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Processor Cheat Sheet




The Processor: Datapath & Control

* We're ready to look at an implementation of MIPS simplified to contain only:
e arithmetic-logical instructions: add, sub, and, or, slt

e arithmetic-logical instructions with immediates: addi, subi, andi, ori,
slt

* memory-reference instructions: 1w, sw
e control flow instructions: beq, Jr, 7, jal

* Generic Implementation:
* use the program counter (PC) to supply instruction address
e get the instruction from memory
* read registers
* use the instruction to decide exactly what to do

* Two sets of registers
* Architecturally visible: PC, Reg File
* Architecturally invisible: Multi-cycle physical registers, Pipe registers




The MIPS Instruction Formats

e All MIPS instructions are 32 bits long. The three instruction formats:

R-type

I-type

J-type

31 26 21 16 11 6
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
31 26 21 16
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
31 26

op target address

6 bits

26 bits




The MIPS Subset

31 26 21 16 1 6 0
op rs rt rd shamt funct
*addrd,rs, rt 6bits  5bits  Sbits  Sbits S bits 6 bits

e sub, and, or, slt
* jrrs =>Function Call / Function Call Return: jr Sra = jr Sr31

* R-type

31 26 21 16 0
 LOAD and STORE . .
op rs rt immediate
° l[wrt, rs, imm16 6 bits 5 bits 5 bits 16 bits
. .
sw rt, rs, iImm16 - - . 6 .
= BRANCH op rs rt displacement
. 6 bit 5 bit 5 bit 16 bit
* beqrs, rt,imml6 =~ s 1S tts
* JUMP
* jlabel

* jal label => Function call




'Category I

Instr Op Code Example Meaning

Arithmetic | add 0 and 32 | add $s1, $s2, $s3 $s1 =9s2 + $s3
(R format) | subtract 0 and 34 | sub $s1, $s2, $s3 | $s1 = $s2 - $s3
Data [load word 35 Iw  $s1, 100($s2) $s1 = Memory($s2+100)
transfer store word 43 sw $s1,100($s2) | Memory($s2+100) = $s1
(I format) load byte 32 Ib $s1, 101($s2) | $s1 = Memory($s2+101)

store byte 40 sb $s1,101($s2) | Memory($s2+101) = $s1
Cond. [br on equal 4 beq $s1, $s2, L if ($s1==%$s2)gotoL
Sranch br on not equal 5 bne $s1, $s2, L if ($s1 !=$s2) goto L

setonlessthan | 0 and 42 |slt $s1, $s2, $s3 if ($52<%$s3) $s1=1 else

$s1=0

Uncond. jump 2 j go to@
Jump jump register Oand8 |jr $t1 go to $t1

jump and link 3 jal (2500 go to@ $ra=PC+4

sra is the Return Address register, which is R31




'Namesapce Data Transfer Language

* is a mechanism for describing the movement and manipulation of data
between storage elements:

R[3] <- R[5] + R[7]
PC<-PC+4 + R[5]

R[rd] <- R[rs] + R[rt]

R[rt] <- Mem][R][rs] + immed]




First Step: Namespace Data Transfer
Language Implementation (Single Cycle)

® arithmetic-logical instructions:
add, sub, and, or, slt

- PC <- PC + 4
— RegFile[rd] <- RegFile[rs] + RegFile|[rt]
® arithmetic-logical instructions with immediates:
addi, subi, andi, ori, slt
- PC <- PC + 4
- RegFile[rt] <- RegFile[rs] + sign ext (imm)
® memory-reference instructions: 1w, sw
- PC <- PC + 4
- RegFile[rt] <- Mem[rs + sign_ext (imm) ]
- Mem[rs + sign_ext(imm)] <= RegFile[rt]
® control flow instructions: beqg/bne
- if (rs ==/'= rt) {PC <- PC + sign ext(imm << 2)} else {PC <- PC + 4}
® jump instructions:
— Jjr : PC <- RegFile|[rs]
- Jj: PC <- {PC[31:28], target address << 2}
jal
- RegFile[31] <- PC + 4 // $r31 = $ra = return address register
- PC <- {PC[31:28], target address << 2}




jump instruction:

32-Bit Jump Address:

PC:

0000101011000101 0001 010001100010

op-code 26-bit target field from
jump instruction

Shift Left two
positions

01011011 000101000101 000110001000

High-order four bits from PC

010101100111 0110011100101001 0100




MIPS operands

poooNamer s ERampe D e D COMMBIS T D D U
$s0-$s7, $t0-5t9, Szero, Fast locations for data. In MIPS, data must be in registers to perform

32 registers $a0-%$a3, $v0-$vl, Sgp, arithmetic. MIPS register $zero always equals 0. Register $atis
$fp, $sp, Sra, Sat reserved for the assembler to handle large constants.
Memory[0], Accessed only by data transfer instructions. MIPS uses byte addresses, so

2% memory |MemoryHM], ..., sequential words differ by 4. Memory holds data structures, such as arrays,

words Memory[4294967292] and spilled registers, such as those saved on procedure calls.

MIPS assembly language

oCategary o dnstraetion sk Esarple s s eaning e e e s
add add $sl1, $s2, $s3 Ssl = $s2 + $s3 Three operands; data inregisters
Arithmetic subtract sub $sl, $s2, $s3 S$sl = $s2 - $s3 Three operands; data inregisters
add immediate addi S$s1, $s2, 100 Ssl = $s2 + 100 Used to add constants
load word lw $sl1, 100 ($s2) $s1 = Memory[$s2 + 100] [Word from memory to register
store word sw $s1, 100 ($s?2) Memory[$s2 +100] = $s1 |Word from register to memory
Data transfer |load byte b $s1, 100 (S$s?2) $s1 = Memory[$s2 + 100] [Byte from memory to register
store byte sb  $sl, 100 ($s2) Memory[$s2 +100] = $s1 |Byte from register to memory
load upper lui $sl1, 100 $s1=100*2 "8 Loads constant in upper 16 bits
immediate
branch on equal beq $s1, $s2, 25 if($s1 == $s2)goto Equal test; PC-relative branch
PC +4 +100
branch on notequal bne $s1, $s2, 25 if(ss1 !'= $s2)goto Not equal test; PC-relative
i PC +4 + 100
Conditional
branch set on less than slt $sl1, $s2, $s3 if($s2 < $s3) $s1=1; Compare less than; for beq, bne
elsessl =0
set less than slti $sl1, $s2, 100 if($s2 < 100) $s1=1; Compare less than constant
immediate elsessl =0
jump j 2500 go to 10000 Jump to target address
Uncondi- jump register jr Sra goto S$ra For switch, procedure return
tional jump jump and link jal 2500 Sra=PC + 4; go to 10000 |For procedure call




Putting it All Together: A Single Cycle Datapath

* We have everything except control signals

PC

g

Read
address

Instruction
[31 0]

Instruction
memory

|

PCSr
>Add l . M
X
ALU 0

> Add

result

RegWrite
|
Instruction [25 21] |Read
" |register 1 Read MemWrite
Instruction [20 16] Read data 1 > l
register 2 cend ALUSrc Zord MemtoReg
1 : ca
M [e| VLS data 2 1 > ALY re)gtlgcJ Address Read 1
¥ register M data
Instruction [15 11] [ x Write u l\d
1 > 0| Plgata Registers ’é - X
Write ~Data 0
RegDst » datg memory
Instruction [15 0] 16 [ sign |32 i
v | extend MemRead

Instruction [5 0]

