Chapter Four
The Processor: Datapath and Control



4.1

Introduction

A Basic MIPS Implementation

We're ready to look at an implementation of the MIPS
Simplified to contain only:

— memory-reference instructions: lw, sw

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

control flow instructions: beq, 7

Generic Implementation:

use the program counter (PC) to supply instruction address
get the instruction from memory

read registers

use the instruction to decide exactly what to do

All instructions use the ALU after reading the registers

Why? memory-reference? arithmetic? control flow?



An Overview of the Implementation

« For most instructions: fetch instruction, fetch operands, execute,

store.
« An abstract view of the implementation of the MIPS subset showing
the major functional units and the major connections between them
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« Missing Multiplexers, and some Control lines for read and write.



Continue

« The basic implementation of the MIPS subset including the necessary
multiplexers and control lines.
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« Single-cycle datapath (long cycle for every instruction.
 Multiple clock cycles for each instruction>



4.2 Logic Design Conventions

* Combinational elements & State elements

State elements
 Unclocked vs. Clocked
 Clocks used in synchronous logic
— when should an element that contains state be updated?

Falling edge

A
N

Clock period Rising edge

A
\



Clocking Methodology

An edge triggered methodology
Typical execution:
— read contents of some state elements,
— send values through some combinational logic
— write results to one or more state elements
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4.3 Building a Datapath

We need functional units (datapath elements) for:

1.

2.
3.
4

Fetching instructions and incrementing the PC.
Execute arithmetic-logical instructions: add, sub, and, or, and slt

Execute memory-reference instructions: 1w, sw
Execute branch/jump instructions: beq, j

1. Fetching instructions and incrementing the PC.
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2. Execute arithmetic-logical instructions: add, sub, and, or, and sl1t
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3. Execute memory-reference instructions: 1w, sw

lw $tl, offset value ($t2)
sw $tl, offset value ($t2)
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4. Execute branch/jump instructions: beq, j

beg $tl1, $t2, offset
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Creating a Single Datapath

« Sharing datapath elements

Example:

Show how to built a datapath for arithmetic-logical and memory reference
instructions.
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Now we con combine all the pieces to make a simple datapath
for the MIPS architecture:
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4.4 A Simple Implementation Scheme

The ALU Control
- TR
T —— R TN e

OOOO
0001
0010
0110
0111
1100

OR
add
subtract

set on less than

NOR

o o

X 1 X X X X X X 0110
1 X X X 0 o 0 o Q010
1 X X X +] 0 1 0 0110
1 X X X ¥ 1 ¥ 0 OO
1 X X X +] 1 0 1 Q001
1 X X X 1 o 1 o o111

AGURE 5.13 The truth table for the three ALU control bits (called Operation). The inputs

Instruction Instruction Desired ALU control
opcode operation ALU action input

SW
 Branch equal
R-type
ﬁpe
Rtype
R-type '
\?Wpe

FIGURE 5.12

00

01

10

10
10

10

load word

store word
branch equal

add
subtract
AND

OR

10 1 set on 'Irciaiss than 1

XXXXXX
XXXXXX
XXXXXX
100000

100010 7%

100100
100101
101010

How the ALU control bits are set depends on the ALUOp control bits and
the different function codes for the R-type instruction. The opcode, listed in the first column,

0010
add 0010
subtract 0110
add 0010
subtract 0110
and 0000
|or 0001
|setonlessthan =~ 0111 |

|
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Designing the Main Control Unit

sl
A
0 rs rt rd shamt funct
31:26 25:21 20-16 15:11 10:6 5.0
add $sl, $s2, $s3
{1y
base § EY
35 or 43 rs rt \ address
31:26 25:21 20-16 15:0
1w Ss1, 100($s2)
SW $sl, 100 ($s2)
>
o )
4 rs rt address
31:26 25:21 20-16 15:0

beqg $sl, $s2,

L
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instrucsion [20:16] Read data 1 ALUST Zoro |- MemioReg
Inesruction | [ register 2 ALY
131:0] L Read| | o AL of Adoress ead Lo
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Instruction [15:0] % | sign }_\_ / i
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signal ixoicoalces ALUOY
name Effect when deasserted Effect when asserted

RegDst The régister destination number forthe | The register destination number for the Write
Write register comes from the rt field (bits | register comes from the rd field (bits 15:11).

