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Agenda for Today

“ Deep dive into ISA and its tradeoffs

Appendix A

The LC-3b ISA

A.l  Overview

The Instruction Set Architecture (154) of the LC-3b 15 defined as follows:

Memory address space 16 bits, corresponding 1o 2% locations, each containing one byte
{eight biis). Addresses are numbered from O (e, x0000) to 65,535 (ie, xFFFF). Addresses
are used to identify memory locations and memory-mapped 10 device registers. Certain
regions of memory are reserved for special uses, as described in Figure A 1.

Memory addressability Each memory location contains one byte (eight bits) of informa-
tiomn.

Bit numbering  Bits of all quantities are numbered, from right 1o left, starting with bit 0.
The lefi-most bit of the contents of a memory location is bit 7.

Memory alignment  Two word-aligned memory locations are required 1o store one 16-bit
word. Two memory locations are word-aligned if their addresses differ only in bit [0]. For
example, locations x0006 and x0007 are word-aligned; locations x0007 and x0008 are not.

Memory addressing  The address of a byte of information stored in memory is the address
of the location containing that byte. The address of a word of information stored in fmemory
is the lower address of the pair of word-aligned memory locations containing the word. For
example, a word stored in locations x0006 and 0007 has the address x0006. Since a word
can be stored in memory only in two word-aligned locations, the address of'a word of memory
is always even.

Endian-ness A word stored in memory at word address X has bits [7:0] stored in location X
and bits [15:8] stored in location X+1. Since the less significant byte of the word is stored in
location X and the more significant byte is stored in location X+1 (that is, the less significant
biyte "first”), the ordering is called litile endian (for the litile end first).

LC-3b D110 awnn


http://users.ece.utexas.edu/~patt/09s.360N/handouts/new_byte.pdf

Last Lecture Recap

Levels of Transformation
< Algorithm, ISA, Microarchitecture

Moore’'s Law
Read his 1965 paper:

What is Computer Architecture Ll ml']"]'_";;r:';
Why Study Computer Architecture N1 naonixn nona (1
YINY 7Y |IN1 Y212 .NMATO nXn (2
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Fundamental Concepts

Dataflow Model - data driven
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https://www.computerhistory.org/collections/catalog/102770822
https://en.wikipedia.org/wiki/Von_Neumann_architecture

Review: ISA vs. Microarchitecture

= ISA
-4 Agreed upon interface between software
Problem
and hardware
: : Algorithm
® SW/compiler assumes, HW promises
: Program
4 What the software writer needs to know to A
write and debug system/user programs

" Microarchitecture

< Specific implementation of an ISA
< Not visible to the software

" Microprocessor
- ISA, uarch, circuits

9 “Architecture” = ISA + microarchitecture



Review: ISA :

(lntel“
Instructions

4 Opcodes, Addressing Modes, Data Types
< Instruction Types and Formats
< Registers, Condition Codes

Memory Intel” 64 and IA-32 Architectures
9 Address space, Addressability, Alignment Software DEUE|0|JEI"S Manual
< Virtual memory management

: : Volume 1:
Call, Interrupt/Exception Handling Racie Architecture

Access Control, Priority/Privilege
[/0: memory-mapped vs. instr.
Task/thread Management

Power and Thermal Management

Multi-threading support, Multiprocessor support
n'Tmy +1000 7w 190
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https://www.intel.com/content/www/us/en/developer/articles/technical/intel-sdm.html
https://www.intel.com/content/www/us/en/developer/articles/technical/intel-sdm.html

Microarchitecture

Implementation of the ISA under specific design constraints
and goals

Anything done in hardware without exposure to software

Q

Q

Q

Pipelining - 107 qwna X7 n1onnn
In-order versus out-of-order instruction execution
Memory access scheduling policy

Speculative execution (make predictions and pre-load data to the
cache in order to save memory access latency - N1)

Superscalar processing (multiple instruction issue?) - nI'71yo yixn2
qwNi X'7 N1ONNN )27 D1 - [IVY )ITNNA NIANN

Clock gating
Caching? Levels, size, associativity, replacement policy
cache '"71;7'w'7 qwna X7 n1onnn 2"'112

Prefetching? - D'97w 2 TIY INN

Voltage/frequency scaling? - wnnwn'7 qiwn nim'w MYoX-1TN DTN
Error correction?
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Instruction prefetch %

In computer architecture, instruction prefetch is a technigue used in
microprocessors to speed up the execution of a program by reducing wait
states.

Modern microprocessors are much faster than the memory where the program
IS kept, meaning that the program's instructions cannot be read fast enough to
keep the microprocessor busy. Adding a cache can provide faster access to
needed instructions. Prefetching occurs when a processor requests an
Instruction from main memory before it is actually needed. Once the
Instruction comes back from memory, it is placed in a cache. When an
Instruction is actually needed, the instruction can be accessed much more
quickly from the cache than if it had to make a request from memory. Since
programs are generally executed sequentially, performance is likely to be best
when instructions are prefetched in program order. Alternatively, the prefetch
may be part of a complex branch prediction algorithm, where the processor
tries to anticipate the result of a calculation and fetch the right instructions in
advance.

Source:


https://www.definitions.net/definition/instruction+prefetch

Property of ISA vs. parch?

2727107077 "W anl ISA-7 1YW DDNYVTT7 AP (727N

N) ADD instruction’s opcode

1) Number of general purpose registers

1) Number of ports to the register file

T) Number of cycles to execute the MUL instruction

n) Whether or not the machine employs pipelined instruction
execution

Nzm (0 Nzm (T Nzm (0 N7 narISA (2 ISA (X :niawn

Remember

< Microarchitecture: Implementation of the ISA under specific
design constraints and goals

ISA ININ NIQY N2 NNI0FZ0DINN7N N7 NIT7IDY |27



Design Point

A set of design considerations and their importance
< leads to tradeoffs in both ISA and uarch

Considerations Problem

-4 Cost Algorithm

9 Performance Program

<4 Maximum power consumption ISA

- Energy consumption (battery life) Microarchitecture
2 Availability Circuits

2 Reliability and Correctness Electrons

9 Time to Market

Design point determined by the “Problem” space
(application space), the intended users/market

TayNnn N1l nnv7z D7UDD/TIJJ”F) N2Z2DNNNTIZINN VA7 NN Y
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Reading assignment: 12110 NX™My/7

Application Space “Requirements, Bottlenecks, and Good Fortune:

Agents for Microprocessor Evolution” by
Yale Patt

“ Dream, and they will appear...

Other examples of the application space that continue to
drve the need for umique design points are the following:

1) scientific applications such as those whose computa-
tions control nuclear power plants, determine whereto VT A1V
dnll for oil, and predict the weather;

2) transaction-based applications such as those that
handle ATM transfers and e-commerce business; UN190D

3) business data processing applications, such as those
that handle mventory control, payrolls, IRS activity, OVAD — 011N T
and vanous personnel record keeping, whether the per- B y
sonnel are employees, students, or voters; ]‘D]'7D]N|_'I

4) network applications, such as high-speed routing of
Intemet packets, that enable the connection of your
home system to take advantage of the Internet;

5) guaranteed delivery (ak a. real time) applications that
requure the result of a computation by a certain cniical NNDX DT NOVD
deadhne;

6) embedded applications, where the processor 15 a com-
ponent of a larger system that 15 used to solve the (usu-

nvulI nNMavn 1avn

NIXA1YN NIdIVN

ally) dedicated application; VNN
T) media applications such as those that decode video and
audio files; (INT) N'THN T1AW
8) random software packapes that desktop users would
like to run on their PCs. 7D UIDWT WX AUND

Each of these application areas has a very different set of
charactenistics. Each application area demands a different set
of tradeoffs to be made m specifymg the microprocessor to
do the job. 11



Tradeoffs: Soul of Computer Architecture

" ISA-level tradeoffs
" Microarchitecture-level tradeoffs

= System and Task-level tradeoffs
9 How to divide the labor between hardware and software

= Computer architecture is the science and art of making the
appropriate trade-offs to meet a design point

NI NIYOD MUY 7Y NIIAXAI YTAN X'D 22NN N10D70'IIX *
[N NTI7INX DY77 ' T

S Why art? - X211 97¢i NX7 1



Why Is It (Somewhat) Art?

New demands
from the top

(Look Up) New demands and
personalities of users
(Look Up)
Runtime System
VM, OS, MM
ISA
New issues and
capabilities
at the bottom
(Look Down)
..N1IINYN7 19X 70N

“ We do not (fully) know the future (applications, users, market)
“It’s Difficult to Make Predictions, Especially About the Future" 13



Why Is It (Somewhat) Art?

Changing demands

at the top

(Look Up and Forward) Changing demands and
personalities of users

(Look Up and Forward)

Runtime System
VM, OS, MM

ISA

Changing issues and
capabilities

at the bottom

(Look Down and Forward)

“ And, the future is not constant (it changes)!
...(...0IW +10) D" TNV O™DIX 7V 'K — TAVN NI NNIYT 1WA N1 7V 128N nouT7



Q)

“it is difficult to predict, especially the future” -

Niels Bohr (1885-1962)

Was a Danish physicist who made foundational contributions to understanding
atomic structure and quantum theory, for which he received the Nobel Prize in
Physics in 1922. Bohr was also a philosopher and a promoter of scientific
research.


https://en.wikipedia.org/wiki/Niels_Bohr

How Can We Adapt to the Future

This is part of the task of a good computer architect

Many options (bag of tricks)

<4 Keen (2n'71) insight and good design

<4 Good use of fundamentals and principles
Efficient design
Heterogeneity
Reconfigurability

<4 Good use of the underlying technology
Q

16



ISA Principles and
Tradeofts



General structure of
Instructions

18



Many Different ISAs Over Decades

" x86
“ PDP-x: Programmed Data Processor (PDP-11)

Me by a L,ray-l, at the bupercomputlng
[ ] VAX conference, SC18. Dallas, Tx, 2018

= CDC 6600

= SIMD ISAs: CRAY-1, Connection Machine
“ VLIW ISAs: Multiflow, Cydrome, 1A-64 (EP
“ PowerPC, POWER

POWER = "Performance Optimization With Enhanced RISC"
“ RISC ISAs: Alpha, MIPS, SPARC, ARM, RISC-V

“ =What are the fundamental differences?
<4 E.g., how instructions are specified and what they do
- E.g., how complex are the instructions 19



Seymour Cray (1925 — 1996) was an American electrical engineer and
supercomputer architect who designed a series of computers that were
the fastest in the world for decades, and founded Cray Research which
built many of these machines. Called "the father of supercomputing".

- Wikipedia
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Instruction

" Basic element of the HW/SW interface

“ Consists of
- opcode: what the instruction does
- operands: whoitistodoitto

< Example from the Alpha ISA 771:
...0DM719N1[77 MNI'D'MY7 N71NNN NO7X NITIN 720N7 [N X7
31 26 25 2120 1615 2 4 0
Opcode Number PALcode Format
Opcode RA Disp Branch Format
Opcode RA RB Disp Memory Format
Opcode RA RB Function RC |Operate Format

.02 32 — V12j7 NINX .DWIA{7 NINT7N A1T0 N1an
21


https://en.wikipedia.org/wiki/DEC_Alpha

MIPS

0 rs || rt rd shamt || funct
6-bit 5-bit 5-bit 5-bit 5-bit 6-bit
opcode || rs rt immediate

6-bit 5-bit 5-bit 16-bit

opcode immediate

6-bit 26-bit

MIFPSS

R-type

I-type

J-type

22
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Electronic: Engineering

/nttps://www.eejournal.com/article/wait-what-mips-becomes-risc-v
feature article 3 =

Wait, What? MIPS Becomes RISC-V

M l |= S Classic CPU Company Exits Bankruptcy, Throws in the Towel

TECHNOLOGIES by Jim Turley

What a long, strange trip it's been. MIPS Technologies no longer designs MIPS processors.

Instead, it's joined the RISC-V camp, abandoning its eponymous architecture for one that has

strong historical and technical ties. The move apparently heralds the end of the road for MIPS

as a CPU family, and a further (slight) diminution in the variety of processors available. It's the
final arc of an architecture.

MIPS as a company has passed through a lot of hands, most recently as part of Wave Computing, the ill-fated Al startup.
Wave was developing its unique Al acceleration hardware on top of a general-purpose MIPS CPU, and then it bought the
entire MIPS organization. The move seemed both unusual and unnecessary, and something of a distraction, given that they'd
already licensed the necessary IP. Over time, it started to look like the MIPS side of the business was the most stable part of
the company. Wave finally collapsed into bankruptcy last year, emerging just last week under a new name: that of its
acquired technology, MIPS. Say hello to the new MIPS.

Development of the MIPS processor architecture has now stopped, and MIPS (the company) will start making chips based
on RISC-V. This is a complete change of business model, not just CPU. The old MIPS was in the business of licensing IR, just
like ARM or Ceva or Rambus. i didn't make anything tangible. Companies like the old Wave Computing were its customers,
and processors like ARM and RISC-V were its competitors. Now that equation is inverted.




MWI7AY Y1170 DX IR PIC32MZ 272-n7'na MIPS NIV70™IX 7¢ WID™pN NITIX TV TINY77 71D

PIC32MZ EF Family of Microcontrollers

Highest-Performance PIC32 Microcontrollers

The PIC32MZ EF series of high-performance microcontrollers (MCUs) with industry-leading connectivity and peripheral options has been created to empower you to build complex
applications quickly. These devices are fully supported by the MPLAB® Ha rmony integrated software framework, which features software solutions to accelerate the development of

graphics and connectivity applications.

