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Lecture 3

Instruction Set Principles, Examples

Instructor: Jun Yang

CS 203A
Advanced Computer Architecture
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Outline

• Control instructions
• RISC vs. CISC
• MIPS
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Control Operations

• Types
– Conditional branches
– Jumps
– Procedure calls and returns

• Issues
– Taken or not?
– Where is the target? 
– How is the target specified?
– Link return address?
– Save registers? Subroutine calls
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Branch Condition (taken or not?)

• “compare and branch” instructions
+ single instruction
- requires ALU op (for comparison) in branch pipeline, 

restricts scheduling
• Separate “compare” and “branch”

+ more scheduling opportunities, reuse comparison
- uses up a register, separates condition from branch logic

• Im/Ex-plicit condition codes: Zero, Negative, 
oVerflow, Carry
+ set “for free” by ALU operations
- extra state to save/restore, restrict scheduling (implicit)
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Where is the Target

• PC-relative with immediate
+ position independent, target computable in 

branch unit
+ short immediate sufficient: 47% use < 4 bits, 

94% use < 8 bits
- target must be known statically, can’t jump far

Usage: branches/jumps within function
• Arbitrary absolute specifier

+ more bits to specify
Usage: function calls, long jumps within large 
functions
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Where is the Target

• Register
+ short specifier, can jump anywhere, dynamic 

target OK (return address)
– Extra instruction to load register

Usage: indirect calls (e.g. DLL – loaded only 
when invoked by program; virtual functions –
different routines are executed based on data 
types), returns, switches
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Link Return Address?

• Used in subroutine calls
• Implicit register, e.g. $31 (we are down to 

30 registers, $0==0): many recent 
architectures use this
+ Fast, simple
– s/w saves register before next subroutine call

9/30/2004 Lec. 3 8

Save or Restore Register (State)?

• Function calls: save registers
• System calls: save registers, flags, PC etc.

Software saving/restoring: calling convention 
divide work
– Caller saves registers in use
– Callee saves registers it (or nested callees) will 

use
Hardware saving/restoring

– Explicit: IBM STM, VAX CALLS
– Implicit: SPARC
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RISC vs. CISC
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• CISC (complex instruction set computer)
– VAX, X86, etc.

• RISC (reduced instruction set computer)
– Berkeley RISC-1 (Patterson), Stanford 

(Hennessy), IBM 801
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RISC vs. CISC

• Characteristics of ISAs
CISC RISC 
Variable length 
instruction 

Single word 
instruction 

Variable format Fixed-field 
decoding 

Memory operands Load/store 
architecture 

Complex operations Simple 
operations 
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RISC vs. CISC Instruction Set Design
• The historical background:

– In first 25 years (1945-70) performance came from both 
technology and design.

– Design constraints:
o small and slow memories: compact programs are fast.
o small no. of registers: memory operands.
o attempts to bridge the semantic gap: model high level language 

features in instructions.
o no need for portability: same vendor application, OS and 

hardware.
o backward compatibility: every new ISA must carry the good 

and bad of all past ones.
– Result: powerful and complex instructions that are rarely used.
– IC technology and microprocessors in 1970s: lower costs, low power 

consumption, higher clock rates, cheaper and larger memories.
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RISC vs. CISC Instruction Set Design
• Emergence of RISC

– Very large scale integration (processor on a chip): silicon real-
estate at a premium. Micro-store occupies about 70% of chip 
area: replace micro-store with registers ==> load/store ISA.

– Increased difference between CPU and memory speeds.
– Complex instructions were not used by new compilers.
– Software changes:

o reduced reliance on assembly programming, new ISA can be 
introduced.

o standardized vendor independent OS (Unix) became very 
popular in some market segments (academia and research) –
need for portability

– Early RISC projects: IBM 801 (America), Berkeley SPUR, RISC 
I and RISC II and Stanford MIPS.
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RISC vx. CISC Comparison

• No fair comparison exists
– Different compiler and OS
– Different implementation
– …

• People try to argue that
– RISCs are better than CISCs

• But most commercially successful ISA is 
x86 (decidedly CISC)
– Intel’s trick? Decoder translates CISC into 

sequences of RISC uops (micro-ops); internally 
(micro-architecture) is actually RISC
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Outline

• Control instructions
• RISC vs. CISC
• MIPS
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MIPS64 Registers and Data Types

• 32 GPRs – R0, R1, …, R31 
(64-bit)

• 32 FPRs – F0, F1, …, F31 
(64-bit)

• R0 == 0
• Special registers:

– PC, LO, HI, etc.