ALUOp




Instruction [25-0] ~®\ Jump address [31-0]
- mz ~ A T L.
”U” PC + 4 [31-28] !' ~ i 1
b . —~— M M
Add 1 : ' : u u
. ] x X
“"._ ALU: - -
: (M e L
- \laft 2 : [\
" ‘YI .i.u':n!;h A\ _/‘.' L i '
( l', MemRead B
instrucsion [31-26] | | MemtoReg
3 I“ALUOp
, | MemWrite
\ ! ALUSrc
" RegWrite
S—
Instruction [25-21
e PC o MI e ? | l il :::?:‘” ' Read =
Instruction (2016 | Read data 'i z“_
Inssruction | G |register2 |
1 : —tnf . ,.;' ALU ALU Head )
[R1-0) M1 wre d‘;te:g .10 | | resul: Adress gata [ |
Instruction hmn{ib—"l x register s —ol oy i U
memory a\W, _J x| L | x|
[ ref Wrie g 2/
dets  Rogisters | (| | Deta || ™
= : - Wiile memory
| - ; data
Instruction [1 16 | \ 32 || § J
[15-98 e S0 LS aw
\ ." II mm |F
-_.\“ i /,' '-‘.' /lo
e W
Instruction [5-0) |




Instruction [25-0] ~®\ Jump address [31-0]
- mz ~ A T L.
”U” PC + 4 [31-28] !' ~ i 1
b . —~— M M
Add 1 : ' : u u
. ] x X
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e W
Instruction [5-0) |




Instruction [25-0] ~®\ Jump address [31-0]
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. ] x X
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" RegWrite
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\ ." II mm |F
-_.\“ i /,' '-‘.' /lo
e W
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Instruction [25-0] ~®\ Jump address [31-0]
- mz ~ A T L.
”U” PC + 4 [31-28] !' ~ i 1
b . —~— M M
Add 1 : ' : u u
. ] x X
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Instruction [25-0] ~®\ Jump address [31-0]
- mz ~ A T L.
”U” PC + 4 [31-28] !' ~ i 1
b . —~— M M
Add 1 : ' : u u
. ] x X
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Single Cycle

Single Cycle

= o R S CPI

CT




4

Why a Multiple Clock Cycle CPU?

* The problem => single-cycle cpu has a cycle time long enough to complete
the longest instruction in the machine

* The solution => break up execution into smaller tasks, each task taking a
cycle, different instructions requiring different numbers of cycles or tasks

* Other advantages => reuse of functional units (e.g., ALU, memory)

*ET = IC * CPI * CT

|

—
—




Breaking Execution Into Clock
Cycles

* Introduces extra registers when:

* signal is computed in one clock cycle and used in
another, AND

* the inputs to the functional block that outputs this
signal can change before the signal is written into a
state element.

* The goal is to balance the amount of work done
each cycle.

e Significantly complicates control. Why?




'I\/Iulti-cycle Review: Breaking Execution Into Clock
Cycles

* We will have five execution steps (not all instructions use all five)
 fetch
* decode & register fetch
* execute
* memory aCcess
e write-back




Cutting up Single Cycle

4

PCSr

PC

Read
address

Instruction

Instruction
memory

Sad AL

Registers
Read
register 1 Read
Read data 1
register 2
Write Read
register data2
Wirite
data
RegWriteI
16 Sign

1 extend

xC=

3 ALU operation

> Write

32

xC=

Read
data

Data
memory

Address

data

MemWrite

MemtoReg

—

*xC =

MemRead




xS

Multicycle datapath

Address

Wirite
data

Memary

MemData

Instruction

[25 21]

Instruction

[20 18]
Instructian
[rstruction

register

Instruction
[152 0]

Memary
data
ragister

g <

1

Read
> register 1
Read Read
register 2 data 1
Registers
Winte g Read
register  goi-o
Wiite
data

!