Key Features

MIPS32 M-Class Core
* 252 MHz/415 DMIPS performance . 252 MHz, 5-Stage Pipeline
s Up to 2 MB dual-panel live update Flash and 512 KB RAM *32-bit CPU + DSP + FPU
Excellent connectivity options (Hi-Speed USB, CAN, and 10/100 Ethernet) m B R caN Etherne
Integrated double-precision FPU accelerating performance in process-intensive applications m Lo h. use . (2)
2Ch. 2Ch. | 8Ch. || 4ch 2Ch
DMA DMA DMA DMA DMA

= Optional full-featured hardware crypto accelerator
# Rich peripheral set
s Extended temperature and AECQ-100 Grade 1 qualification High-Speed Bus Matrix

Instruction Data

Comparator |  12.bit
Prefetch E.:'ﬁ ;::: 512 KB i EBl e 12) ADC | 4-Wire
Lvelrdats | °AM Debug

Peripheral Buses

Output
Compare
PWM (9)

FSISPI
(6)



https://www.microchip.com/en-us/products/microcontrollers-and-microprocessors/32-bit-mcus/pic32-32-bit-mcus/pic32mz-ef
https://ww1.microchip.com/downloads/aemDocuments/documents/OTH/ProductDocuments/ReferenceManuals/60001192B.pdf

RISC-V

31 30 25 24 21 20) 19 15 14 12 11 B T (3 (]

funct7 rs2 rsl funct3 rd opcode

imm|[11:0] rsl funct3 rd opcode

imm|11:5] rs? rsl funct3 imm [4:0)] opcode

imm(12] | imm[10:5 rs2 rsl funct3 | imm(4:1] | imm[11] | opcode

imm|[31:12] rd opcode

imm|2() imm|[10:1 imm/11 imm|[19:12 rd opcode
| Format | Purpose | Example |
[ | emmemomemocooe | emocmcomeee |
| R | Register-Register | ADD, MUL, AND |
| I | Immediate/Load | ADDI, LW, JALR |
| S | Store | Sw, SB, SH |
| SB | Branch | BEQ, BNE, BLT |
| U | Upper Immediate | LUI, AUIPC |
| UJ | Jump | JAL |

R-type
[-type
S-type
SB-type
U-type

UlJ-type



ARM 33222222222211111111119876543210
1098765432109876543210
Cond (0|0 | Opcode |S Rn Rd Operand 2 Data Processing /
PSR Transfer
Cond (O|0|0|0|0|0|A Rd Rn Rs 1|0(0(1 Rm Muftiply
Cond (O|O|0|O|1|U|A RdHi RdLo Rn 1|0(0(1 Rm Muftiply Long
Cond ol|o|o(1|(o|B|O|O Rn Rd 01303101011 Rm Single Data Swap
Cond |O(O0(0]1 oot e 011 Rn Branch and Exchange
Cond (O(O0|D|P[U|DW|L Rn Rd o{ofo|o|1[S|H|1 Rm Halfword Data Transfer:
register offset
Cond (O(O|O(P|U[1|W|L Rn Rd Oftset (1 |S|H[1| Offset Halfword Data Transfer:
immediate offset
Cond (O(1|1[P|U|B|W|L Rn Rd Offset Single Data Transfer
Cond (O|1]1 1 Undefined
Cond (1(0|0(P|U|S|W|L Rn Reqister List Block Data Transfer
Cond ([1(0[1]|L Offset Branch
Cond (1(1|0(P|U|IN|W|L Rn CRd CP# Offzet Coprocessor Data
Transfer
RISC-7 nn1T1
Cond (1|1|1|0| CP Opc CRn CRd CP# CP |0l CRm Coprocessor Data
NP NX7 N Operation
107N Cond |1|1|1|0|CPOpdL| CAn Rd CP# | CP |1| CRm | Coprocessor Register
Transfer
Cond ([1([1[1[1 lgnored by processor Software Interrupt
332222222222111111111198765432110
1098765432109876543210

Figure 4-1: ARM instruction set formats



Set of Instructions, Encoding, and Spec

1 14 13 12 11 1m 9 ] 7 & ] 4 k] 2 1 a

ADD" [ Toor’ | o | sei [a] ‘opspec Example from LC-3b ISA
AND’ :m:m: :DE: :sm: A :ﬂp:.spllac:
BRR ‘0000 |n|z p " PCoftsety
JMP | moo | 000 | BoseR | 000000 Why unused instructions?
JSR(R 0100 A SR f_:znlrl::lnlln:!.sI eclifielr - . .
(O L o0, [A] |, cpeondspecter Aside: concept of “bit
LDB” Ilun:m: :DE: a;::se:n : l?uff:sei? : Steering"
LDW " 0110 DR | BaseR offset6 o . .
, e 9 A bitin the instruction
LEA 1110 DR PColfset9 .
= ——— determines the
ooLte |, owowom | interpretation of other bits
SHF 1101 DR SR |A|D| amountd
STB 0011 'SR BaseR . Euff'selié |
STW o 'SR BaseR " offsets |
T x86 112y 0'1my 1200 nniv7 o'Timy 25 i1
TRAP |”|”| I[.'l'..'lllfl[.'lI . lr:::pu:ec?ﬂ .
Z’J{OI'-?+ ImlmI IDRI Isml A. Iﬂpl.splecl

Bit steering concept — next slide

not used

not used

27


http://users.ece.utexas.edu/~patt/09s.360N/handouts/new_byte.pdf

ADD Addition

Reference: LC-3b ISA

Assembler Formats

ADD DR, SRI, SR2
ADD DR, SRI, imm5

Encodings

15 12 11 9 &8 & |5 4 0

Operation DR = Destination register.
bS] == 0) Imm5 = A 5-bit immediate value
DR = SR1 + SR2: SR = Source Register

else
DR = SR1 + SEXT(imm5);
setce();

Description

If bit [5] is O, the second source operand is obtained from SR2. If bit [5] is 1, the second source operand is
obtained by sign-extending the immb5 field to 16 bits. In both cases, the second source operand is added to
the contents of SR 1, and the result stored in DR. The condition codes are set, based on whether the result is
negative, zero, or positive.



http://users.ece.utexas.edu/~patt/09s.360N/handouts/new_byte.pdf
http://users.ece.utexas.edu/~patt/09s.360N/handouts/new_byte.pdf

Bit Steering in Alpha

Figure 3—4: Operate Instruction Format

=] 26 23 2120 161531312 11 3 4 0

Opcode | Ra Rb [SBZ|0| Function Rc

26 23 2120 131211

If bit <12> of the instruction is 0, the'\Rb field specifies a source register operand.

If bit <12> of the instruction 1s 1. an 8-bit zero-extended literal constant 1s formed by bits
<20:13> of the instruction. The literal 1s interpreted as a positive integer between O and 255
and 1s zero-extended to 64 bats.

29



The Elements of ISA



What Are the Elements of an ISA?

“ Instruction sequencing model - 12727120 D 7Y

9 Control flow vs. data flow
9 Tradeoffs?

Instruction processing style

< Specifies the number of “operands” an instru
and how it does so

90,1, 2, 3 address machines
“ 0O-address: stack machine (op, push A, pop A)
“ 1-address: accumulator machine (op ACC, Id A, st A)

“ 2-address: 2-operand machine (op S,D; one is both source and dest).
S=Source, D=Destination

® 3-address: 3-operand machine (op S1,52,D; source and dest separate)

9 Tradeoffs?

“ Larger operate instructions vs. more executed operations

“ Code size vs. execution time vs. on-chip memory space
111277 NW1N N12211N VS Taynin NIADTIN

31



Compact Code and Stack Architectures

Q)

In the 1960s, a few companies followed a radical approach to instruction sets.
In the beliet that it was too hard for compilers to utilize registers effectively,
these companies abandoned registers altogether! Instruction sets were based on
a stack model ot execution, like that found in the older Hewlett-Packard hand-
held calculators. Operands are pushed on the stack from memory or popped
off the stack into memory. Operations take their operands from the stack and
then place the result back onto the stack. In addition to simplifying compilers
by eliminating register allocation, stack architectures lent themselves to compact
instruction encoding, thereby removing memory size as an excuse not to program
in high-level languages.

Reference: H-P Computer Organization, 4 Edjis
2.20-3 Historical Perspective and Further
Reading
NITIX N'TO7'12 X177 DINTID DNX
(RPN)

xXzy

P/R STO

HE WLETT -P ACK A R D |



https://en.wikipedia.org/wiki/Reverse_Polish_notation

Algebraic vs. RPN methods %

Example:

(3+5) = (7+6) = x

e Algebraic method: Add: 3 + 5 = 8 . Write the answer down or store
it in the memory. Add: 7 + 6 = 13 . Now enter the 8 from the first
outcome and share these results through the second answer for
the result x £0.62 .

e RPN methgd : Type 3 and then press ENTER. Type 5 and then
lus key (+). Type 7 and then press ENTER. Type 6 and
s the plus key (+). Note that the outcome is displayed ,
the sefond sum . Now comes the surprise : press the button for
sharjig and the calculator returns the result ( 0.62 ) again .

TI57 Algebraic calculator

e
|

Programmable 57

log Ct
WV nx CE

effraic : 13 steps , the effort to write results down or remember the
result when you run the second calculation , not even being
nted.

PN: 9 steps and you need to write down anything.

Sharing = divide () ,
D70 7w HP 7w DaTn 710 nniwn




21NN NIV'Y 2 1'2 NINTIVUN

Algebraic RPN
1.( 1.3
2.3 2. ENTER
3.+
3.5
4.5
5.) 4. +
6. / 5.7
7. ( 6. ENTER
8.7 7.6
0. + 8. +
10.6 9 /
11.)
12. =

13. DI 527w INXT7 711X 91X
AN 711 ARNINN
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Stack Machine - Example

TS L) LIS e Bl
Stucked
UsH G | | st Architecie
e 9 “““;:-—' pointer
- ¢ e
— |l - oL = A
A O D N1I0NN2A 01"7VN 0DVN 2 7V 791
M UL
MUyL 4k LA March 9590



An Example: Stack Machine

+ Small instruction size (no operands needed for operate
Instructions) - Ta72 TIj7-DINN {77 N7X NXIN2 D' TINOIN |'N

<4 Simpler logic
<4 Compact code

+ Efficient procedure calls: all parameters on stack
< No additional cycles for parameter passing

-- Computations that are not easily expressible with “postfix
notation” are difficult to map to stack machines

<4 Cannot perform operations on many values at the same time (only

top N values on the stack at the same time)
O Not flexible 11YN TYNN NIWINA10INT TNX TN N17'W?

Conversion to
(a+b) - - » ab+
FPostfix Notation

36


https://www.tutorialspoint.com/what-is-postfix-%20notation

An Example: Stack Machine (II) %

DS
DATA STACK

RS
RETURN STACK

'O

CONTROL
LOGIC
& IR

Figure 3.1 -- The canonical stack machine.

D=0

=3

B — PC
S MAR
l AOORESS
DATA PROGRAM
' ' MEMORY

PN

Koopman, “Stack Computers:
The New Wave,” 1989.

190N 7¢ DI NTINT7 YT

DS = Data Stack

RS = Return Stack

TOS = Top Of Stack register

PC = Program Counter

MAR = Memory Address Register
IR = Instruction Register

37


http://www.ece.cmu.edu/~koopman/stack_computers/sec3_2.html
http://www.ece.cmu.edu/~koopman/stack_computers/sec3_2.html
https://users.ece.cmu.edu/~koopman/stack_computers/stack_computers_book.pdf
https://users.ece.cmu.edu/~koopman/stack_computers/stack_computers_book.pdf

An Example: Stack Machine Operation

NNIN NPT YXINND 720N N

98 12

if
| 14|

r{
kl

il
| 14
[N
=]

1)
1Y

1
|

= = Koopman, “Stack Computers:
——= === The New Wave,” 1989.
EMPTY FLI=H FLI=H
ol ALK, 48 12
45
12
95
% J1NNO
il * 86+(ZT+5b)

Figure 3.2 -- An example stack machine.

38


http://www.ece.cmu.edu/~koopman/stack_computers/sec3_2.html
http://www.ece.cmu.edu/~koopman/stack_computers/sec3_2.html

Other Examples %%

PDP-11: A 2-address machine
<4 PDP-11 ADD: 4-bit opcode, 2 6-bit operand specifiers
<4 Why? Limited bits to specify an instruction

- Disadvantage: One source operand is always clobbered with the
result of the instruction

How do you ensure you preserve the old value of the source?

SopD - D

X86: A 2-address (memory/memory) machine S ls= source
D = Destination

Alpha: A 3-address (load/store) machine Op = operation

RISC-V, MIPS - 3 address machine
ARM - 3 address machine

Clobbered = 72110n
Instead of: Source1 ® Source2 — Destination
We have: Source ® Destination — Destination
7NN NX "NOT AXRNIND 39



PDP-11 Addressing modes

ADDRESSING MODE
Absolute Mode
Direct Mode

Indexed Mode

Base Indexed Mode

Stack Pointer Indexed Mode

Program Counter Indexed

Mode

Immediate Mode

Relative Mode

Bit Field Mode

Register Indirect Mode

DESCRIPTION
Directly addresses an absolute memory location using a 15-bit address.
Similar to absolute mode but uses a different syntax for clarity.

Adds the contents of a base register to an immediate offset to form the
effective address.

Combines base and indexed addressing; uses both a base register and an
index register.

Uses the Stack Pointer (SP) as a base register to form the effective
address.

Uses the Program Counter (PC) as a base register to form the effective
address.

Uses an immediate value directly in the instruction itself.

Used for branching instructions where the offset is relative to the current
address.

Allows addressing specific bits within a byte.

Uses an indirect register to form the effective address.

FORMAT

BHMMMHAN HUMX

s KKK KX

base + offset

{base + index)

{SP + offset)

(PC + offset)

#value

address or offset

bitfield within
byte

*(register)

EXAMPLE
INSTRUCTION

LDAC 7777, RO

LOB .1234, RO

LODAC @R1+4777, RO

LDE @(R2+R3), RO

LDAC @SP+7, RO

LDE @(PC+18), RO

ADD #123, R1

BRA +1@

TEST #5, R@

LDAC *@RZ, RO






X86 addressing modes

ADDRESSING MODE

Absolute Addressing

Direct Addressing

Immediate Addressing
Register Addressing

Register Indirect Addressing

Base-Indexed Addressing
Base-Indexed-Displacement
Addressing

Base-Indexed-Direct
Addressing

Base-Displacement
Addressing

Segmented Addressing
(Real Mode)

Stack Pointer Indexed
Addressing

Instruction Pointer Relative
Addressing

DESCRIPTIOMN

Directly addresses an absolute memaory location using an
immediate address.

Similar to absolute addressing but uses a different syntax for

clarity.
Uses an immediate value directly in the instruction itself.

Directly uses a register as the operand or address.

Uses a base register with an optional displacement to form the

effective address.

Combines a base register and an index register (with or
without a displacement).

Uses both a base register and an index register with a
displacement.

Combines a base register and an index register with direct
addressing.

Uses a base register with an optional displacement.
Uses a segment register and an offset to form the effective
address.

Uses the Stack Pointer (SP) as a base register to form the
effective address.

Used for relative branching instructions where the offset is
relative to the current instruction pointer.

FORMAT

@xlz234 0O OX5678

[ex1234]

#value

EAX , EBX ,etc.

[EBX] , [EBX + e@x18]

[EBX + EBX*2 + @x1@]

[EBX + ESI*2 + @x1@]

[EBX + ESI*Z + @x1234]

[EEX + 8x18]

[D5:0x1234]

[ESP + @x18]

JMP short Gx1234 , JMP

near Bxl234

EXAMPLE INSTRUCTION

MOV EAX,

MOV EBX,

ADD EAX,

MOV EBX,

MOV EAX,

MOV EAX,
+ @x18]

MOV EAX,
+ Bx18]

MOV EAX,
+ BX1234]

MOV EAX,

MOV EAX,

POP ESI

Bx1234

[Bx1234]

#3

[EBX]

[EBX + ESI*4

[EBX + ESI*4

[EBX + ESI*4

[EBX + Bx16]

[D5:8x1234]

JMF short +oxie



What Are the Elements of An ISA?

Instructions NT79N NX D'X12NY 191XN DA XX ISA -NN 770 X1N NT1{790 210 71 X7
2 Opcode addressing modes 'a10 N2 DYz

<4 Operand specifiers (addressing modes)
— How to obtain the operand?

Why are there different addressing modes?
Data types D2ININ YN D'271 D1DINA NIYINA WORD T

4 Definition: Representation of information for which there are
instructions that operate on the representation

- Integer, floating point, character, binary, decimal, BCD

< Doubly linked list, queue, string, bit vector, stack

— VAX: INSQUEUE and REMQUEUE instructions on a doubly linked list or
queue; FINDFIRST

— Digital Equipment Corp., “VAX11 780 Architecture Handbook,” 1977.
— X86: SCAN opcode operates on character strings; PUSH/POP
ISA -1 N12271N 7V ND'7WN 0IIY 01N 01902 ND'HN

The INSQUEUE instruction in the VAX11 architecture is designed for inserting data into a shared queue 43
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Semantic Gap

the "semantic gap" refers to the difference between

che high-level language used by programmers and
‘he low-level instructions understood by the
nardware. The semantic gap can be eliminated by

adding instructions that bridge this gap, but these
additions can sometimes introduce what is called a

"sem

Accorc
the d

antic clash.”

ing to Wulf et al. (1981), the semantic gap is
ifference between high-level language

CONS

‘ructs and the lower-level instructions in

hardware.