20:16).
| RegWrite None. The register on the Write register input is
written with the value on the Write data input.
ALUSrc The second ALU operand comes from the = The second ALU operand is the sign-extended,
second register file output (Read data 2). lower 16 bits of the instruction.
| PCSrc The PC is replaced by the output of the | The PC is replaced by the output of the adder
adder that computes the value of PC + 4. | that computes the branch target.
MemRead | None. Data memory contents designated by the
address input are put on the Read data output.
MemWrite | None. Data memory contents designated by the
address input are replaced by the value on the
| Write data input. 1 5
MemtoReg | The value fed to the register Write data | The value fed to the register Write data input
input comes from the ALU. comes from the data memory.
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R format
Tw
Sw

1

| beq

FIGURE 5.18 The setting of the control lines is completely determined by the oncode fields of the instruction. The first row of
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Finalizing the Control

T TN

Awiori | awope | e [Fa [P | 72 |||
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FIGURE C.2.1 The truth table for the three ALU control bits (called Operation) as a func-
tion of the ALUOp and function code field. This table is the same as that shown Figure 5.13.

L B L L
X i x X X X X X

1 X X X X X 1 X

a. The truth table for Opemstion2 = 1 (this table comesponds to the left bit of the Opearation fisld in Figurs
C.2.4)

Function code fialds

[0 | I I (= I
X X X X X X

0 X
X X X X X 0 X X
b. The truth tabla for Opsrationl = 1

R . B O st o
w [ m [ = [ A w
1 X X X X X X 1

1 X X X 1 X x

. The truth table for Operationd = 1

FIGURE C.2.2 Thea truth tables for the three ALY control lines. Only the entries for which the
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ALUCE
L ] &1 1 control block
AL UCpO
ALUCp
F3 - Operation2
Fz2 - Cperation
Fis-) 1 | *
- F1
— OperationO
Fo ) >—

= Cperation

FIGURE C.2.3 The ALU control block generates the threa ALU control bits, based on the
function code and ALUOp bits, This logic is generated directly from the toath table in Figare 2.2, Only
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FIGURE C.2.4 The control function for the simple one-clock implamentation is com-

pletaly spacified by this truth table. This table is the same as that shown in Figure 5.22.
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Example: Implementing Jumps

Insiruction [25-0] Q\ Jumg address [31-0] |
e | OM2
| 26 8 =D
\_/ PC + 431-28] -
>m I L
! &
: ALL '
4= — Add s
| AegDst ol SR e
\__Jump left 2 S
Branch P 3
f Merm Road _'
Instruction [31-28] MemtoFeg
—_— — e—_
Control ALUIO
MemWrilo
ALUSrc
RegWrite
1
Instruction [25-21] Read
PC o Aead register 1 p
address Aead
| |Instruction [20-16) data ¥
| s Zero
Inesruction |1 1 | - ngvetas S ) ALU
[R1-0] |1 M Wras Aead | J0 - ”{\_:L_' Adcress 'ic':';g
Instruction nstrucsion [15-11] | x registar tama M A", : 3
memory = - X
T o Wrate = 4 -0
data  Reglsters Date
. Lol Writd memary
o data
Instruction [15-0§ ¢ 32 | \ ‘ 4
1 amond T | AW —
\ f control |
Instruction [5-0] I
000010 address
31:26 25:0 20



Why a Single-Cycle Implementation Is Not Used Today

Example: Performance of Single-Cycle Machines

Calculate cycle time assuming negligible delays except:
— memory (200ps),
— ALU and adders (100ps),
—  regqister file access (50ps)
Which of the following implementation would be faster:
1. When every instruction operates in 1 clock cycle of fixes length.