• Integer:
– 8, 16, 32, 64-bit are 

supported
• Floating point:

– single, double-precision are 
supported

• Narrow values are sign-
extended or zero-extended.
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The MIPS64 Instruction Formats
• All MIPS instructions are 32 bits long.  The three  instruction 

formats:

– R-type

– I-type

– J-type
• The different fields are:

– op: operation of the instruction
– rs, rt, rd: the source and destination register specifiers
– shamt: shift amount
– funct: selects the variant of the operation in the “op” field
– address / immediate: address offset or immediate value
– target address: target address of the jump instruction 

op target address
02631

6 bits 26 bits

op rs rt rd shamt funct
061116212631

6 bits 6 bits5 bits5 bits5 bits5 bits

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits
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MIPS Instruction Layout
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MIPS Addressing Modes/Instruction Formats

op rs rt rd

immed

register

Register (direct)

op rs rt

register

Displacement

+

Memory

immedop rs rtImmediate

immedop rs rt

PC

PC-relative

+

Memory

• All instructions 32 bits wide
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MIPS I  Operation Overview

•Arithmetic Logical:
–Add,  AddU,  Sub,   SubU, And,  Or,  Xor, 
Nor, SLT, SLTU

–AddI, AddIU, SLTI, SLTIU, AndI, OrI, 
XorI, LUI

–SLL, SRL, SRA, SLLV, SRLV, SRAV
•Memory Access:

–LB, LBU, LH, LHU, LW, LWL,LWR
–SB, SH, SW, SWL, SWR



6

9/30/2004 Lec. 3 21

Multiply / Divide

• Start multiply, divide
– MULT rs, rt
– MULTU rs, rt
– DIV rs, rt
– DIVU rs, rt

• Move result from multiply, divide
– MFHI rd
– MFLO rd

• Move to HI or LO
– MTHI  rd
– MTLO rd

• Why not Third field for destination? 
(Hint: how many clock cycles for multiply or divide vs. 
add?)

Registers

HI LO
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MIPS Arithmetic Instructions
Instruction Example Meaning Comments
add add $1,$2,$3 $1 = $2 + $3 3 operands; exception possible
subtract sub $1,$2,$3 $1 = $2 – $3 3 operands; exception possible
add immediate addi $1,$2,100$1 = $2 + 100 + constant; exception possible
add unsigned addu $1,$2,$3 $1 = $2 + $3 3 operands; no exceptions
sub unsigned subu $1,$2,$3 $1 = $2 – $3 3 operands; no exceptions
add imm. unsign. addiu $1,$2,100 $1 = $2 + 100 + constant; no exceptions
multiply mult $2,$3 Hi, Lo = $2 x $3 64-bit signed product
multiply unsignedmultu$2,$3 Hi, Lo = $2 x $3 64-bit unsigned product
divide div $2,$3 Lo = $2 ÷ $3, Lo = quotient, Hi = remainder 

Hi = $2 mod $3 
divide unsigned divu $2,$3 Lo = $2 ÷ $3, Unsigned quotient & remainder 

Hi = $2 mod $3
Move from Hi mfhi $1 $1 = Hi Used to get copy of Hi
Move from Lo mflo $1 $1 = Lo Used to get copy of Lo

Which add for address arithmetic? Which add for integers?
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MIPS Logical Instructions

Instruction Example Meaning Comment
and and $1,$2,$3 $1 = $2 & $3 3 reg. operands; Logical AND
or or $1,$2,$3 $1 = $2 | $3 3 reg. operands; Logical OR
xor xor $1,$2,$3 $1 = $2 Å $3 3 reg. operands; Logical XOR
nor nor $1,$2,$3 $1 = ~($2 |$3) 3 reg. operands; Logical NOR
and immediate andi $1,$2,10 $1 = $2 & 10 Logical AND reg, constant
or immediate ori $1,$2,10 $1 = $2 | 10 Logical OR reg, constant
xor immediate xori $1, $2,10 $1 = ~$2 &~10 Logical XOR reg, constant
shift left logical sll $1,$2,10 $1 = $2 << 10 Shift left by constant
shift right logicalsrl $1,$2,10 $1 = $2 >> 10 Shift right by constant
shift right arithm.sra $1,$2,10 $1 = $2 >> 10 Shift right (sign extend) 
shift left logical sllv $1,$2,$3 $1 = $2 << $3 Shift left by variable
shift right logical srlv $1,$2, $3 $1 = $2 >> $3 Shift right by variable
shift right arithm. srav $1,$2, $3 $1 = $2 >> $3 Shift right arith. by variable 
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MIPS Data Transfer Instructions

Instruction Comment
SW  500(R4), R3 Store word
SH  502(R2), R3 Store half
SB  41(R3), R2 Store byte

LW R1, 30(R2) Load word
LH  R1, 40(R3) Load halfword
LHU  R1, 40(R3) Load halfword unsigned
LB  R1, 40(R3) Load byte
LBU R1, 40(R3) Load byte unsigned

LUI R1, 40 Load Upper Immediate (16 bits shifted left by 16)
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When does MIPS Sign Extend?