ISA-level Tradeoffs: Semantic Ga[%

* Where to place the ISA? Semantic gap
— Closer to high-level language (HLL) - Small semantic
gap, complex instructions
— Closer to hardware control signals? - Large semantic
gap, simple instructions

* RISC vs. CISC machines
— RISC: Reduced instruction set computer
— CISC: Complex instruction set computer
* FFT, QUICKSORT, POLY, FP instructions?

« VAX INDEX instruction (array access with bounds
checking)

Source:


https://passlab.github.io/CSE564/notes/lecture04_ISA_supplement.pdf

ISA-level Tradeoffs: Semantic Ga%

* Some tradeoffs (for you to think about)

* Simple compiler, complex hardware vs.
complex compiler, simple hardware

— Caveat: Translation (indirection) can change the tradeoff!
RILA

* Burden of backward compatibility

* Performance?

— Optimization opportunity: Example of VAX INDEX
instruction: who (compiler vs. hardware) puts more effort
into optimization?

. . i Source:
— Instruction size, code size


https://passlab.github.io/CSE564/notes/lecture04_ISA_supplement.pdf
https://passlab.github.io/CSE564/notes/lecture04_ISA_supplement.pdf

Semantic Gap

HLL (High Level Language)
semantic gap1|
SAT T

NIt - translation

semantic gap2

ISA2 ——

CPU
Control Signals

49



Data Type Tradeoffs

What is the benefit of having more or high-level data types in
the ISA?

What is the disadvantage?

Think compiler/programmer vs. microarchitect
N'"7'Vn NoOw1 D'N7n 001907 ISA -2 0'N{7n 0'0190N D'21j7 NN

Concept of semantic gap

< Data types coupled tightly to the semantic level, or complexity of

instructions
M7

Example: Early RISC architectures vs.

< Early RISC: Only integer data type (nna177 MIPS)

4 Intel 432: Object data type, capability based machine (nnam nion
DIYJX)}) :BCD 0UNI192 NO™MN X1 O'21N1 7¥ 1107 NOD1 NPT
...N2N 9i7wn INT - Binary Coded Decimal 50



https://en.wikipedia.org/wiki/Intel_iAPX_432

1981 nmivw ,iIAPX432 N1TIX

Why it failed?

Despite its innovations, the 432 was famously slow—often 5 to 10 times slower
than the contemporary 8086 or the Motorola 68000.

The "Semantic Gap": By trying to bridge the gap between high-level languages
and hardware so closely, the overhead became unbearable.

Complex Implementation: The design was so complex it had to be spread
across multiple chips (the 43201 and 43202), which introduced communication
delays.

The Intel 432 serves as a classic "cautionary tale" in computer architecture: a
design can be mathematically and logically superior in its security and
elegance, yet still fail if it cannot compete on raw execution speed.

see.


https://www.righto.com/2023/07/the-complex-history-of-intel-i960-risc.html

An Example: BCD

® Each decimal dlglt IS encoded W|th a flxed number of bits

"Binary clock” by Alexander Jones & Eric Pierce - Own work, based on Wapcaplet's Binary clock.png on the English Wikipedia.
Licensed under CC BY-SA 3.0 via Wikimedia Commons - http://commons.wikimedia.org/wiki/File:Binary_clock.svg#mediaviewer/
File:Binary_clock.svg

"Digital-BCD-clock" by Julo - Own work. Licensed under Public Domain via Wikimedia Commons - 59
http://commons.wikimedia.org/wiki/File:Digital-BCD-clock.jpg#mediaviewer/File:Digital-BCD-clock.jpg



,AYUNNNT
ISA-nn j77n Ni1n BCD
X86 7w

—

INSTRUCTION SET REFE

FBSTP—>5tore BCD Integer and Pop

Opcode Instruction 64-Bit | Compat/f Description

Mode Leg Mode
DF f& FBSTP mB80bed Walid Valid Store ST(0) in mB80bed and pop ST(0).
Description

Converts the value in the 5T(0) register to an 18-digit packed BCD integer, stores the result in the destination
operand, and pops the register stack. If the source value is a non-integral value, it is rounded to an integer value,
according to rounding mode specified by the RC field of the FPU control word. To pop the register stack, the
processor marks the 5T(0) register as empty and increments the stack pointer (TOP) by 1.

The destination operand specifies the address where the first byte destination value is to be stored. The BCD value
(including its sign bit) requires 10 bytes of space in memaory.

The following table shows the results obtained when storing various classes of numbers in packed BCD format.
Table 3-19. FBSTP Results

5T(0) DEST

- == of Value Too Large for DEST Format *
F=-1 -D

-1<F<-0 -
-0 -0
+0 +0

+0<F=+] e
Fz+1 +0

+ == or Value Too Large for DEST Format *
Mal *

MOTES:

F Means finite floating-point value.

D Means packed-BCD number.

* Indicates floating-point invalid-operation (#1A) exception.
** 0 or 1, depending on the rounding mode.

If the convertad value is too large for the destination format, or if the source operand is an =, SNaN, QNAN, arisin
an unsupported format, an invalid-arithmetic-operand condition is signaled. If the invalid-operation exception is
not masked, an invalid-arithmetic-operand exception (#IA) is generated and no value is stored in the destination
operand. If the invalid-operation exception is masked, the packed BCD indefinite value is stored in memaory.

This instruction’s operation is the same in non-&4-bit modes and &4-bit mode.

Operation

DEST « BCD{ST(D));
PopRegisterStack;




What Are the Elements of An ISA? %%

Memory organization

-4 Address space: How many uniquely identifiable locations in "0
memory

<4 Addressability: How much data doeseachuniguelyidentifisble
DWNNYHN 72X TNX 1102 A ']]D]']'7 117 U1IYO I

location store NI1NN T1AW 78 DMWY 7UNY7 .NIYINI DD"MIN
.00 7V M71Yo'T7 1777710

Byte addressable: most ISAs, characters ar

Bit addressable: Burroughs 1700. Why? N7 R 17127 TTI2 0™ 727 YIn'7 nwi7 nwnT
:(Burroughs 1700)

— 64-bit addressable: Some supercomputers, S R TR TG ST

nawnn? ) 32-bit addressable: First Alpha(*) ISA 7¢ X710 7 TVI' JUNNNY 107 N1'0n

LN NI0ZN VTNA N 271 (**) noayn 70 7w

Food for thought DIY'NAN DIN'D7N NX NYOIN ,01
4 How do you add 2 32-bit numbers with only byte aadressaniiity?
< How do you add 2 8-bit numbers with only 32-bit addressability?

< Big endian vs. little endian? MSB at low or high byte.

< Support for virtual memory
,Shift ,nTTN NI71IVD NIWY'7 X N0 VP RN77 IXY DX ,TTIA 0 XN77 N an X7 (%)
NIQ7yY1 1wnna .0 7y NI71Yy951 ndMN X'77 word 7Y NI71y921 71 ndMN nn'n masking-I
MY DT D'YNNYNNAN NYNT

virtualized ISA (**) 54




Big-Endian Little-Endian
Byte Word Byte
Address Address Address
| - | . 1 ] 1
C|ID|E|F C FIE|D|C
819 (A|B 8 B|A|9 |8
415(6|7 4 76|54
011(2]3 0 312110
MSB LSB MSB LSB

Figure 6.3 Big- and little-endian
memory addressing

Byte-addressable memories are organized in a
big-endian or little-endian fashion, as shown in %
Figure 6.3. In both formats, the most significant

byte (MSB) is on the left and the least significant

byte (LSB) is on the right.

In big-endian machines, bytes are numbered
starting with O at the big (most significant) end. In
little-endian machines, bytes are numbered
starting with O at the little (least significant) end.
Word addresses are the same in both for-

mats and refer to the same four bytes. Only the
addresses of bytes within a word differ.

Solution: Figure 6.4 shows how big- and little-endian machines store the value
0x23456789 in memory word 0. After the load byte instruction, 1b $s0, 1($0),
$s0 would contain 0x00000045 on a big-endian system and 0x00000067 on a

little-endian system.

¥

Big-Endian

Byte Address 0,1 ,2,3
Data Value |23|45(67|89
MSB LSB

Figure 6.4 Big-endian and little-endian data storage

Little-Endian
Word
Address 3 (2|1 |0 Byte Address
0 23|45|67|89| Data Value
MSB LSB

Credit: see next slide
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Credit for this slide and the previous slides:
Harris & Harris,
“Digital Design and Computer Architecture"
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The terms big-endian and
little-endian come from
Jonathan Swift’s Gulliver’s
Travels, first published in
1726 under the pseudonym of
Isaac Bickerstaff. In his stories
the Lilliputian king required
his citizens (the Little-Endians)
to break their eggs on the little
end. The Big-Endians were
rebels who broke their eggs on
the big end.




(*)...01D17 737 "W D

» Big-Endian ("vTnn/121'ann 1TON)
.OTIp ¥'an (N1 217an 19070n) 'wRIN vTnn ¥ oip'mn ,Big-Endian n>vna
,NI22) NI N2 N2 N2IMD2 w1k anoa (Most Significant Byte — MSB) anira niaan v Sva uan 7NIN nrnn
ADTp

1I'ANN 1TON N1 .S8nwn N (1) Inra nbrman mMson NX aND ANK.(1234 ,5wnb) 90 1901 2N NNRY 7D N1 :N'ARPIND
JIWIRN NP Daipnnt

.78 & 56 < 34 < 12 7012 |ND'TANW NN, 9x12345678 NIN 190NN OX NAIT

. Little-Endian (*291nn 17T0N)
.OTIp v'an (AN jupn 19onn) 1avxnn y1nn e nipnn Little-Endian novna
,1n192) NI 121NN N2 NN INwI I 2ND) (Least Significant Byte — LSB) "nira man v Sva uan NI aran
AoTp
N JUPN 1D0NA 0'9'NNA ,INIM 21TAN 19012 Y'NNNY DIPAA NN NP2 090 1N 19000 NN 11909 11D 01 :N'AIDIND

.12 <« 34 < 56 < 78 DI |NDTAMNWY NIN, 0x12345678 NIN 190NN ON NNAIT

Gemma 4 (2.4.2026) wTnn 7TM'7 nTIN (*)



B 1700

CENTRAL SYSTEM

INTRODUCTION
AND
OPERATION

e e e e T T e S AT

Burroughs

FUNCTIONAL
DETAIL

FIELD ENGINEERING CIRCUIT
DETAIL

NECEHINIGAL —

IMIAINUAE e

Burroughs announces
THEB1700 SYSTEMS

UIPVIELTH TS Y FUITTTIE GEWEALEY R L CONIPU TL S WITIE
FOMTEILL NW e o

IR B S RS MG E“_‘:‘L"‘“""“___r\_:_":h_ﬂ
e rrermyrering I'-' L

. I I
N1YI) N1aNN NI1TIX 0D110107 aomMwYy7

INSTALLATION
PROCEDIUIRES
Copyright @ 1972 RELIABILITY
Burroughs Corporation IMPR
Detroit, Michigan 48232 NDOE{E‘EI;SENT
» OPTIONAL
» FEATURES



https://www.youtube.com/watch?v=eyOpO-040W8
https://www.youtube.com/watch?v=eyOpO-040W8
https://www.youtube.com/watch?v=QeiuVNDQg4k
https://www.youtube.com/watch?v=QeiuVNDQg4k

Some Historical Readings — niwn nN"y7

= If you want to dig deeper
= * ,WilnerDesign of the Burroughs 1700.AFIPS 1972 ",

= *,LevyThe Intel iIAPX 432.1981 ",

Q
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http://www.cs.washington.edu/homes/levy/capabook/Chapter9.pdf

What Are the Elements of An ISA?

Registers
4 How many? ( the answer may include 0)
< Size of each register

Why is having registers a good idea?
< Because programs exhibit a characteristic called data locality

4 Arecently produced/accessed value is likely to be used more than
once (temporal locality)

Storing that value in a register eliminates the need to go to memory
each time that value is needed

* Re-use the data!

60



Programmer Visible (Architectural) State

M[0]
M[1]
M[2]
MI[3] Registers
M[4] - given special names in the ISA
(as opposed to addresses)
- general vs. special purpose
MIN-1] Program Counter
Memory
array of storage locations memory address
indexed by an address of the current instruction

Instructions (and programs) specify how to transform

e
61




Aside: Programmer Invisible State

Microarchitectural state
Programmer cannot access this directly

e.g. cache state
e.g. pipeline registers

62



Evolution of Register Architecture

1Pt 11X

Accumulator
4 alegacy from the “adding” machine days

Accumulator + address registers
< need register indirection

< initially address reqgisters were special-purpose, i.e., can only be
loaded with an address for indirection

- eventually arithmetic on addresses became supported

General purpose registers (GPR)
< all reqgisters good for all purposes

<4 grew from a few registers to 32 (common for RISC) to 128 in Intel
[IA-64
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Instruction Classes NINIIN 72 NINOYN

Operate instructions — NI71Yy5 YIN 7¥W NIXRIN
< Process data: arithmetic and logical operations
< Fetch operands, compute result, store result

< Implicit sequential control flow

Data movement instructions — DN NTTN 7¥ NIXRIIN
-4 Move data between memory, registers, I/0 devices

< Implicit sequential control flow

Control flow instructions noNn NIMTZNN NYj72 7W NIXRAIN
<4 Change the sequence of instructions that are executed
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What Are the Elements of An ISA?

Load/store vs. memory/memory architectures

< Load/store architecture: operate instructions operate only on
registers

E.g., RISC-V, MIPS, ARM and many RISC ISAs

4 Memory/memory architecture: operate instructions can operate
on memory locations

E.g., x86, VAX and many CISC ISAs
RISC2a n"j7 X7 72X

65



What Are the Elements of An ISA?

“ Addressing modes specify how to obtain the operands
J Absolute LW rt, 10000

use immediate value as a

O Register Indirect: LW rt, (r,.)

use GPR[r,__] as address
0 Displaced or based: LW rt, offset(r,__)

use offset+GPR][r, ] as address

2 Indexed: LW rt, (r, ., 1)
use GPRIry,. [*GPRIr; ] as address N190 10012 W 7193 NWWY
a2 Memory Indirect LW rt ((r,...)) - N1UNJ7 NISHY NI NUND7
NN 1IYVY7 W' NIDD 111271 N'O10N

use value at M[ GPR[ r,__ ] ] as address 1NN

base

2 Auto inc/decrement LWRt,(r, )

use GRP[r,___] as address, but inc. or dec. GPR[r,__] each time

7¥N7 AWND 7'V TN [1320N 200N NV NIXR 0NN IN DT/ N71Y9N VIN'A NN
VYN 19 7y 0NAaY



What Are the Benefits of Different Addressing Modes?
Another example of programmer vs. microarchitect tradeoff

Advantage of more addressing modes:

< Enables better mapping of high-level constructs to the machine:

some accesses are better expressed with a different mode >
reduced number of instructions and code size

Think array accesses (autoincrement mode)

Think indirection (pointer chasing): y'axn'7 yi/axn ,n'y'ax¥n 7v |IDNN...

Sparse matrix accesses - DONN DIIYN D'VINTNT7 D'YIANN 7¥W VYN

Disadvantage:

<4 More work for the compiler - 717y nT nrNwoxX nan 171onij77 v
"7V NIYi7N7

9 More work for the microarchitect
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ISA Orthogonality

Orthogonal ISA: hhTan
< All addressing modes can be used with all instruction types

<4 Example: VAX
(~13 addressing modes) x (>300 opcodes) x (integer and FP formats)
N1 NIYmMa

Who is this good for?
- the compiler designer
Who is this bad for?