16 az
Sign
extend

A
B|——»u
4*1';1
_"2;(
3

ALUCu




omplete Multicycle Datapath

/_FI_C_I PCWriteCond/-\ PCSource
PCWrite /
ALUOp
N lorD | Outputs\
MemRead ALUSrcB
MemWrite| ontrol ALUSTEA
MemtoReg RegWrite
. (0] RegDst
IRWrite \ 5 0] fmote®
\ Q
F 3 1 [\l
Jump u
Instruction [25 (] %6 28 address [31-0] X
2
A}
Instruction .T
> PC 0 [31-26] > PC [31-28]
M Instruction L4 | Read M
)L(, Address [258 21] " | register 1 U
1 Memory Instruction || . | Read d%eaf » A X Zero
[20 18] S I ~ | register 2 “814 1 ALU
MemDats [m———. Instruct C Wit Registers reéllj_hj | AL OU i
nstruction L& M | WVitE Read o B
) (15 0] Instruction| u register  qatq o " 0 - /
= \é’\;?;e Instruction 15 11] I X Write 4 1 M /
register Q) data p— 2 ;I
Instruction 0 3
[18 0] M
u
X
»| Memory
data 18 si 32
register & a ign
g M lextend
Instruction [& 0]
>




Summary of execution steps

Step
Instruction Fetch

Instruction Decode/
register fetch

Execution, address
computation, branch
completion

Memory access or R-
type completion

Write-back

R-type

Memory
IR = Mem[P(]
PC=PC+4

A = Reg[IR[25-21]]
B = Reg[IR[20-16]]

We can use Namespace Data Transfer Language to describe these steps

Branch

ALUout = PC + (sign-extend(IR[15-0]) << 2)
ALUout = A + sign- if (A==B) then

ALUout=AopB

Reg[IR[15-11]] =
ALUout

extend(IR[15-0])

memory-data =
Mem[ALUout]
or
Mem[ALUout]=B

Reg[IR[20-16]] =
memory-data

PC=ALUout




Memory address
computation

ALUSrcA =1
ALUSrcB =10
ALUOp =00

Q, PCSource = 01
= \\’
5 A
2 | Memory Z Memory .
Q y access access R-type completion
5 7
MemRead MemWrite RegDst = 1
lorD =1 lorD =1 RegWrite
MemtoReg = 0
Memory read
completon step
RegDst = 1
RegWrite -

MemtoReg = 0

Start

@Q

Instruction fetch

N
>
@Q
ot
) $\

Execution

ALUSIrcA =1
ALUSrcB = 00
ALUOp =10

MemRead
ALUSrcA =0
lorD=0
IRWFrite
ALUSreB = 01
ALUOp =00
PCWrite
PCSource = 00

Branch

ALUSIrcB = 00
ALUOp =01
PCWriteCond

Instruction decode/
register fetch

ALUSIrcA =0
ALUSreB = 11
ALUOp = 00

)

Op

Jump
v completion

PCWrite
PCSource =10




4

Single Cycle vs. Multi-cycle

Single Cycle

Multi-cycle
lw

SW

beq

r-type

= o R S CPI

CT




IF = 200ps
ID = 200ps
EX =200ps
M = 200ps
WB = 200ps

A coworker at MIPS told you she thinks she can improve the
MIPS single cycle processor performance. She tells you that she
wants to remove base+displacement memory addressing and
replace it with register direct addressing since only 10% of
instructions are memory instructions which use a non-zero
displacement.

Your coworker asks you whether or not this would be a good idea. You say?
(Hint. Think about implications to the ISA as well as hardware)

A

B

Yes IC stays the same. CPI stays the same. CT decreases
(20%)

Yes IC increases by ~10%. CPI stays the same. CT decreases
(20%)

No IC stays the same. CPI stays the same. CT increases
(20%)

No IC increases by ~10%. CPI stays the same. CT stays the
same.

No IC stays the same. CPI stays the same. CT stays the same.

Complexity increases.







What type of processor encouraged having many
different CISC instructions?

. Processor Type | Best explanation

A  Single-Cycle Specialized CISC instructions improved performance

B Single-Cycle The specialized nature of CISC instructions meant a variety of
instructions were needed just to perform most tasks

C Multi-Cycle Specialized CISC instructions improved performance

D Multi-Cycle The specialized nature of CISC instructions meant a variety of
instructions were needed just to perform most tasks

37




Suppose you work on an embedded multi-cycle MIPS32 processor
and your software team tells you that every program which executes
has to go through memory and zero 1k bytes of data fairly often
(averages 10% of ET). You realize you could just have a single
instruction do this called zerolk (rs) which does:

M([rs] =0 ... M[rs+1020] = 0.