• When value is sign extended, copy upper bit to full 
value:

Examples of sign extending 8 bits to 16 bits:

00001010 ⇒ 00000000 00001010
10001100 ⇒ 11111111 10001100

• When is an immediate value sign extended?
– Arithmetic instructions (add, sub, etc.) sign extend 

immediates even for the unsigned versions of the 
instructions!

– Logical instructions do not sign extend
• Load/Store half or byte do sign extend, but unsigned 

versions do not
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Methods of Testing Condition

• Condition Codes
– Processor status bits are set as a side-effect 

of arithmetic instructions or explicitly by 
compare or test instructions.

– ex: add r1, r2, r3
bz label

• Condition Register
– Ex: cmp r1, r2, r3

bgt r1, label
• Compare and Branch

– Ex: bgt r1, r2, label
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MIPS Compare and Branch

• Compare and Branch
– BEQ rs, rt, offset      if R[rs] == R[rt] then PC-relative branch
– BNE rs, rt, offset <>

• Compare to zero and Branch
– BLEZ rs, offset if R[rs] <= 0 then PC-relative branch
– BGTZ rs, offset >
– BLT <
– BGEZ                    >=
– BLTZAL rs, offset    if R[rs] < 0 then branch and link (into R 31)
– BGEZAL >=!

• Remaining set of compare and branch ops take two 
instructions

• Almost all comparisons are against zero!
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MIPS Jump, Branch, Compare Instructions
Instruction Example Meaning
branch on equal beq $1,$2,100 if ($1 == $2) go to PC+4+100

Equal test; PC relative branch
branch on not eq. bne $1,$2,100 if ($1!= $2) go to PC+4+100

Not equal test; PC relative 
set on less than slt $1,$2,$3 if ($2 < $3) $1=1; else $1=0

Compare less than; 2’s comp. 
set less than imm. slti $1,$2,100 if ($2 < 100) $1=1; else $1=0

Compare < constant; 2’s comp.
set less than uns. sltu $1,$2,$3 if ($2 < $3) $1=1; else $1=0

Compare less than; natural numbers
set l. t. imm. uns. sltiu $1,$2,100 if ($2 < 100) $1=1; else $1=0

Compare < constant; natural numbers
jump j 10000 go to 10000

Jump to target address
jump register jr $31 go to $31

For switch, procedure return
jump and link jal 10000 $31 = PC + 4; go to 10000

For procedure call
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Signed vs. Unsigned Comparison

R1= 0…00 0000 0000 0000 0001
R2= 0…00 0000 0000 0000 0010
R3= 1…11 1111 1111 1111 1111
• After executing these instructions:

slt r4,r2,r1 ; if (r2 < r1) r4=1; else r4=0
slt r5,r3,r1 ; if (r3 < r1) r5=1; else r5=0
sltu r6,r2,r1 ; if (r2 < r1) r6=1; else r6=0
sltu r7,r3,r1 ; if (r3 < r1) r7=1; else r7=0

• What are values of registers r4 - r7? Why?
r4 =      ; r5 =      ; r6 =      ; r7 =      ; 
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Details of the MIPS Instruction Set

• Register zero always has the value zero (even if you try to write it)
• Branch/jump and link put the return addr. PC+4 or 8 into the link 

register (R31) (depends on logical vs physical architecture)
• All instructions change all 32 bits of the destination register (including 

lui, lb, lh) and all read all 32 bits of sources (add, sub, and, or, …)
• Immediate arithmetic and logical instructions are extended as follows:

– Logical immediates ops are zero extended to 32 bits
– Arithmetic immediates ops are sign extended to 32 bits (including addu)

• The data loaded by the instructions lb and lh are extended as follows:
– lbu, lhu are zero extended
– lb, lh are sign extended

• Overflow can occur in these arithmetic and logical instructions:
– add, sub, addi
– It cannot occur in addu, subu, addiu, and, or, xor, nor, shifts, mult, multu, 

div, divu
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Summary: Instruction Set Design (MIPS)

• Use general purpose registers with a load-store architecture: YES
• Provide at least 16 general purpose registers plus separate floating-point 

registers: 31 GPR & 32 FPR
• Support basic  addressing modes: displacement (with an address offset size 

of 12 to 16 bits), immediate (size 8 to 16 bits), and register deferred; : YES: 
16 bits for immediate, displacement (disp=0 => register deferred)

• All addressing modes apply to all data transfer instructions : YES
• Use fixed instruction encoding if interested in performance and use variable 

instruction encoding if interested in code size : Fixed
• Support these data sizes and types: 8-bit, 16-bit, 32-bit integers and 32-bit 

and 64-bit IEEE 754 floating point numbers: YES
• Support these simple instructions, since they will dominate the number of 

instructions executed: load, store, add, subtract, move register-register, 
and, shift, compare equal, compare not equal, branch (with a PC-relative 
address at least 8-bits long), jump, call, and return: YES

• Aim for a minimalist instruction set: YES