[ha
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https://en.wikipedia.org/wiki/Orthogonal_instruction_set

Is the LC-3b ISA Orthogonal'?

ADD'

+

AND
BR

JMP
JSR(R)
DB’
[ DW
[EA’
RTI
SHF
STB
STW

TRAP

+

XOR

not used

not used

1 14 13 12 11 1w 9 8

1 1 ] ] ] ] I ! ] |
0001 DR SR1 A op.spec
] ] 1 1 1 1 ] | 1 1
T I T T I T T I I T
0101 DR SR1 A op.spec
| | 1 1 1 1 | | 1 1
T I I T I I T I I T
0000 z\|p PCoffset?
| | | | | | | | | |
7 T T | T | 1
1100 000 BaseR 000000
| | 1 1 1 1 | | | 1 1
T I T I T I I T I I T
0100 operand.specifier
] ] ]
I : T : II : I II I II :
0010 DR BaseR boftseté
i — T
0110 DR BaseR offseté
— ———————
1110 DR PColfset?
| | 1 1 1 1 | | | | 1 1
I | I I | I | | I | | I
1000 000000000000
] ] 1 1 1 ] ] ] ] 1 1
I I : I I I I I I
1101 DR SR A |D| amountd
| | | 1 1 1 | 1 1
T I T T I T I T I I T
o011 SR BaseR bofiseté
| |
II : : : II : I II I II :
0111 SR BaseR offseté
| ———
1111 0000 frapvectsd
| 1 1 1 | | 1 | | 1
1 1 ] ] ] ] 1 ! ] ]
1001 DR SR1 A op.spec
| | | | 1 1 | ] 1 1
I I T I T I I T I I T
1010
1 | 1 1 | 1 | | 1 | | 1
| I | | 1 | I I | I I |
1011
|

N7 naiwn

NIXINN 707 X7 ,'79n7
iImmediate-2 n>'nn
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L.C-3b: Addressing Modes of ADD

IV N9IN 2
Encodings
15 12 { 11 7 8 a| 5 4 3 2 a
I I I I I I I | I I
0001 DR SR1 0| 00 SR2
] ] ] ] ] ] ] | ] ]
15 12 {11 g A 4 5 4 a
I I I I I I | | I I I
0001 DR SR 1 immb5
] ] ] ] ] ] ] | ] ] ]
Operation
1if (bat[5] = 0)
DR =5SR1 + SR2:
else
DR =5R1 + SEXT{(imm5);
setee();
setce() Indicates that condition codes N, Z, and P are set based on the value of

the result written to DR. If the value is negative, N =1,Z=0,P =0. If
the value is zero, N =0, Z = 1, P = 0. If the value is positive, N = 0, Z
=0,P=1.



LC-3b: Addressing Modes of JSR(R)

JSR = Jump to Subroutine

Encodings
JSIR IEIIEEI T IPC::I:Hselallll S
JSR[R IlznlmmI 0 EIE E::zsa:l? . 'nnn:nnnl |

Operation .

LC-3b 1s not

R7=PC';
if (bitf11] = 0) Orthogonal
PC = BaseR;
else

PC=PC' + LSHF(SEXT(PCoffsetll), 1). Relative addressing
Description

First, the incremented PC 1s saved m R7. This 1s the linkage back to the calling routine. Then, the PC 1s
loaded with the address of the first mstruction of the subroutine, causing an unconditional jump to that
address. The address of the subroutine is obtained from the base register (if bat[11] 1s 0), or the address 1s
computed by sign-extending bits [10:0] to 16 bits, left-shifting the result one bit, and then adding this value
to the incremented PC (if bit[11] 15 1).
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What Are the Elements of an ISA?

How to interface with I70 devices

4 Memory mapped I/O
A region of memory is mapped to I/O devices
I/0O operations are loads and stores to those locations

< Special I/0 instructions
IN and OUT instructions in x86 deal with ports of the chip

— You can LOAD from the keyboard. You can STORE to the
monitor

4 Tradeoffs?

Which one is more general purpose?

— N Memory mapped I/0 is more general purpose. Any kind of
device can be accessed as long as it can be mapped to a
memory location.
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What Are the Elements of An ISA?

Privilege modes - n1a j710y1 X7

4 User vs supervisor
9 Who can execute what instructions?

Exception and interrupt handling
<4 What procedure is followed when something goes wrong with an instruction?
<4 What procedure is followed when an external device requests the processor?
<4 Vectored vs. non-vectored interrupts (early MIPS)
* Vectored - n{7'09N NX YN [7NN DTN 7TAYNT7 YNION M YTNN NN WNIWND
* Non vectored interrups - 17 y"M95n 'm wN17 X Taynn ,0"j7 X7 yTnn
NIAdYIN NNIY'7 NIVYD

Virtual memory

4 Each program has the illusion of the entire memory space, which is greater than
physical memory (Guy: "swap space" in Linux)
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Another Question or Two

Q: Does the LC-3b ISA contain complex instructions?
— A No

How complex can an instruction be?
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Complex vs. Simple Instructions

Complex instruction: An instruction does a lot of work, e.g.
many operations

< Insert in a doubly linked list
4 Compute FFT
< String copy

Simple instruction: An instruction does small amount of work,
it is a primitive using which complex operations can be built

-4 Add
-4 XOR
< Multiply
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Complex vs. Simple Instructions

Advantages of Complex instructions

+ Denser encoding - smaller code size - better memory
utilization, saves off-chip bandwidth, better cache hit rate (better
packing of instructions)

+ Simpler compiler: no need to optimize small instructions as much

Disadvantages of Complex Instructions

- Larger chunks of work - compiler has less opportunity to
optimize (limited in fine-grained optimizations it can do)

- More complex hardware - translation from a high level to control
signals and optimization needs to be done by hardware
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ISA-level Tradeoffs: Semantic Gap

Where to place the ISA? Semantic gap

< Closer to high-level language (HLL) - Small semantic gap,
complex instructions

< Closer to hardware control signals? > Large semantic gap, simple
instructions

RISC vs. CISC machines
< RISC: Reduced instruction set computer

< CISC: Complex instruction set computer
FFT, QUICKSORT, POLY, FP instructions?
VAX INDEX instruction (array access with bounds checking)
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Semantic Gap

HLL (High Level Language)
semantic gap1|
SAT T

NIt - translation

semantic gap2

ISA2 ——

CPU
Control Signals
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ISA-level Tradeoffs: Semantic Gap

Some tradeoffs (for you to think about)

Simple compiler, complex hardware vs. complex compiler,
simple hardware

< Caveat nanrX: Translation (indirection) can change the trade-off!

Burden of backward compatibility N
XN Q7N

Performance? Energy Consumption?

< Optimization opportunity: Example of VAX INDEX instruction: who
(compiler vs. hardware) puts more effort into optimization?

9 Instruction size, code size
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CO&D old
edition:

Fallacies and Pitfalls

- Pitfall: Microcode implementing a complex instruction may not be faster than a se-
quence using simpler instructions.

Most machines with a large and complex instruction set are implemented
using a microcode stored in ROM. Surprisingly, on such machines, sequences
of individual simpler instructions are sometimes as fast as or even faster than
the custom microcode sequence for a particular instruction. How can this pos-
sibly be true? At one time, microcode had the advantage of being fetched
from a much faster memory than instructions in the program. Since caches
came into use in 1968, microcode no longer has such a consistent edge in fetch
time. Microcode does, however, still have the advantage of using internal
temporary registers in the computation, which can be helpful on machines
with few general-purpose registers. The disadvantage of microcode is that the
algorithms must be selected before the machine is announced and can't be
changed until the next model of the architecture. The instructions in a pro-
gram, on the other hand, can utilize improvements in its algorithms at any
time during the life of the machine. Along the same lines, the microcode
sequence is probably not optimal for all possible combinations of operands.
The VAX Index instruction provides an example of the above phenome-

non. This instruction checks to see if the index is between two bounds, one of

which 15 usually 0. The VAX-11/780 microcode uses two compares and two
branches to do this, while the standard instructions can perform the same
check in one compare and one branch. The program can check the index
against the upper limit using unsigned comparisons rather than two’s comple-
ment comparisons. This treats a negative index (less than zero and so failing
the comparison) as if it were a very large number, thus exceeding the upper
limit. (The algorithm can be used with nonzero lower bounds by first subtract-
ing the lower bound from the index.) Replacing the Index instruction by a se-
quence of VAX instructions to perform the necessary function always
improves performance on the VAX-11/780.

Eallacy: If there is space in control store, new instructions are free of cost.




X86: Small Semantic Gap: String Operations

An instruction operates on a string
<4 Move one string of arbitrary length to another location
<4 Compare two strings

Enabled by the ability to specify repeated execution of an
instruction (in the ISA)

4 Using a “prefix” called REP prefix (REP = Repeat)

Example: REP MOVS instruction
<4 Only two bytes: REP prefix byte and MOVS opcode byte (F2 A4)

< Implicit source and destination registers pointing to the two strings
(ESI, EDI) - (=Extended Source/Destination Index)

< Implicit count register (ECX) specifies how long the string is
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AT

cld ' Clear direction flag (Forward copy)
mov ecx, 100 ; Copy 100 bytes

mov esi, source_address

mov edi, destination_address

rep movsb ; Repeat move byte

cld sets the direction flag to forward, so esi and edi will be incremented.
mov ecx, 100 tells the rep movsb to move 100 bytes.

mov esi, source_address sets the source address.

movV edi, destination_address sets the destination address.

rep movsb then performs the byte copy.

The CPU checks if ecx is zero. If ecx is not zero, the process repeats.



X86: Small Semantic Gap: String Operations

IF (Byte move)
DEST « SRC: THEWF:_T EEJF =0
REP MOVS (DEST SRC) RIED! — (RIEDI 1
21PW TIp NNIVY NNX NTIPDD ELSE[H|E}SI  RESI-1
IF AddressSize = 16 o AR RERIT
THEN ELSE IF (Word move)
Use CX for CountReq; THENIFDF=0
ELSE IF AddressSize = 64 and REX W used RIESH = (RIEI + 2
THEN Use RCX for CountReg; Fl; o ER= e
ELSE ELSE
Use ECX for CountReq; (RIE)S! < (RIE)SI -
fl: . (RIEJDI « (R|E)DI - 2;
WHILE CountReg =0 ELSE IF (Doubleword move)
DO THEN IFDF =0
Service pending interrupts (if any); (RIEJS! < (RIE)SI + 4;
Execute associated string instruction; (RIE)DI < (RIEDI + 4;
CountReq « (CountReq - 1); ELSEF“

IF CountReg=10
THEN exit WHILE loop; F;
IF (Repeat prefix is REPZ or REPE) and (ZF =0
or (Repeat prefix is REPNZ or REPNE) and (ZF =
THEN exit WHILE loop; F;

SR

How many instructions does this take in MIPS?

(RIE)SI « (RIE)SI - 4;
(RIE)DI « (RIE)DI - 4;
Fl:
ELSE IF (Quadword mowve)
THEN IF DF =0
(RIE)SI — (RIE)SI+ B;
(RIE)DI « (RIE)DI + &;
Fl:
ELSE
(RIE)SI « (RIE)SI - 8;
(RIE)DI « (RIE)DI - B;
Fl; 83
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Fl;



Small Semantic Gap Examples in VAX

N122710 NITI79 <) IX{7 'VIND NP7 N19D1I NINNATT

FIND FIRST

< Find the first set bit in a bit field

< Helps OS resource allocation operations
SAVE CONTEXT, LOAD CONTEXT

< Special context switching instructions
INSQUEUE, REMQUEUE

< Operations on doubly linked list
INDEX

< Array access with bounds checking
STRING Operations

<4 Compare strings, find substrings, ...
Cyclic Redundancy Check Instruction
EDITPC

12011 B}

ARCHITECTURE HANDBOOK

8/-££61 1 TOA NOOEANVH FANLOILHOYY O8L /1L XA

< Implements editing functions to display fixed format output

Edit Packed to Character String

ASCII'7 BCD -n 190N NN 7wn'7 .NIXRIIN N{7'M7 NNINNY NADYIN N{7XN NTI79 NIt

Digital Equipment Corp., “VAX11 780 Architecture Handbook,” 1977-78. 85



Small versus Large Semantic Gap

CISC vs. RISC

-4 Complex instruction set computer - complex instructions
Initially motivated by “not good enough” code generation(*)
< Reduced instruction set computer - simple instructions

John Cocke, mid 1970s, IBM 801(*%*)
< Goal: enable better compiler control and optimization

RISC motivated by

<4 Memory stalls (no work done in a complex instruction when there
is @ memory stall?)

<4 Simplifying the hardware - lower cost, higher frequency

< Enabling the compiler to optimize the code better

Find fine-grained parallelism to reduce stalls(***)
[7'90N D'7'V' I'n X7 DIYXRIN DN7roni7n (%)
D1IwxIN RISC awnn [2onn .211'0 019 nn (*%)
NI7'V DAI9N [IND'T7 NI AN A7y Dy (***) 86



© O £ O L O— G = @© -

OV CE >S5 cCc o

n

A.M.

" TURING =@t 02808
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A.M. TURING AWARD LAUREATES BY.

ALPHABETICAL LISTING

PHOTOGRAPHS

BIRTH:

Charlotte, North Carolina, May 30, 1925
DEATH:

Valhalla, New York, July 16, 2002
EDUCATION

BSE (Bachelor of Science in Engineering,
Duke University, mechanical
engineering, 1946); Ph.D. (Duke
University, Mathematics, 1953).

YEAR OF THE AWARD RESEARCH SUBJECT

JOHN COCKE {i

United States — 1987

CITATION

For significant contributions in the design and theory of compilers, the
architecture of large systems and the development of reduced instruction
set computers (RISC); for discovering and systematizing many
fundamental transformations now used in optimizing compilers including
reduction of operator strength, elimination of common subexpressions,
register allocation, constant propagation, and dead code elimination.

- - -

SHORT ACKM TURING RESEARCH
ANMOTATED AWARD SUBJECTS
BIBLIOGRAPHY LECTURE

John Cocks was born in Charlotte, North Carolina, in 1925, His father Norman was the president of Duke Power

Company (later Duke Energy) and a member of the Board of Trustees of Duke University. That connection made
it natural for John to attend college there. He earned his BSE (Bachelor of Science in Engineering) in Mechanical
Engineering in 1946 and his PhD in mathematics in 1956. After graduation he joined IBM and worked at the T.J.

Watson Research Center until his retirement 37 years later.



An Aside

An Historical Perspective on RISC Development at IBM

Q

Guy> IBM’'s “POWER" standing for “Performance Optimized With
Enhanced RISC,”
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http://www-03.ibm.com/ibm/history/ibm100/us/en/icons/risc/

How High or Low Can You Go?

® Very large semantic gap

< Each instruction specifies
the machine

€ complete set or control signais In

-4 Compiler generates control signals
<4 Microcode
“ Gave way to optimizing compilers

Open Microcode

—Y— Microcode —t— |SA

HLL

Control Signals

® Very small semantic gap

< ISAis (almost) the same as high-level language

< Java machines, LISP machines, object-oriented machines,
capability-based machines - w1 nIN Y'NN'7 ' TD ,NI'O'R NIDY N'7N
NN D'NN H1ON
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A Note on ISA Evolution

ISAs have evolved to reflect/satisfy the concerns of the day

Examples: If you have...