Your coworker thinks you are crazy. You reply?

A Yes
B Yes
C No
D No
E Maybe

The complexity of such an instruction combined with no
performance gain is just silly.

The complexity of such an instruction combined with
minimal performance gain (<5%) is not worth it.

The minimal performance gains (<5%) still rationalize this
simple instruction.

The significant performance gains (>5%) clearly rationalize
this complex instruction.

None of the above.







Complete Multicycle Datapath

v

PC

PCWriteCond/-\ PCSource

e CF

Jump
address [31-0]

PCWrite /
ALUOp
lorD I Outputs\
MemRead ALUSCB
MemWrite| ontrol ALUSIeA
MemtoReg RegWrite
IRWrite \ [SOPO] RegDst
F 3
Instruction [25 0] 26 28
A}
Instruction
o [31-26] S PC [31-28)
Y] Instruction L4 o Read M
u Address [25 21] " | register 1 U
X
i Read X
1 Memory Instruction || . Read datga‘l o ] Zero
[20 18] ._L>(--\ register 2 ALU
MemData Instructi Y Wit Registers ALIE[J
nstruction M rite resu
B —- h Read .
_ [15 Ol T Instruction| u register  gata 2 " 0 — /
\é’\;ge Instruction s 1 x Write 1 M T
register W, data 2 Y
Instruction 0 3
[18 0] M
u
X
» Memory
data 18 ) 32
register & a Sign
M lextend
Instruction [& 0]

ALUO U il

= O

EA =




Complete Multicycle Datapath

v
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Complete Multicycle Datapath

v
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PCWrite /
ALUOp
lorD I Outputs\
MemRead ALUSCB
MemWrite| ontrol ALUSIeA
MemtoReg RegWrite
IRWrite \ [SOPO] RegDst
F 3
Instruction [25 0] 26 28
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Full ALU

Binvert Operation
Carryln |
|
a
Qo
1
> Result
b= 0 + 2
1
Less 3
-/
a. CarryOut
Binvert Operation

Carryln |
|

— Result

Less

Set

Overflow

detection Overflow

Binvert

Carryln

1

a0 —»|
b0 —>»

»

Carryln

Consolidate to 3 wires since
Binvert and ClIn are always the

Same

Operation

what signals accomplish:

ALUO
Less
CarryOut

I

al —
b1 —]
0 —]

Carryin
ALU1

Binvert CIn Oper

» ResultO

and?
or?

add?
sub?

Less
CarryOut|

L4

a2 —]
b2 —
0 —

Carryln
ALU2

» Result1

beq?
slt?

Less
CarryOut|

!

.

iy

a31 —»
b31 —>]
0 —>

Carryln f—— Result31

ALU31

» Result2

Set
» Overflow

Less




ALU control bits

Opcode (31-26) Function code (5-0)

* Recall: 5-function ALU ALU contrd input  Function | Operations
000 And | and
0,011 Or or
010 Add | add, lw, sw
110 Subtract | sub, beq
111 Sit st

* based on Opcode (31-26) and Function code (5-0) from instruction
* ALU doesn’t need to know all opcodes--we will summarize opcode with ALUOp (2 bits):
00 - lw,sw 01-beq 10 -R-format

ran o
Mai 6 ALU Al IC;Z l
7 am _AUC.LQ.L}L>ControI 3

p 6 Control




Generating ALU control

Instrudion | ALUOp | Instruction | Function | Desired | ALU
opcode operation code ALU | contrd
action input
w 00 load word | X0000¢x aad 010
Sw 00 soreword | X0000x add 010
beq 01 prancheq |>xooxxx | subtract | 110
R-type 10 add 100000 |[add 010
R-type 10 subtract 100010 |subtract | 110
R-type 10 AND 100100 [and 000
R-type 10 OR 100101 |or 001
R-type 10 st 101010 |skt 111

-y

Essentially a truth table, and

we can design logic to do this.




