RISC-V Architecture

RISC-V is a freely licensed open standard.

Goal is an instruction set that is simple to implement.

All examples are in the 64-bit version, where registers are 64

bits in length.

Registers include general purpose (x0...x31) and �oating point

(f0...f31).

Datatypes include 8-bit, 16-bit, 32-bit, and 64-bit integers and

32-bit single precision and 64-bit double precision.

Addressing modes are immediate and displacement.
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RISC-V Instruction Formats
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Figure A.24 The use of instruction fields for each instruction type. Primary use shows the major instructions that 
use the format. A blank indicates that the corresponding field is not present in this instruction type. The I-format is used 
for both loads and ALU immediates, with the 12-bit immediate holding either the value for an immediate or the 
displacement for a load. Similarly, the S-format encodes both store instructions (where the first source register is the 
base register and the second contains the register source for the value to store) and compare and branch instructions 
(where the register fields contain the sources to compare and the immediate field specifies the offset of the branch 
target). There are actually two other formats: SB and UJ that follow the same basic organization as S and J, but slightly 
modify the interpretation of the immediate fields. 
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Figure A.23 The RISC-V instruction layout. There are two variations on these formata, called the SB and UJ formats; 
they deal with a slightly different treatment for immediate fields. 
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RISC-V Load and Store Instructions
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Figure A.25 The load and store instructions in RISC-V. Loads shorter than 64 bits are available in both sign-extended 
and zero-extended forms. All memory references use a single addressing mode. Of course, both loads and stores are 
available for all the data types shown. Because RV64G supports double precision floating point, all single precision floating 
point loads must be aligned in the FP register, which are 64-bits wide. 
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RISC-V Basic ALU Instructions
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Figure A.26 The basic ALU instructions in RISC-V are available both with register-register operands and with one 
immediate operand. LUI uses the U-format that employs the rs1 field as part of the immediate, yielding a 20-bit immediate. 
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RISC-V Typical Control Flow Instructions
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Figure A.27 Typical control flow instructions in RISC-V. All control instructions, except jumps to an address in a register, 
are PC-relative. 
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Fallacies and Pitfalls

Pitfall: Designing high-level instruction set features to support

a high-level language structure.

Fallacy: An architecture with �aws cannot be successful.

Fallacy: You can design a �awless architecture.


	Classifying ISAs
	

	Addressing
	

	Operands
	

	Operations
	

	Compiler Interaction
	

	ISA Design
	

	RISC-V
	

	