< Limited on-chip and off-chip memory size = niIAdYM NITI79 "7IN
NITY'7 1701

< Limited compiler optimization technology = niT1j797 |Inn' Q1w
Nniad1n NNWO 7w 7nwnn *77> nX "aiw' translation 2 W1nw

< Limited memory bandwidth = nia>Ym niT797 [Ihne
< Need for specialization in important applications (e.g., MMX)

Use of translation (in HW and SW) enabled underlying
implementations to be similar, regardless of the ISA

< Concept of dynamic/static interface: translation/interpretation

4 Contrast it with hardware/software interface
semantic gap-n 7¥ NNWON NN NIY7 'TD N2N §j7Wn I <-- 1NN ISA -7 TNX ISA-D 12VD



ISA (virtual ISA) 2 Implementation
ISA

HLL (High Level Language)

HW/SW interface Gampller #1
7w 102N NI'Nan

N1
N1ONNN X1

virtual [ISA  virtualized (complex) ISA

SW (compiler #2)
or HW Translation YW1V NININN 701X "TIVN]
engine translations-n NX

[ fcru

Translation and execution interface

Implementation ISA

Control Signals

N101WO NITIj79 OV TATY TAVNNY TV N12D1ID NITI792 WIN'W N71DT D'MNIN 121NIX
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Effect of Translation

One can translate from one ISA to another ISA to change the
semantic gap tradeoffs

Q

ISA (virtual ISA n1>nnn nxNw nn n1) 2 Implementation ISA

Examples

Q

Intel's and AMD’s x86 implementations translate x86 instructions
into programmer-invisible micro-operations (simple instructions)
in hardware

Rosetta 2 (Apple): Apple's Rosetta 2 technology dynamically
translates x86_64 applications to run on Apple Silicon (ARM) Macs.

QEMU:is an open-source emulator and virtualizer that can
perform binary translation.

Transmeta’s x86 implementations translated x86 instructions into
“secret” VLIW instructions in software (code morphing software -
CMS)

HW translator n nipra RISC 7 nn1T 701X 7w D' TAVYNN 17
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Hardware-Based Translation

x86 instructions

\.

Superscalar
Decode

Units

NITI79N N7X

nix v

Dispatch
Unit

L
\

Functional
Units

N

In-Order
Retire
Unit

Figure 2. Conventional superscalar out-of-order CPUs use hardware

to create and dispatch micro-ops that can execute 1n parallel.

Klaiber, “The Technology Behind Crusoe Processors,” Transmeta White Paper 2000.

‘N1
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https://web.stanford.edu/class/cs343/resources/crusoe.pdf

Software-Based Translation

Operating
System

BIOS

Code Morphing
Software

VLIW engine

Code Morphing
Software

Applications

T;» v 95800A08004 301018
i = e . 100093

Crusoe ™ —— 0148

|
| i
BE1O0H -1 DCO542.B

TAINAN

Dynamic
compiler

Figure 5. The Code Morphing software mediates between x86 software and the Crusoe processor.

Klaiber, “The Technology Behind Crusoe Processors,” Transmeta White Paper 2000.
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H&P CO&D Appendix E: A Survey of RISC

Architectures for Desktop, Server and Embedded
Computers.

A P P E N ] I X

RISC: any computer
announced after 1985.

A Survey of RISC
Architectures for
Desktop, Server, and
Embedded Computers

Steven Przybylskic
A Designer of the Stanford MIPS

Another Approach to Instruction Set Architecture—VAX

https://minnie.tuhs.org/CompArch/Resources/
webext3.pdf

Another Approach
to Instruction Set

Arch

itecture—VAX
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ISA-level Tradeoffs: Instruction Length nimnoninnnne

Fixed length: Length of all instructions the same

+ Easier to decode single instruction in hardware

+ Easier to decode multiple instructions concurrently
-- Wasted bits in instructions (Why is this bad?)

-- Harder-to-extend ISA (how to add new instructions?)

Variable length: Length of instructions different (determined
by opcode and sub-opcode)
+ Compact encoding (Why is this good?)
Intel 432: Huffman encoding (sort of). 6 to 321 bit instructions. How? - ¥an 97w nX"
-- More logic to decode a single instruction
-- Harder to decode muiltiple instructions concurrently

Tradeoffs

4 Code size (memory space, bandwidth, latency) vs. hardware complexity
< ISA extensibility and expressiveness vs. hardware complexity
<4 Performance? Smaller code vs. ease of decode
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GDP = General Data Processor

iAPX 432 GDP Program Organization

INSTRUCTION OBJECTS

The GDP represents a procedure as one or more instruction objects (see Figure 2-
1). When a procedure (an instruction objeect) is called, the GDP requires certain
information for the context object that represents the call. This information is
contained in an Instruction Object Header in the first eight bytes of the
instruction object's data part. The remainder of the data part can contain
instruetions.

GDP instructions are not aligned on byte or word boundaries and are varying-
length sequences of bits. Instruetion fields are frequency encoded (Huffman
encoded) so that more frequent operation codes, formats, classes, and addressing
modes are encoded in fewer bits.

%


http://www.bitsavers.org/components/intel/iAPX_432/171860-004_iAPX_432_General_Data_Processor_Architecture_Reference_Manual_Feb84.pdf
http://www.bitsavers.org/components/intel/iAPX_432/171860-004_iAPX_432_General_Data_Processor_Architecture_Reference_Manual_Feb84.pdf

[SA-level Tradeoffs: Uniform Decode

Uniform decode: Same bits in each instruction correspond to
the same meaning

4 Opcode is always in the same location

< Ditto operand specifiers, immediate values, ...

0 Many “RISC” ISAs: Alpha, RISC-V, MIPS, SPARC

+ Easier decode, simpler hardware

+ Enables parallelism: generate target address before knowing the
instruction is a branch

-- Restricts instruction format (fewer instructions?) or wastes space

Non-uniform decode
< E.g., opcode can be the 1st-7th byte in x86
+ More compact and powerful instruction format

-- More complex decode logic
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x86 vs. Alpha Instruction Formats

X86:
nstrdction | opcode ModR/M SIB Displacement Immediate
Up to four 1-, 2-, or 3-byte 1 byte 1 byte Address Immediate
prefixes of  opcode (if required) (if required) displacement data of
1 byte each of 1,2, 0or4 1,2,0r4
(optional) / \ bytes or none bytes or none
7 6 5 32 7 65 32 0
Mod Oprogdle R/M Scale | Index Base

Alpha:
31 26 25 2120 16 15 5 4 0
Opcode Number PALcode Format
Opcode RA Disp Branch Format
Opcode RA RB Disp Memory Format
Opcode RA RB Function RC |Operate Format
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MIPS Instruction Format

R-type, 3 register operands

0 rs rt || rd shamt || funct R-type
6-bit 5-bit 5-bit 5-bit 5-bit 6-bit

I-type, 2 register operands and 16-bit immediate operand

opcode |[rs rt immediate I-type
6-bit 5-bit 5-bit 16-bit

J-type, 26-bit immediate operand

opcode immediate J-type
6-bit 26-bit

Simple Decoding

J 4 bytes per instruction, regardless of format

<4 must be 4-byte aligned (2 Isb of PC must be 2b’00)
2 format and fields easy to extract in hardware
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ARM 3322222222221 1111111119876543210
1098765432109876543210
Cond (0|0 | Opcode |S Rn Rd Operand 2 Data Processing /
PSR Transfer
Cond (O|0|0|0|0|0|A Rd Rn Rs 1|0(0(1 Rm Muftiply
Cond (O(O|O|O[T|UA RdHi RdlLo Rn 1|0({0(1 Rm Multiply Long
Cond (O|O|O(1|0|B|0O|0 Rn Rd O o (O(d)1 (0|01 Rm Single Data Swap
Cond (O(0|0]|1 olr{of1{rf{rf1(1t1|1|1|11]1|o 01 Rn Branch and Exchange
Cond |O(0|O0(P|U|D[W|L Rn Rd Q000|171 ([S|H|1 Rm Halfword Data Transfer:
register offset
Cond (O(0|0|P[UT WL Rn Rd Offtset |1|S(H|1| Oftset | Halfword Data Transfer:
immediate offset
Cond (O(1|1|P{U|BW|L Rn Rd Offset Single Data Transfer
Cond (O([1]1 1 Undefined
Cond (1(0|0(P|U|S|W|L Rn Reqister List Block Data Transfer
Cond ([1(0[1]|L Offset Branch
Cond (1(1|0(P|U|IN|W|L Rn CRd CP# Offzet Coprocessor Data
Transfer
Cond (1|1|1|0| CP Opc CRn CRd CP# CP |0l CRm Coprocessor Data
Operation
Cond (1|1|1|0|CPOpc/L| CRHn Rd CP# CP |1| CRm Coprocessor Register
Transfer
Cond ([1([1[1[1 lgnored by processor Software Interrupt
33222222222211111111119876543210
1098765432109876543210

Figure 4-1: ARM instruction set formats



A Note on Length and Uniformity

Uniform decode usually goes with fixed length

In a variable length ISA, uniform decode can be a property of
instructions of the same length

< Itis hard to think of it as a property of instructions of different
lengths
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A Note on RISC vs. CISC

Usually, ...

RISC

< Simple instructions

< Fixed length

< Uniform decode

- Few addressing modes

CISC

<4 Complex instructions

< Variable length

<4 Non-uniform decode

<4 Many addressing modes
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CISC-7 RISC 12 naNT1IUN

@

CISC RISC
Characteristic VAX 11/780 | Intel 486 | MIPS R4000
Number of instructions 303 235 94
Addressing modes 22 11 1
Instructions size (bytes) 2-57 1-12 4
Number of general-purpose registers 16 8 32

Credit: Sivarama P. Dandamudi, "Introduction to AssemblyLanguage

ProgrammingFor Pentium and RISC Processors"



RISC vs. CISC ™

Credit:

“The Essentials of Computer
Organization and Architecture”,

5t edition by Linda Null

Multiple register sets, often
consisting of more than 256 registers

Three register operands allowed per
instruction (e.g., add R1, R2, R3)

Parameter passing through efficient
on-chip register windows

Single-cycle instructions (except for
load and store

Hardwired control
Highly pipelined

Simple instructions that are few in
number

Fixed-length instructions
Complexity in compiler

Only load and store instructions can
acCess Memaory

Few addressing modes

CISC

Single register set, typically 6 to 16
registers total

One or two register operands allowed
per instruction (e.g., add R1, R2)

Parameter passing through inefficient
off-chip memory

Multiple-cycle instructions

Microprogrammed control

Less pipelined

Many complex instructions

Variable-length instructions

Complexity in microcode

Many instructions can access memaory

Many addressing modes



ISA-level Tradeoffs: Number of Registers

Affects:

<4 Number of bits used for encoding register address
<4 Number of values kept in fast storage (register file)
< (uarch) Size, access time, power consumption of register file

Large number of registers:

+ Enables better register allocation (and optimizations) by compiler
- fewer saves/restores

-- Larger instruction size
-- Larger reqister file size
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ISA-level Tradeoffs: Addressing Modes

Addressing mode specifies how to obtain an operand of an
Instruction

- Register
-4 Immediate

-4 Memory (displacement, register indirect, indexed, absolute, memory
indirect, autoincrement, autodecrement, ...)

More modes:

+ help better support programming constructs (arrays, pointer-based
accesses)

-- make it harder for the architect to design
-- too many choices for the compiler?

Many ways to do the same thing complicates compiler design
Wulf, “Compilers and Computer Architecture,” IEEE Computer 1981
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x86 vs. Alpha Instruction Formats

X86:
Instraction Opcode ModR/M SIB Displacement Immediate
Up to four 1-, 2-, or 3-byte 1 byte 1 byte Address Immediate
prefixes of  opcode (if required) (if required) displacement data of
1 byte each of1,2,or4 1,2,0or4
(optional) / \ bytes or none bytes or none
7 6 5 32 0 7 65 32 0
Mod Oprogée R/M Scale | Index Base
Alpha:
31 26 25 2120 16 15 5 4 0
Opcode Number PALcode Format
Opcode RA Disp Branch Format
Opcode RA RB Disp Memory Format
Opcode RA RB Function RC |Operate Format
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X36

s
register/

indirect =7

absolute /

/7
register + 71

displacemen

register

Table 2-2. 32-Bit Addressing Forms with the ModR/M Byte

rajr) AL i DL BL AH | CH DH 34
r18{/r) AX |Ck |Dx |Bx |sP. B2 |§ ]
r32(ir) EAX ECK EDX EBX ESP EBP 5l =0l
mmt-’rl MM3 | MM1 MM2 MM3 MM4 | MMS | MME | MM7
xmmir) AMMO | XMMT | EMMZ [ XMM3 | KMML | KMMS | XMME | KMMT
{ ‘||:nc|rnaln :?:glt {Opoode) 0 1 2 3 4 5 o 7
{in banary) R 000 001 010 011 100 1M 110 111

Effective Address Mod | R/M Value of ModR/M Byte (in Hexadecimal)
EAX 00 |(00D JoOO |08 10 18 |20 |28 30 38
[ECX 001 07 0s 11 19 |21 29 3 39
EDX 010 j02 DA 12 1 22 2A |32 3A
EBX 011 03 0B 13 1B |23 2B |33 3B
-1I-- 1:_ 100 jo4 (OC 14 1C 24 | 2C 34 | 3C
disp32° 101 |05 0D 15 1D |25 2D |35 3D
Esl 110 |06 |OE 16 1E 26 | 2E 36 3E
EDIJI 111 |07 OF 17 1F 27 2F 37 3F
EAX]+disp8? 01 |000 140 |48 |30 58 |60 |68 70 78
ECX|+dispB 001 141 43 |2} 59 |61 B3 71 79
[EDX|+dispB 010 142 4A |53 A | B2 BA |72 7A
EBX]+disp8 011 143 4B |54 5B |63 BB |73 /B
—][--]+dispE> 100 |44 [4C 23 5C 64 |6C 74 | 7C
EBP]|+dispB 101 |45 40 |23 50 |65 BD |75 7D
ESI]+disp8 110 |46 |[4E SE 66 | BE 76 JE
EDI]+dispB 111 |47 4F 5F 67 bF 77 JF
EAX]+disp32 10 |oo0 80 |88 |90 (98 |AD |AB |BO |B8
ECX+disp32 001 81 g9 |91 93 | Al AS [B1 B3
EDX+disp32 010 |82 BA |92 9A |A2 |AA |BZ BA
EBX]+disp32 011 |83 8B |93 98 |A3 |AB |B3 BB
| gt[P +disp32 100 |84 |[8C 94 | 9C A4 | AC B4 | BC
EEP+disp 32 101 |85 8D |95 90 |A5 |AD |BS BD
ESl |:||5|:|5|2 110 |86 |[BE 96 | 9E AB | AE B |BE
EDN|+disp32 111 |87 8F 97 9F A7 | AF B7 BF
EAXAX/AL/MMO/XMMO (11 | 000 | CO 8 oo |D8 | ED E8 FO F8
ECH/CH/CL/MM/XMMI 001 JQl C9 D1 0S| El ES F1 F3
EDX/DX/DL/MM2/ XMM2 010 jcz CA |DZ2 |DA |E2 EA F2 FA
EBX/BX/BL/MMI/XMM3 011 Jc3 (B 03 |DB |E3 EB F3 FB
ESP/SP/AH/MMA/ MM 100 | C4 CC 04 | DC E4 EC F4 FC
EBP/BP/CH/MMS/ XMMS 101 |5 CD 05 |DD |E5 ED F5 FD
ESI/SI/DH/MMBE/ XMMB 110 |C6 CE D6 | DE EG EE Fb FE
EDIDI/BH/MM 7 X MM7 111 |7 CF 07 | DF E7 EF F7 FF
NOTES:

1. The [--][--] nomenclature means a SIB follows the ModR/M byte.

2. The disp32 nomenclature denotes 2 32-bit displacement that follows the ModR/M byte (or the SIB
byte if one is present) and that is added to the index.

