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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 11 017701910 D' T2VN
™01

* - 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
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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. )
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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 — ©2°122 1122
< 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

J E.g., opcode can be the 1st-7th byte in x86 — 11127 TWaXNM 7N 0°273 2w 1NV 07°p
VPP NP

+ More compact and powerful instruction format

- More complex decode logic



x86 vs. Alpha Instruction Formats

. 191X
X386 .
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
Alpha:
1112011 N7 31 26 25 2120 1615 54 0
AYONXNPD V1A
1012 71270 Opcode Number PALcode Format
decode NWYIY ,
1M ATITON 7w Opcode RA Disp Branch Format
11X ,
NI0TIT0 Opcode RA RB Disp Memory Format
121NN NX "vin'7 .
nomn 219y | OPcode | RA RB Function RC |Operate Format

7Y YN 77N2
nTIj7oNn




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 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 |-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

< 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 10



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 formats 12



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

14



ISA-level Tradeoffs: Number of Registers

Affects:

< Number of bits used for encoding register address D170 DOIN NI 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 (p@on N1 1)

register allocation -1 1INXN NX DTN XN 7Y

15
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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
17



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 vs. software-guaranteed interlocking
Software vs. hardware, managed page fault handling

Cache coherence (hardware vs. software)
N1D1NN IX NPINN Y N17N N7 1]

25


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 erned about the size of code blocks fitting

physical memory?

n NWND ,Embedded N1DIVYN]
Addressing modes 127 ND121 X7 N'7ITA NN

N{77INN X'N TX1 722MnN
"oy |1NDT7 DY LIV D'71TINYT
< Compiler/programmer needs to align data DY Swap NWY1 [2-IND .NINN
NINNX NINDN 7Y D'YO7N

Unaligned memory access

26



MIPS: Aligned Access

1

0

0

l

MSB [ pyte-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
a Note LWL and LWR Stlll fet h wwithin wpord bonindares

\ A B C D

a =
LWL rd 6(r0) =2

byte-4 D

H =

byte-4

byte-6 byte-5

— LWR rd 3(r0) =

byte-6 byte-5

byte-3 rd

?N-bytes 7T127 (aligned) n1wrn xn A NAIND ONX D711 TN
MIPS: N=4 112V ?A%N==0 717101 NX 07712 VIYO



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: Iwl_lwr demo.asm

Open mars in the terminal.



12345610 =000 1E24015

1

3

2

$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 NIA1NDD WNUN
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

DY N'710
n"V0MNN

N771N2

Execute

[ Registers | Coprocl | Coproc0 |

o [ R

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

:$t8 24 0x 00000000




X86: Unaligned Access

n'7"n7 nwn
NNMYIN X7

Word at Addresz BH
Comtains FEDEH

Word at Address 6H
Contains 220BH

Word at Address 2H
Contains 74{EH

Word at Address 1H
Contains (B31H

4EH FH
12H EH

78H DH

FEH CH

I OBH BH
+' 36H AH
1FH aH

f A4H 8H
FI_ ?3H 7H
0BH BH

45H 5H

67H 4H

| T4H 3H

I I CBH 2H

| 31H H
12H OH

Y

Doubleword at Address AH
Comtains 7AFEDG3GH

Quadword at Address 6H
Contains
JAFEDE361FA4230BH

Double quadword at Address OH
Contains

4E1 27AREDEI6 1 FA423084567 7408311,

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

Memory

30



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 701 nomn v
nwWIN'1] N17WN 31



What About ARM?

4 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 (LDRD/STRD) accesses to memory, where the address is 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 is 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 is defined for implementations supporting a System Control coprocessor using
the A bit in CP15 register 1. When this bit is 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 is 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.

32


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...

34



RISC vs. CISC™*¢

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



129D IDINQ ISA -0 NWI1 NAND XD TV
MIPS Tayvn 5w ISA NX 1'211 )'¥n) |XONn



MIPS ISA

DIN'D9] TN'7) NN NAXN]
MIPS Tavn 7w ISA-1 5y

[SA-N NITIN D'97V IT NAXN J¥NN2
7V-02n21 MIPS 7v

naxnn) MIPS 5w *>anoX 54 71090 90
naxnn H&H 5w 9902 6 P79 R npo: (nNan
5712 Xyl




MIPS R2000 Program Visible State

Program Counter

**Note™* r0=0

32-bit memory address ri
r2

of the current instruction

General Purpose

MI[0] Register File
M[1] 32 32-bit words
M[2] named r0...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

MSB ~ ——

(most significant) 8-bit

| s-bit | s-bit

| s-bit

4

¢ On a byte-addressable machine

LSB
(least significant)

MSB Big Endian L5B MSB Little Endian L5B
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

® What difference does it make?

pointer points to the little end




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 htonlZ2.
#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 || rs

|| rt

|| rd || shamt

funct

6-bit 5-bit

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

5-bit

5-bit 5-bit

6-bit

opcode "rs

rt

|| immediate

6-bit 5-bit

5-bit

16-bit

J hit immadinta anorand
opcode immediate

6-bit 26-bit

¢ Simple Decoding

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

format and fields readily extractable

R-type

|-type

J-type



ALU Instructions

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

ADDrd s, 1t
¢ 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

DAaxYnN 8 -013

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 12"ND)

[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, h, i, jare inr, r, 1, 1, T,

suppose r,__is a free register

temp

addr, r r, #r,  =gt+th

temp ~ g temp
addr;r;r; #r, =i+

subryr, 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]
GPRJrt] « 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
A[ 8 ] = h + A[ 0) ]

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

¢ Assembly Code
suppose &A, hareinr,, ,

suppose 1, is a free register
LW r.., 0(r,) # r... = A[O]
add r..., r, ey # M, = h + A[O]
SW |ntemp 32(rA) # A[8] = rtemp

# 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} S 5

if X==Y then if X==Y if X==Y
{codeB} TrVN‘i‘lse goto

else code B code C COd_fC
{code C} o . .
{ code D } ° ° goto

Y4 : :

these things are called basic blocks




(Conditional) Branch Instructions

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

¢ Machine encoding

BEQ rs rt immediate I-type
6-bit 5-bit 5-bit 16-bit
¢ Semantics
target = PC™ksign-extend(immediate) x 4
if GPR[rs]==GPR then PC = target
else PC=PRC +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 = PCR31:28]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=g
else |
e = h else
f=c¢e
¢ Assembly Code join
-suppose e, f, g, h, i, jareinr, r, r, 1, 1, T,

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

n 1
mn -



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

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

add r, r, ro
j L2

L1: 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
GPR[1r31] « return address
On a function call, the callee needs to know where to go back to
afterwards

¢ Jump Indirect: JR 18,

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=s_ B=, _C=_ B=__D...

¢ How do you pass argument between caller and callee?

® If A set r10 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 13: function return values

¢ 1r4~17: function call arguments

¢ 8~r15: “caller-saved” temporaries
¢ 116~123 “callee-saved” temporaries
® 124~125 “caller-saved” temporaries
® 126, 127: reserved for the operating system
¢ 128: global pointer

¢ 120: stack pointer

¢ 130: callee-saved temporaries

¢ 131: return address



R2000 Memory Usage Convention

high address

low address

stack space

growidown

free space

gI”OW[Up

dynamic data

\\
~
\\
~

static data

text

=

7

~
~
~
~
~
~
~

stack pointer
GPR[r29]

binary executable



Sl 0 =

-

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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