3. The disp& nomenclature denotes an 8-bit displacement that follows the ModR/M byte (or the SIB
byte if one is present) and that is sign-extended and added to the indax.

SIB byte - (scale * index) + base

Table 2-3 is organized to give 256 possible values of the SIB byte (in hexadecimal).
Canaral mimoce reaietaere nead a3c 3 haece 2re indicated 2rroce the ton of the tabhle
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X36

indexed

(base +
index)

scaled
(base +
index*4)

Table 2-3. 32-Bit Addressing Forms with the SIE Byte

32 EAK ECK EDN EBX ESF *1 5l =0l
{In decimal] Base - a 1 2 3 4 i 7
In Dinary) Bass = Qoo om mo o1 100 m 110 111
Scaled Index 5SS | Index Value of SIB Byte (in Hexadecimal)
[EAX Q0 aoo  yoo 01 02 03 04 05 06 07
[ECX a0l go8 09 0A 0B oc oD 0E OF
[ED a10 10 1 12 13 14 15 16 17
[EBX a11 g8 19 1A 1B 1C 10 1E 1F
none 100 §:20 21 22 23 24 25 26 27
[EBP] 101 |28 29 2A 2B 2C 2D 2E 2F
ESI 110 |30 31 32 33 34 35 36 37
:ED& 111 |38 39 3A 3B 3C 3D 3E 3F
[EAX*2 01 Qoo g40 41 42 43 44 45 45 47
[ECX*2 Jo1 y48 49 4A 4B 4C 4D 4E 4F
EDX*2 210 50 =] 52 53 24 55 56 3/
[EBX*2 d11 58 59 SA 5B 5C 5D SE SF
none 100 §&0 61 62 63 64 65 b6 67
[EBP*2] 101 |68 69 6A 68 6C 6D BE bF
[ESI*2 110 |70 71 72 73 74 75 76 77
[EDI*2 111 |78 79 TA 7B 7C 7D JE 7F
[EAX*4 10 Joo 80 81 82 83 84 85 86 87
[ECX*4 Jo1 ys8 89 BA 8B 8C 8D BE BF
[EDX*4 210 gso 91 92 93 94 95 96 97
[EBX*4 J11 S8 89 9A 9B aC a0 9E 9F
none 100 JAO Al AZ A3 Ad AS Ab A7
[EBP4] 101 | A8 AS AA AB AC AD AE AF
[ESI*4 110 | BO B1 B2 B3 B4 B5 B6 B7
[EDI*4 111 B8 B9 BA BB BC BD BE BF
[EAX*8 1 Qoo gco C1 cz C3 4 C5 C6 C7
[ECX*8 ao1  gcs C9 CA CB CC CD CE CF
[ED* J10 JDo D1 D2 D3 D4 05 06 07
[EBX*B 211 D8 D3 DA DB DC oD DE DF
none 100 JED E1 E2 £3 E4 ES EG E7
[EBP8] 101 | EB E9 EA EB EC ED EE EF
[ESI*B 110 | FOD F1 F2 F3 F4 F5 FG F7
[EDI*8 111 | FB F9 FA FB FC FD FE FF
NOTES:

1. The [*] nomenclature means a disp32 with no base if the MOD is 00B. Otherwise, [*] means disp8
or disp32 + [EBP]. This provides the following address modes:

MOD bits  Effective Address

00 [scaled index] + disp32
01 [scaled index] + disp8 + [EEP]
10 [scaled index] + disp32 + [EBP]
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X86 SIB-D Addressing Mode

Daze bniden Seale  Deplacement
EAX feag -
EBX ! % : 1 "I Mone
o e\ ol B-bit
ESP PEDKCT b e
| EBP | 4 | 16-it

= | el Y 32 kit
EDI WS

Offset = Base + (lndex * Scale) + Displacement

Figure 3-11. Offset (or Effective Address) Computation

x86 Manual Vol. 1, page 3-22 -- see course resources on website
Also, see Section 3.7.3 and 3.7.5
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X86 Manual: Suggested Uses of Addressing
Modes

The following addressing modes suggest uses for common combinations of address components.

* Displacement — A displacement alone represents a direct (uncomputed) offset to the operand. Because the
displacement is encoded in the instruction, this form of an address is sometimes called an absolute or static
address. It is commonly used to access a statically allocated scalar operand.

* Base — A base alone represents an indirect offset to the operand. Since the value in the base register can
change, it can be used for dynamic storage of variables and data structures.

* Base + Displacement — A base register and a displacement can be used together for two distinct purposes:

— As an index into an array when the element size is not 2, 4, or 8 bytes—The displacement component
encodes the static offset to the beginning of the array. The base register holds the results of a calculation to
determine the offset to a specific element within the array.

— To access a field of a record: the base register holds the address of the beginning of the record, while the
displacement is a static offset to the field.

An important special case of this combination is access to parameters in a procedure activation record. A
procedure activation record is the stack frame created when a procedure is entered. Here, the EBP register is
the best choice for the base register, because it automatically selects the stack segment. This is a compact
encoding for this common function.

x86 Manual Vol. 1, page 3-22 -- see course resources on website
Also, see Section 3.7.3 and 3.7.5
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X86 Manual: Suggested Uses of Addressing
Modes

-

* [(Index * Scale) + Displacement — This address mode offers an efficient way
to index into a static array when the element size is 2, 4, or 8 bytes. The

displacement locates the beginning of the array, the index register holds the
subscript of the desired array element, and the processor automatically converts

the subscript into an index by applying the scaling factor.

* Base + Index + Displacement — Using two registers together supports either

a two-dimensional array (the displacement holds the address of the beginning of
the array) or one of several instances of an armay of records (the displacement is

an offset to a field within the record).

* Base + (Index * Scale) + Displacement — Using all the addressing
components together allows efficient indexing of a two-dimensional array when

the elements of the array are 2, 4, or 8 bytes in size.

x86 Manual Vol. 1, page 3-22 -- see course resources on website
Also, see Section 3.7.3 and 3.7.5
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Other Example [SA-level Tradeoffs

Condition codes vs. not

VLIW vs. single instruction

Precise vs. imprecise exceptions

Virtual memory vs. not

Unaligned access vs. not

Hardware interlocks vs. software-guaranteed interlocking
Software vs. hardware managed page fault handling
Cache coherence (hardware vs. software)
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Back to Programmer vs. (Micro)architect

Many ISA features designed to aid programmers
But, complicate the hardware designer’s job

Virtual memory
< vs. overlay programming

< Should the programmer be concerned about the size of code
blocks fitting physical memory?

Addressing modes

Unaligned memory access
<4 Compile/programmer needs to align data
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MIPS: Aligned Access

MSB

byte-3

byte-2

byte-1

byte-0

byte-7

byte-6

byte-5

byte-4

LSB

LW/SW alignment restriction: 4-byte word-alignment
< not designed to fetch memory bytes not within a word boundary
- not designed to rotate unaligned bytes into reqgisters

Provide separate opcodes for the “infrequent” case

LWL rd 6(r0) -

LWR rd 3(r0) -

4 LWL/LWR is slower
<4 Note LWL and LWR still fetch within word boundary

A B C D
byte-6 byte-5 byte-4 D
byte-6 byte-5 byte-4 byte-3
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X86: Unaligned Access

= LD/ST instructions automatically align data that spans a “word”
boundary

“ Programmer/compiler does not need to worry about where
data is stored (whether or not in a word-aligned location)

41.1 Alignment of Words, Doublewords, Quadwords, and Double
Quadwords

Words, doublewords, and quadwords do not need to be aligned in memory on natural
boundaries. The natural boundaries for words, double words, and quadwords are

even-numbered addresses, addresses evenly divisible by four, and addresses evenly
divisible ight; Tespectively. However, to improve the performan rams,
a structures (especially stacks) should be aligned on natural boundaries whe

ever possible. The reason for this is that the processor requires two memaory
esses to make an unaligned memory access; aligned accesses reguire only o

memary ord or doubleword operand that crosses a ndary or a
quadword operand that crosses an 8-byte boundary is considered unaligned and

requires two separate memory bus cycles for access.
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X86: Unaligned Access

Word at Addre<= BH
Comtains FEDGH

Word at Address 6H
Contains 230BH

Word at Address 2H
Contains 74LEH

Word at Address 1H
Contains 0B31H

Byte at Address OH ——
Comtains 1AH —

4EH FH
12H EH
7AH OH
FEH CH
I 0BH BH
| 36H AH
1FH oH
AdH 8H
23H TH
I OBH &H
45H 5H
&7H 4H
T4H 3H
I I CBH 2H
21H 1H
12H 0H

Y

Doubleword at Address AH
Contains 7AFEOG3EH

Quadword at Address 6H
Contains
TAFEDE3IRT1FA4230BH

Doubde quadword at Address OH
Contains

4E12TAFEDE 361 FALZ230B4567 7408311,

Figure 4-2. Bytes, Words, Doublewords, Quadwords, and Double Quadwords in

Memory
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What About ARM?

< Section A2.8 - - Nan 9j7¥ DA NX

ARM Architecture
Reference Manual

— 'pTiny 1138

«—

ARM

Copyright © 1806-1898, 2000, 2004, 2005 ARM Limiled. Al rights reserved.
ARM DD 010
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http://www.ece.cmu.edu/~ece447/s14/lib/exe/fetch.php?media=arm-instructionset.pdf

Programmers’ Model

A2.8 Unaligned access support

The ARM architecture traditionally expects all memory accesses to be suitably aligned. In particular, the
address used for a halfword access should normally be halfword-aligned, the address used for a word access
should normally be word-aligned.

Prior to ARMv6, doubleword (LDRD/STRD) accesses to memory, where the address 1s not doubleword-aligned,
are UNPREDICTABLE. Also, data accesses to non-aligned word and halfword data are treated as aligned from
the memory interface perspective. That 1s:

. the address 1s treated as truncated, with address bits[1:0] treated as zero for word accesses, and
address bit[0] treated as zero for halfword accesses.

. load single word ARM instructions are architecturally defined to rotate right the word-aligned data
transferred by a non word-aligned address one, two or three bytes depending on the value of the two
least significant address bits.

. alignment checking 1s defined for implementations supporting a System Control coprocessor using
the A bit in CP15 register 1. When this bit 1s set, a Data Abort indicating an alignment fault 1s reported
for unaligned accesses.

ARMVv6 introduces unaligned word and halfword load and store data access support. When this 1s enabled,
the processor uses one or more memory accesses to generate the required transfer of adjacent bytes
transparently to the programmer, apart from a potential access time penalty where the transaction crosses an
IMPLEMENTATION DEFINED cache-line, bus-width or page boundary condition. Doubleword accesses must
be word-aligned in this configuration.




Aligned vs. Unaligned Access

Pros of having no restrictions on alignment

Cons of having no restrictions on alignment

Filling in the above: an exercise for you...
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Market share of embedded RISC
processors. From ExtremeTech.

SPARC
29000

RISC Market Share

191 19592 1993 1994 1995 1996 1997 1998

https://www.righto.com/2023/07/the-complex-history-of-intel-i960-risc.html
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ISA-level Tradeoffs: Instruction Length

Fixed length: Length of all instructions the same
— + Easier to decode single instruction in hardware

— + Easier to decode multiple instructions concurrently (superscalar processors —
next slide)

— -- Wasted bits in instructions (Why is this bad?)
— -- Harder-to-extend ISA (how to add new instructions?)
Variable length: Length of instructions different (determined by opcode and sub-opcode)
* + Compact encoding (Why is this good?)
. Intel 432: Huffman encoding (sort of). 6 to 321 bit instructions. How?
* - More logic to decode a single instruction 022710 1N1' D"17{701910 D' TAVD
* - Harder to decode multiple instructions concurrently
Tradeoffs
— Code size (memory space, bandwidth, latency) vs. hardware complexity
— ISA extensibility and expressiveness vs. hardware complexity
— Performance? Energy? Smaller code vs. ease of decode

— 200 NITI79 7Y NINWHD 1IN NIY7NT7 21W'NN 0N 7Y 70N01 DX — D'WIX]
V117 1NIX 119 7V NnINWN )IXT7 11N WY DN 1271 11121 DV.

— 1271 1NY 'K NTNIX NITNAN...
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IAPX432 5w 10 100 %

GDP = General Data Processor

iAPX 432 GDP Program Organization

INSTRUCTION OBJECTS

The GDP represents a procedure as one or more instruction objects (see Figure 2-
1). When a procedure (an instruction objeect) is called, the GDP requires certain
information for the context object that represents the call. This information is
contained in an Instruction Object Header in the first eight bytes of the
instruection object's data part. The remainder of the data part can contain
instruetions.

GDP instructions are not aligned on byte or word boundaries and are varying-
length sequences of bits. Instruction fields are frequency encoded (Huffman
encoded) so that more frequent operation codes, formats, classes, and addressing

| modes are encoded in fewer bits. )

1N7Y NYOTINN NINTTN NX 717221 NT790 72 7W 117779119 NWY)


http://www.bitsavers.org/components/intel/iAPX_432/171860-004_iAPX_432_General_Data_Processor_Architecture_Reference_Manual_Feb84.pdf
http://www.bitsavers.org/components/intel/iAPX_432/171860-004_iAPX_432_General_Data_Processor_Architecture_Reference_Manual_Feb84.pdf
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ISA-level Tradeoffs: Uniform Decode

Uniform decode: Same bits in each instruction correspond to the
same meaning

< Opcode is always in the same location (as in RISC-V)
< Ditto operand specifiers, immediate values, ...
<4 Many “RISC” ISAs: Alpha, MIPS, SPARC

+ Easier decode, simpler hardware

+ Enables parallelism: generate target address before knowing the instruction is a
branch

- Restricts instruction format (fewer instructions?) or wastes space

Non-uniform decode

0 E.g., opcode can be the 1st-7th byte in x86 — 1112/ TWOXNA 71N 0°273 2w M0 07
WVPDNIR N

+ More compact and powerful instruction format

- More complex decode logic
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x86 vs. Alpha Instruction Formats

. 191X
X860 : ey
4 \
nstrction | opeode ModR/M SIB Displacement Immediate
Up to four 1-, 2-, or 3-byte 1 byte 1 byte Address Immediate
prefixes of  opcode (if required) (if required) displacement data of
1 byte each of 1,2, or4 1,2, 0r4
(optional) / \ bytes or none bytes or none
7 65 32 0 7 65 32 0
Mod OPREC?JE R/M Scale | Index Base
nléj-rlr)qulla 31 26 25 2120 16 15 5 4 0
AYOXNPD V137N
1012 271270 Opcode Number PALcode Format
decode NYWYVIY ,
I NTI79N YW Opcode RA Disp Branch Format
11X ,
N0TITO0 Opcode RA RB Disp Memory Format
121NN NX 1"Mvn7 .
aomn 219y | OPcode | RA RB Function RC |Operate Format
7v) YN 77N
NT1790

131



The SIB byte is structured as follows:
[Scale] [Index] [Base]

* Scale (2 bits): This field specifies a scaling factor that multiplies the value in the
index register.

- The possible values are: 00: Scale = 1, 01: Scale = 2, 10: Scale = 4, 11: Scale = 8

- The scaled index register is used to access elements of arrays with different
element sizes.

* Index (3 bits):
- This field specifies an index register (e.g., EAX, ECX, EDX, EBX, ESI, EDI).
- The value in the index register is multiplied by the scale factor.

* Base (3 bits):
- This field specifies a base register (e.g., EAX, ECX, EDX, EBX, ESI, EDI, ESP,
EBP).7

- The value in the base register is added to the scaled index value and any
displacement to calculate the final memory address.



* Address Calculation. The final memory address is calculated as follows:
Address = Base + (Index * Scale) + Displacement

- "Base™: The value in the base register (or 0 if no base register).

- "Index: The value in the index register (or O if no index register).

- "Scale: The scaling factor (1, 2, 4, or 8).

- "Displacement : An optional signed displacement value (8, 32 bit).

* Example:

Consider the following assembly instruction:
mov eax, [ebx + ecx * 4]

In this case:

- "ebx" is the base register.

- "ecx is the index register.

- The scale factor is 4.

The corresponding SIB byte would be:
- Scale: 10 (which is 4)

- Index: The encoding for "ecx

- Base: The encoding for "ebx’



MIPS Instruction Format

R-type, 3 register operands

0 rs rt || rd shamt

funct

6-bit 5-bit 5-bit 5-bit 5-bit

I-type, 2 register operands and 16-bit immediate operand

6-bit

opcode rs rt immediate

6-bit 5-bit 5-bit 16-bit

J-type, 26-bit immediate operand

opcode immediate

6-bit 26-bit

Simple Decoding

< 4 bytes per instruction, regardless of format

< must be 4-byte aligned (2 1sb of PC must be 2b’00)

< format and fields easy to extract in hardware

R-type

I-type

J-type
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RISC-V Instruction Format

31 27 26 25 24 19 14 12 11
funct7 rs2 sl funct3 rd opcode
imm|[11:0] rsl funct3 rd opcode
imm|[11:5] rs2 rsl funct3 | imm[4:0] opcode
imm|[12(10:5] rs2 rsl funct3 | imml[4:1[11] opcode
imm|31:12] rd opcode
imm[20(10:1|11|19:12] rd opcode

R - Register-register operations
I- Short immediates and loads
S - Stores

B - Conditional branches

U - Long immediates

J - Unconditional jumps

R-type
[-type

S-type
B-type
U-type
J-type



ARM 3322222222221 1111111119876543210
1098765432109876543210
Cond (0|0 | Opcode |S Rn Rd Operand 2 Data Processing /
PSR Transfer
Cond (O|0|0|0|0|0|A Rd Rn Rs 1|0(0(1 Rm Muftiply
Cond (O(OD|D|O[T|UA RdHi RdlLo Rn 1|0({0(1 Rm Multiply Long
Cond (O(O|O|1(0|B|O|OD Rn Rd glo|O|D(1|0Of0O(1 Rm Single Data Swap
Cond |O(O(D]|1 o1t g 011 Rn Branch and Exchange
Cond (O(O|O(P|U|OD|W|L Rn Rd olo|0|D(1|S[H|1 Rm Halfword Data Transfer:
register offset
Cond (O(0|D|P[UT WL Rn Rd Offset |1|S(H|1| Offset Halfword Data Transfer:
immediate offset
Cond (O(1]|1[P|U|B|W|L Rn Rd Offset Single Data Transfer
Cond (O(1]1 1 Undefined
Cond (1(0|0(P|U|S|W|L Rn Reqister List Block Data Transfer
Cond (1(0[1]|L Offset Branch
Cond ([(1[1|0(P|U|IN|W|L Rn CRd CP# Offset Coprocessor Data
Transfer
Cond (1|1|1|0| CP Opc CRn CRd CP# CP |0l CRm Coprocessor Data
Operation
Cond (1|1|1|0|CPOpc/L| CRHn Rd CP# CP |1| CRHRm Coprocessor Register
Transfer
Cond ([1(1[1[1 lgnored by processor Software Interrupt
33222222222211111111119876543210
1098765432109876543210

Figure 4-1: ARM instruction set fnrmat5136



A Note on RISC vs. CISC

Usually, ...

RISC

< Simple instructions
< Fixed length

< Uniform decode

< Few addressing modes

CISC

< Complex instructions
< Variable length

< Non-uniform decode

< Many addressing modes
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ISA-level Tradeoffs: Number of Registers

Affects:
< Number of bits used for encoding register address } D170 DOIN N VTN
< Number of values kept in fast storage (register file)

< (uarch) Size, access time, power consumption of register file

Large number of registers:
+ Enables better register allocation (and optimizations) by compiler
+ Fewer saves/restores

- Larger instruction size

- Larger register file size (paon N1 1)

register allocation -1 1INXN NX DTN X2 Q7YUn
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ISA-level Tradeoffs: Addressing Modes

Addressing mode specifies how to obtain an operand of an instruction
] Register
) Immediate

) Memory (displacement, register indirect, indexed, absolute, memory indirect, auto-

increment, auto-decrement, ...)
More addressing modes: ( — smaller semantic gap)

+ help better support programming constructs (arrays, pointer-based accesses)
-- make it harder for the architect to design

-- too many choices for the compiler?

Many ways to do the same thing complicates compiler design

Wulf, “Compilers and Computer Architecture,” IEEE Computer 1981 140



q011 1100

Immediate (or literal)

eX. ADD rl, r2, 1
means: rl =-— r2 + 1
comment:used when a constant 1s needed.

Direct
ex: ADD rl, r2, (100)
means: rl «.— r2 + M[100]

comment: used to access static data; the address of the operand is include
in the instruction; space must be provided to accommodate a
whole address.

Register indirect (or register deferred)

ex: ADD rl, r2, (r3)

means: rl «— r2 + M[r3]

comment: the register (r3 in this example) contains the address of a memory
location.

Memory indirect (or memory deferred)

ex: ADD rl, r2, @r3

means: rl «+— 2 + M[M[r3]]

comment: used in pointer addressing; if r3 contains the address of a
pointer p, then M[M[r3]] yields *p.



Other Examples of ISA-level Tradeoffs — o'n7pnn ooxw

Condition codes vs. not —'NIN 7¥ NI'j7 1N0 7Y N71Y9, see " "

VLIW (=Very Long Instruction Word) vs. single instruction
Precise vs. imprecise exceptions
Virtual memory vs. not
Unaligned access vs. not
Hardware interlocks vis. software-guaranteed interlocking
Software vs. hardware|managed page fault handling

Cache coherence (hardware vs. software)

N1DINN IX NININN Y N17N N7 1]
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https://en.wikipedia.org/wiki/Status_register

Back to Programmer vs. (Micro)architect

Many ISA features designed to aid programmers
But, complicate the hardware designer’s job

D7 NINNAIT

Virtual memory

< vs. overlay programming

< Should the programmer be c ed about the size of code blocks fitting

° 2
physical memory: NON WX ,Embedded N127vVN2

Addressing modes 72210 [IND'T7 ND1D1 X7 N71TA
] D'71TIN7 Nj77INN N'N TN
Unaligned memory access ANI¥A DY [INT7 DNYLIY
< Compiler/programmer needs to align data D'YO{7N DY Swap NWY] [2-1ND
NINNX NI"DN 7V
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MIPS: Aligned Access

1

0

0

l

MSB | byte-3

byte-2

byte-1

byte-0

byte-7

byte-6

byte-5

byte-4

6

5

4

LSB

~ 2 words

“ LW/SW alignment restriction: 4-byte word-alignment
< not designed to fetch memory bytes not within a word boundary

< not designed to rotate unaligned bytes into registers

“ Provide separate opcodes for the “infrequent” case
" LWL/LWR (=Load Word Left/Right) is slower
- Note LWL and LWR still fetr—— = ;

\ A B C D

a =
LWL rd 6(r0) =2

byte-4 D

N

byte-4

byte-6 byte-5

— LWR rd 3(r0) =

byte-6 byte-5

byte-3 rd

?N-bytes 7T127 (aligned) nawim x'n A N2IND OX D7T12 N
MIPS: N=4 112V ?A%N==0 71T10N NX O'{7T12 V1Y 14



Demo

In the next slide there is a screen shot of the MARS MIPS
simulator

For the instructor:
working directory:
/home/telzur/science/Teaching/CPU/lectures/02/code

Code: lwl_lwr_demo.asm
Open mars in the terminal.



12345610 =000 1E24015

$t3 11 Ox 40000000
$td 12 Ox0001e240
$to 13 Oxe240000C
$t6 14 Ox000001e2
$t7 15 O0x01le24000
$s0 16 O0x 00000001
$sl 17 Ox0001Le240
$s2 18 Ox 00000000

1 .data
2 number: .word 256 NA1NDD VNN
3 .text
4 addi $t0,$zero, 123456
5 la $t1, number
6 sw $t0,0(%$t1)
7 1w $t2,0(%$t1)
8 wl $t3, 0(%$tl)
9 lwr $t4, 0(%tl)
10 1wl $t5, 1($tl)
11 lwr $t6, 1($tl)
12 Twl $t7, 2($t1)
13 lwr $s0, 2(%$tl)
14 wl $s1, 3($t1)
15 lwr $s2, 3(%$tl)
16 DI7NN
n'0"2

1DV N'710
n"V0MN

n771N2

Execute

[ Registers | Coprocl | Coproc0 |

At . Name Number Value
fzero 0 Ox 00000000
Bkpt| Address Code Basic Source [sat 1 0x10010000
| | 0x00400000 Ox3cA10001 lul $1,0x00000001 4. addi $10,%zero,123456 # initialize an arbitrary number = Ox0001E240, 123456(10)=1E240(18) |« §§ v 2 0x 06000000
L 0x00400004| 0x3421e240orl $1,§1, 0x0000e240 vl 3 0x 00000000
L 0x00400008| 0x00014020/add $8,$0, $1 $ai 4 0x 00000000
LI | 0x0040000c| Ox3c011661/1ul $1,0x60081001 5: la $t1,number # set a memory location “fsal 5 0x00000000
L 0x00400010 0x342900000rl $9,$1, 0xBO00000 $a2 8 0% 00000000
L | 0x00400014| Oxad280000sw §8, 0x00000000($9) | 6: sw $10,0($t1) # store the number in that location [ 3a3 7 0x 00000000
_| | 0x00400018| Ox8d2a0000/lw §10,0x00000000(§9) | 7: Iw $12,00(5t1) # load it again to verify fsto g8 0x00012240
L] | 0x0040001c| 0x892b0000 1wl $11,0x00000000(49) | 8: Twl §t3, 0($t1) # 311 g 0x10010000
L 0x00400020| 0x992c0000(lwr $12, 0x00000000($9) | 9: Twr §14, 0($11) # $12 10 0x0001 2240
] | ox00406024) 6x892b0061[1wl $11,6x00000061($9) [10: vl §$13, 1($t1) # 413 i 022400000
; 0x00400028) 0x992c0001 lwr $12, Bx000000CL ($9) [11: lwr $t4, 1($t1) # $t4 12 Ox 0000012
L 0x0040002c| 0xB892d00O02 Twl $13, 0x00000002(§9) [12: Twl §15, 2($11) # $15 13 0% 01224000
|| | 0x00400030| 0x992¢0002 lwr $14,0x00000002(49) 13: lwr §t6, 2(§t1) # {st8 14 0x 00000001
L] | 0x00400034| 0x892f0003 1wl $15, 0x00000003(49) [14: Twl §t7, 3($t1) # f3t7 15 0x 0001240
| | | 0x00400038 Ox99380003/lwr $24, 0x00000003($9) |15: Twr §18, 3($11) # $s0 16 Ox 00000000
:[$s1 17 0x 00000000
:[$s2 18 0x 00000000
> |:[ss3 19 0% (00000000
34 20 (% 00000000
l$s5 2 (% 00000000
§s6 2 0x 00000000
357 23 0x 00000000
f3t8 24 0x 00000000

o [ R 5




The RISC-V way

The RISC-V specification allows the standard Iw (load word) instruction to handle misaligned addresses directly.

On high-performance cores: The hardware includes logic to handle the misaligned access automatically (often in a
single cycle or with a small penalty). You simply use Iw.

On simpler cores: If the hardware doesn't support misaligned access, the CPU will trap to a software handler (M-mode)
which emulates the load using byte-sized loads and shifts, then returns control to your program.

To replace the 2-instruction MIPS sequence, a RISC-V software equivalent for an unaligned load at address might look
like this:

# Loading a 4-byte word from a misaligned address into t0

lbu t1,0(a0) # t1=[000000 | ByteO] (Overwrites everything)
lbu t2, 1(a0) # t2 =[000000 | Byte1]

lbu t3,2(a0) # t3=[000000 | Byte2]

lbu t4,3(a0) # t4=[000000 | Byte3]

sllit2,t2,8 # Shift Byte1 to the second position

slli £3, t3, 16 # Shift Byte2 to the third position

slli t4, t4, 24 # Shift Byte3 to the fourth position

or t0,t1,t2 # Combine them
or to,to0,t3
or to,to0,t4



MIPS vs. RISC-V

Feature

Instruction

Address Constraint

Failure Result

Special Instructions

MIPS

1w

Must be a multiple of 4.

Address Error Exception
(Crash).

LWL / LWR required for
unaligned data.

RISC-V

1w

Can be any byte address.

Guaranteed success (Hardware or
Emulation).

None needed.



The RISC-V compiler will follow 4 bytes
alignment (left) unless it is forced otherwise

(right)

struct MyData {

// 1 byte

// 3 bytes of invisible padding
inserted here!

intb; // 4 bytes (must start
at an address divisible by 4)

char a;

h;

struct PackedData {
char a;
int b;

} __attribute__((packed));

// Total size: 5 bytes. 'b" will be
misaligned at address +1.




X86: Unaligned Access

Word at Addre=s BH
Comtains FEDEH

Word at Address BH
Contains 230BH

n"7'n7 nwn| Word at Address 2H
nunp x| Comsins 740EH

Word at Address 1H
Contains (B31H

4EH FH
12H EH

78H DH

FEH CH

I DEH BH
+' 36H AH
1FH oH

f A4H 8H
FI_ 23H 7H
0BH BH

45H 5H

67H 4H

' 74H 3H

I I CBH 2H

' 31H H
12H oH

Y

Doubleword at Address AH
Comtains 7JAFEOG3GH

Quadword at Address 6H
Contains
JAFEDE361FA4230BH

Double quadword at Address OH
Contains

4E127AREDEI6 1 RA4 23084567 7408311,

Figure 4-2. Bytes, Words, Doublewords, Quadwords, and Double Quadwords in

2 bytes = 1 word

Memory
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X86: Unaligned Access

“ LD/ST instructions automatically align data that spans a “word”
boundary

“ Programmer/compiler does not need to worry about where data is
stored (whether or not in a word-aligned location)

41.1 Alignment of Words, Doublewords, Quadwords, and Double
Quadwords

Words, doublewords, and quadwords do not need to be aligned in memory on natural
boundaries. The natural boundaries for words, double words, and quadwords are
even-numbered addresses, addresses evenly divisible by four, and addresses evenly
divisible ight; Tespectively. However, to improve the performan rams,
a structures (especially stacks) should be aligned on natural boundaries whe

ever possible. The reason this is that the processor requires two memaory
esses to make an unaligned memory access; aligned accesses reguire only o

memary ord or doubleword operand that crosses a ndary or a
quadword operand that/crosses an 8-byte boundary is considered unaligned and

requires two separate/memory bus cycles for access.

W1'72X QXD 702 DN
DWIN'1] D17WUN 157



What About ARM?

J4 ARM Architecture Reference Manual, Section A2.8

A2.8

Unaligned access support

The ARM architecture traditionally expects all memory accesses to be suitably aligned. In particular, the
address used for a halfword access should normally be halfword-aligned, the address used for a word access
should normally be word-aligned.

Prior to ARMv6, doubleword (LDRDVSTRD) accesses to memory, where the address 1s not doubleword-aligned,
are UNPREDICTABLE. Also, data accesses to non-aligned word and halfword data are treated as aligned from
the memory interface perspective. That is:

. the address 1s treated as truncated, with address bits[ 1:0] treated as zero for word accesses, and
address bit[(] treated as zero for halfword accesses.

. load single word ARM instructions are architecturally defined to rotate right the word-aligned data
transferred by a non word-aligned address one, two or three bytes depending on the value of the two
least significant address bits.

. alignment checking 1s defined for implementations supporting a System Control coprocessor using
the A bit in CP15 register 1. When this bit 1s set, a Data Abort indicating an alignment fault is reported
for unaligned accesses.

ARMv6 introduces unaligned word and halfword load and store data access support. When this 1s enabled,
the processor uses one or more memory accesses to generate the required transfer of adjacent bytes
transparently to the programmer, apart from a potential access time penalty where the transaction crosses an
IMPLEMENTATION DEFINED cache-line, bus-width or page boundary condition. Doubleword accesses must
be word-aligned in this configuration.

58


http://www.ece.cmu.edu/~ece447/s14/lib/exe/fetch.php?media=arm-instructionset.pdf

Aligned vs. Unaligned Access

“ Pros of having no restrictions on alignment

“ Cons of having no restrictions on alignment

“ Filling in the above: an exercise for you...
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RISC vs. CIS(F=

Credit:

“The Essentials of Computer
Organization and Architecture”,

5" edition by Linda Null

Multiple register sets, often
consisting of more than 2506 registers

Three register operands allowed per
instruction (e.g., add R1, R2, R3)

Parameter passing through efficient
on-chip register windows

Single-cycle instructions (except for
load and store

Hardwired control
Highly pipelined

Simple instructions that are few in
number

Fixed-length instructions
Complexity in compiler

Only load and store instructions can
access memory

Few addressing modes

CISC

Single register set, typically 6 to 16
registers total

One or two register operands allowed
per instruction (e.g., add R1, R2)

Parameter passing through inefficient
off-chip memory

Multiple-cycle instructions

Microprogrammed control

Less pipelined

Many complex insiructions

Variable-length instructions

Complexity in microcode

Many instructions can access memory

Many addressing modes
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MIPS ISA
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MIPS R2000 Program Visible State

Program Counter

**Note™™* r0=0
ri
r2

32-bit memory address

of the current instruction

General Purpose

M[O] Register File
M[1] 32 32-bit words
M[2] named rO0...r31
M[3]
M[4]

Memory

232 by 8-bit locations (4 Giga Bytes)
32-bit address

M[N-1]




Data Format

¢ Most things are 32 bits
instruction and data addresses
signed and unsigned integers
just bits

¢ Also 16-bit half word and 8-bit byte

¢ Floating-point numbers
IEEE standard 754
float: 8-bit exponent, 23-bit significant
double: 11-bit exponent, 52-bit significant



Big Endian vs. Little Endian

(Part I, Chapter 4, Gulliver’s Travels)

¢ 32-bit signed or unsigned integer comprises 4 bytes
LSB

MSB — - . - _ .
(most significant) 8-bit 8-bit 8-bit 8-bit « (least significant)
¢ On a byte-addressable machine. . ... ..

MSB  Rio Endian LSB M5B Little Fndian LSB

byte O byte 1 byte 2 byte 3 byte 3 byte 2 byte 1 byte O

byte 4 byte 5 byte 6 byte 7 byte 7 byte 6 byte 5 byte 4

byte 8 byte 9 byte 10 byte 11 byte 11 byte 10 byte 9 byte 8

byte 12 byte 13 byte 14 byte 15 byte 15 byte 14 byte 13 byte 12

byte 16 byte 17 byte 18 byte 19 byte 19 byte 18 byte 17 byte 16

pointer points to the big end pointer points to the little end

® \VWhat Aiffaranco dAaoc it mnal-a?



htonl = Host TO Network Long

It's used in network programming to convert a 32-bit integer from host byte order to
network byte order (big-endian). This is important because different systems may use
different byte orders, and network protocols typically use big-endian order.

: S cat ./test htonl2.c
#include <stdio.h=
#iinclude <arpa/inet.h>

int main() {
unsigned long hostlong = 0x12345678;
unsigned long netlong = htonl(hostlong);
printf("Host order: 0x%1lx\n", hostlong);
printf("Network order: Ox%lx\n", netlong);
return 0;
}
S ./test htonl2

Host order: 0x12345678
Network order: 0Ox78563412

s

My computer byte order is Little Endian
and this is why the order got reversed



Instruction Formats

¢ 3 simple formats
R-type, 3 register operands

0

I'S

rt

rd

shamt

funct

6-bit

I-type, 2 register operands and 16-bit immediate operand

5-bit

5-bit

5-bit

5-bit

6-bit

opcode rs rt immediate
6-bit 5-bit 5-bit 16-bit

J| opcode || immediate
6-bit 26-bit

¢ Simple Decoding
4 bytes per instruction, regardless of format
must be 4-byte aligned

format and fieldc readilv extractahle

R-type

|-type

J-type



ALU Instructions

¢ Assembly (e.g., register-register signed addition)

ADDrd, s, It
¢ Machine encoding
0 rs rt rd 0 ADD
6-bit 5-bit 5-bit 5-bit 5-bit 6-bit

¢ Semantics
GPR|rd] « GPR]rs] + GPR]rt]
PC « PC+4

¢ Exception on “overflow”

¢ Variations
Arithmetic: {signed, unsigned} x {ADD, SUB}
Logical: {AND, OR, XOR, NOR}
Shift: {Left, Right-Logical, Right-Arithmetic}

R-type



Reg-Reg Instruction Encoding

n'axn8—>0un 3

2..0 SPECIAL function

5 3 0 1 2 3 4 5 6 7
0 SLL * SRL SRA SLLV * SRLV SRAV
1 JR JALR * * SYSCALL| BREAK ) SYNC
2 MFHI MTHI MFLO MTLO | DSLLVe ) DSRLVe | DSRAVe
3 MULT | MULTU DIV DIVU DMULTe |IDMULTUg| DDIVe DDIVUe
4 ADD ADDU SUB SUBU AND OR XOR NOR
5 * * SLT SLTU DADDe | DADDUe| DSUBe | DSUBUe
6 TGE TGEU TLT TLTU TEQ * TNE *
7 DSLLe * DSRLe | DSRAe | DSLL32Ze * DSRL32e | DSRA32¢

T

NIXIINN
N1TI0MN
(L'a 6 O"N0)

[MIPS R4000 Microprocessor User’s Maw

—

- NITNI'D NIXIIN
X1 - ISA-N NaNN
NN qj7vn

What patterns do you see? Why are they there?




MIPS-2 ISA-n Yw nanan

R4000

Table 1-16  Extensions to the ISA: Exception Instructions

OpCode Description
TGE Trap if Greater Than or Equal
TGEU Trap if Greater Than or Equal Unsigned
TLT Trap if Less Than
TLTU Trap if Less Than Unsigned
TEQ Trap if Equal
TNE Trap if Not Equal
TGEI Trap if Greater Than or Equal Immediate
TCEIU EI:;:I- gli E{;Eatf_‘l‘ Than or Equal Immediate
TLTI Trap if Less Than Immediate
TLTIU Trap if Less Than Immediate Unsigned
TEQI Trap if Equal Immediate
TNEI Trap if Not Equal Immediate




ALU Instructions

¢ Assembly (e.g., regi-immediate signed additions)
ADDIrt, 1s ., immediate,g

¢ Machine encoding

ADDI rs rt immediate

6-bit 5-bit 5-bit 16-bit
¢ Semantics
GPRI[rt] « GPR[rs] + sign-extend (immediate)
PC « PC+4
¢ Exception on “overflow”

¢ Variations
Arithmetic: {signed, unsigned} x {ADD, SUB}
Logical: {AND, OR, XOR, LUI}

|-type



Assembly Programming 101

¢ Break down high-level program constructs into a sequence
of elemental operations

¢ E.g. High-level Code
f=(g+h)-(i+j)

¢ Assembly Code
suppose f, g, b, i, jareinr, r, 1, 1, T

suppose r._ is a free register

emp

addr, _r r, #r_  =g+th

temp " g temp
addr;r; v, #1r,=1itj

subrr, v, #f=r, -1

temp



I.oad Instructions

¢ Assembly (e.g., load 4-byte word)
LW rt, offset,; (base,,,)

¢ Machine encoding

LW base rt offset

6-bit 5-bit 5-bit 16-bit
¢ Semantics
effective_address = sign-extend(offset) + GPR[base]
GPR[rt] « MEM][ (effective_address) |
PC -« PC+4
¢ Exceptions
address must be “word-aligned”

MMU (=Memory Management Unit) exceptions

|-type



Store Instructions

¢ Assembly (e.g., store 4-byte word)
SW rt,, offset,, (base,,)

¢ Machine encoding

SW base rt offset

6-bit 5-bit 5-bit 16-bit
¢ Semantics
effective_address = sign-extend(offset) + GPR[base]
MEM][ (effective_address) | — GPR[rt]
PC=PC +4
¢ Exceptions
address must be “word-aligned”
MMU exceptions

|-type



Assembly Programming 201

¢ E.g. High-level Code
Al 81 =h+A[ 0 ]

where A is an array of integers (4—-byte each)

¢ Assembly Code
suppose &A, hareinr,, 1,

suppose 1. is a free register
LW r..., 0Cr,) # r.., = A[O]
add r.... r, e # M, = h + A[O]
SW r..., 32(r,) # A[8] = r..,

# note A[8] is 32 bytes
# from A[O]



Load Delay Slots

LW ra ---
addi r-\ra r-

addi r- 'ra r-

¢ R2000 load has an architectural latency of 1 inst*.

the instruction immediately following a load (in the “delay slot”)
still sees the old register value

the load instruction no longer has an atomic semantics

¢ s this a good idea? (hint: R4000 redefined LW to complete
atomically)

*BTW, notice that latency is defined in “instructions” not cyc. or sec.



Control Flow Instructions

Assembly Code
Control Flow Graph

¢ C-Code (linearized)
code A code A
{ code A} : °
if X==Y then if X==Y if X==Y
{ code B } T“lese goto
else code B code C code €
{codeC} o o :
{ code D } goto

\/ code B

0
o
Q.
M
O
(X ¥ )




(Conditional) Branch Instructions

¢ Assembly (e.g., branch if equal)
BEQ rs, 1t immediate

¢ Machine encoding

BEQ rs rt immediate I-type
6-bit 5-bit 5-bit 16-bit
¢ Semantics
target = PC *+sign-extend(immediate) x 4

if GPR[rs]==GPR[rt}_ then PC = target
else PC= + 4
¢ How far can you jump?
¢ Variations PC + 4w/
BEQ, BNE, BLEZ, BGTZ branch delay slot

Why isn’t there a BLE or BGT instruction?



Jump Instructions

¢ Assembly
J immediate,,

¢ Machine encoding

J immediate J-type
6-bit 26-bit
¢ Semantics
target = PC[34:28]x2%8 |.. ... zero-extend(immediate)x4

PC — target
¢ How far can you jump?

¢ Variations

- Jump and Link PC+4w/

- Jump Registers branch delay slot



Assembly Programming 301

¢ E.g. High-level Code fork
if (1 == j) then then
e=49
else clse
e=h
f=ce
¢ Assembly Code jomn

- suppose e, f, g, h, i, jareinr, r, Ty, Iy Ty T,

1 7]

bne r, r; L1# L1 and L2 are addr labels

# assembler computes offset
add r, r, r0 #e-=g

j L2
L1: add r_ r, rO# e
L2: add r. r, ro# f

|
M



Branch Delay Slots

¢ R2000 branch instructions also have an architectural latency of
1 instructions

the instruction immediately after a branch is always executed (in
fact PC-offset is computed from the delay slot instruction)

branch target takes effect on the 2" instruction

bne r; r, L1 bne r; r; L1
nop

j L2
‘ add r, r. ro
L1:

add r_ r, ro

add r, r, ro
j L2

L1: add r_, r, roO

L2: add r. r_ ro L2: add r. r, ro



Function Call and Return
¢ Jump and Link: JAL offset,,

return address = PC + 8

target = PC[31:28]x2*8 | . zero-extend(immediate)x4
PC ~ target

GPRJ|r31] « return address

On a function call, the callee needs to know where to go back to
afterwards

¢ Jump Indirect: JR 15,
target = GPR [rs]
PC — target

PC-offset jumps and branches always jump to the same target
every time the same instruction is executed

Jump Indirect allows the same instruction to jump to any
location specified by rs (usually r31)



Assembly Programming 401

Caller Callee
. code A ... _myfxn: ... code B ...
JAL _myfxn JR r31
. code C ...
JAL _myfxn
. code D ...
... A ECall B Ereturn C Ecall B E1return D """

¢ How do you pass argument between caller and callee?

® If A setr10 to 1, what is the value of r10 when B returns to C?
¢ What registers can B use?

¢ What happens to r31 if B calls another function



Caller and Callee Saved Registers

¢ Callee-Saved Registers
Caller says to callee, “The values of these registers should not
change when you return to me.”

Callee says, “If I need to use these registers, I promise to save
the old values to memory first and restore them before I return

to you.”

¢ Caller-Saved Registers
Caller says to callee, “If there is anything I care about in these
registers, I already saved it myself.”
Callee says to caller, “Don’t count on them staying the same
values after I am done.



R2000 Register Usage Convention

¢ 10: always 0

® 1 reserved for the assembler
® 2 r3: function return values

¢ r4~r7: function call arguments

¢ 8~r15: “caller-saved” temporaries
¢ 116~123 “callee-saved” temporaries
® 24~125 “caller-saved” temporaries
® 126, 127: reserved for the operating system
¢ 128: global pointer

¢ 129: stack pointer

¢ 130: callee-saved temporaries

® 131: return address



R2000 Memory Usage Convention

high address

low address

stack space

growldown

free space

grow[up

dynamic data

\\
\\
~

TN
static data
—
text
7
Z

~
~
~
~
~
~
~
~

stack pointer
GPR[r29]

binary executable



ol -

Sl 0 N

Calling Convention

caller saves caller-saved registers

caller loads arguments into r4~r7

caller jumps to callee using JAL

callee allocates space on the stack (dec. stack pointer)

callee saves callee-saved registers to stack (also r4~r7, old
r29, r31)

callee loads results to r2, r3
callee restores saved register values

JR r31
caller continues with return values in r2, r3



To Summarize: RISC-V / MIPS / RISC

¢ Simple operations
2-input, 1-output arithmetic and logical operations
few alternatives for accomplishing the same thing
¢ Simple data movements
ALU ops are register-to-register (need a large register file)
“Load-store” architecture
¢ Simple branches
limited varieties of branch conditions and targets
¢ Simple instruction encoding
all instructions encoded in the same number of bits
only a few formats

Loosely speaking, an ISA intended for compilers rather than
assembly programmers
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