2. When every instruction executes in 1 clock cycle using a variable-length
clock.

To compare the performance, assume the following instruction mix:
25% loads
10% stores
45% ALU instructions
15% branches, and
5% jumps

21
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memory (200ps),

ALU and adders (100ps),

register file access (50ps)

45% ALU instructions
25%0 loads

109%o stores

15% branches, and
5% jumps

CPU clock cycle (option 1) = 600 ps.

Instruction .
class Functional units used by the inst;uction class

| AL { Re?gste? access

R-type Instructlon fetch \ Register access

Load word Instruct|on fetch Regrster access |

Store word lnstructlon fetch Reglster access:

| Branch Instrucnon fetch Reglster access |

Jump ‘ Instruction fetch I

AU Memory access

Reglster access

ALU Memory access
ALU

=

Usmg these critical paths, we can compute the reqmrcd length for each instruc-

Register
write

tion class:

Instruction | Instruction | Register ALU
class memory read operation memory
200 ]

R type 50 ‘ 400 ps

Load word 50 600 ps |

Store word 200 50 100 200 1550 ps

Branch ‘ 200 ‘ 50 100 0 350 ps

————=] - —— — 1

Jump 200 | ’ 200 ps

CPU clock cycle (option 2) = 400 x45% + 600x25% + 550 x10% + 350 x15% + 200x5%

600

Performanceratio = —— =
47.5

= 447.5 ps.
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4.5 A Multicycle Implementation

Imsiruciion
PG Sddrass reglster | Crata —"E
I I n:gmm >.i|.LI_.I | ALLIOUE
of daks - 1
Ao b= Register # —
D daia b B b
aa - B Registar L |

« Asingle memory unit is used for both instructions and data.
« Thereis asingle ALU, rather than an ALU and two adders.
« One or more registers are added after every major functional unit.
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Replacing the three ALUs of the single-cycle by a single ALU means that the
single ALU must accommodate all the inputs that used to go to the three
different ALUs.

o
P

Imstruction Fiaad i

Addrass [25-21] ogisier | o
Instructicn gy G _".T’_L.k
[20-15] - B

-

“HER

v
/
/

B/

a .l

'

5 | repiater 2 ” —
MamData e instruction | I:". Registers AL a1y ALLIOE -
M50 | |neiroction| U - \'ffﬂﬂ'mr Aead | [ T I'm.l__l‘!_ b
| Wte mmmﬂz regis datm2 (B [F0 >
B2 1] | reglster (5 1o Vit aY
Instruct M
|15.I—?|]|rII :T e | 3/
_l_ "'\—I I|' \‘lll llr__.d—\-\.\
| extend “'Q.ﬁ.z
|#.“1 Il' I| _F_,-"I
I‘-“\__
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Continue

Control signals:

« The programmer-visible state units (PC, Memory, Register file) and IR = write
Memory = Read

« ALU control: same as single cycle

« Multiplexor single/two control lines

lorD MamBRaad MemWme IRWms RagDs=t RegWrta ALUSIcA

Pe—=l] — L [nemucton Read )
u r~| Address [25-21) ose | poag | | Q"
] |x datat [ X
1 Instruction Read
= | Memory [20-16) - 1 Zero—o -
MomData e~ T—’@K g ALU
Instruction | M Registers AW ALUOUE
115-0] | | mstruction| u —» Write Read | 1] S
| Write [15-11] | X |register o wieB
e Instruction 1) i) P m
register P~ Wrie
: ~{S, [ [data 2 '
e y &
< N\ [ -
\ ™\
Memory 3 I sign | 32 N
] deta | extend | ot 2 ] L
register \ / N control
.
NS
Instruction [5-0]

MarmtoRaeg ALLSecB ALLUOp
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Three possible sources for the PC:

1. PC+4

2. ALUOut : address of the beq
3. Address forjump (3)

PC write control signal:

PCWrite : PC+4 and jump

PCWriteCond : beq

*  PCWnseCond PCSource
PCWrae | O.Mp.nl.s “ ALUOp
lorD ;
! ALUSeB
MenRoad | Control —
MaomWrae 1 AL‘J‘:,'M
MomioReg | [&l RegVrite
IRWrie " RegDst
Jump 1
address
In n [25-0] 26 [31-0] 2
Ingsruction - L
3 [31-286]
W ——— | | memcton fead LoD
v Adcress [25-21) register 1 oo A E
— 1 Inesruction Aeag damal 'I Ll x
v Memory [20-16) | 5 register 2 g
MamData —p+ mm ! “ Wﬂhem ALUOUt |4
Instruction| U Read P
| Wirite 15-11) | X | | register mz—E 0_\‘,
data Instruction \J 4el1M
register /6\ Write » u
M data x
Instruction 3
[15-0] x it
= /
Memory | \
register T extend Qz/ _——
u\./'
Instructon [5-0|

4
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Effect when deasserted Effect when asserted

RegDst
RegWrite
|

ALUSICA
MemRead

 MemWrite
' MemtoReg
lorD

IRWrite -
PCerte
PCerteCond

ALUOp

ALUSIcB

PCSource

L

| The first ALU operand is the PC.

None.

None.

None.

‘The value fed to the reglster file Write data mput

| comes from ALUOut.

The PC is usedTo supply the address to the
memory unlt

j The register file destination number for the Write |
register comes from the rt field.

[ The reglster f|Ie destmatlon number for the Write reglster comes from the
rd field.

The general purpose register selected by the Write register number is
written with the value of the Write data input.

The flrst ALU operand comes from the A register.

Content of memory at the location specrﬁed by the Address input is put
on Memory data output

Memory contents at the location specified by the Address input is
replaced by value on Write data lnput

' The value fed to the register file Write data input comes from the MDR.
ALUOut is used to supply the address to the memory unit.

The output of the memory is written into the IR. |
The PC |s written; the source is controlled by PCSource

The PC is wntten rf the Zero output from the ALU is also active.

Actions of the 2-bit control signals

siminame | et Jeves

The ALU performs an add operation. o
T E)IW ~ |The AW performs a subtract operatlon o - 7 ‘
16'ﬁ ' The funct field of the mstructloh—detennrnes the ALU operatlon - ) ‘
00  |The second |r$lf to the ALU eomes from the B regrster .
01— 77: ?@ond mput to the ALU 7|s the const?nl[ v B 7 |
10 The second input to the ALU |s the srgn -extended, lower 16 bits of the IR.
11 The second mputito the ALU is the sign- eit?nded lower 16 bits of the IR shifted left
2 bits.
N ' O(T ’Output of the ALU (PC + 4) xs sent to the PC for wrmng
o o1 The contents of ALUOut (the ‘branch target address) are sent to the PC for writing.
o 167—‘ ) ThAeFmp target address (lRt25 '0] shifted left 2 bits and concatenated with
PC + 4[31:28]) is sent to the PC for writing.

FIGURE 5.29 The action caused by the setting of each control signal in Figure 5.28 on page 323. The top table describes the 1-bit
control signals, while the bottom table describes the 2-bit signals. Only those control lines that affect multiplexors have an action when they are deasserted.
This information is similar to that in Figure 5.16 on page 306 for the single-cycle datapath, but adds several new control lines (IRWrite, PCWrite,
PCWriteCond, ALUSrcB, and PCSource) and removes control lines that are no longer used or have been replaced (PCSrc, Branch, and Jump).
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Breaking the Instruction Execution into Clock Cycles

1. Instruction fetch
= t < p { — PCWrteCond \  PCSource
IR <= Memory[PC]; o =k POWI® | oyiputs | ALUOR
PC <= PC + 4; : "?":.’.. ALUS B
] o P
IR <= Memory[PC]; | orofog | 08, | RegiWite
Wrie ! RegDs )
MemRead i = ]
. n 26 [3 !:
IRWrite T | T
[31-26]
j— LD
lorD =0 hooss || | 52 et i 1Y ﬂ,
——————————————————————————————— wamory | | "o He—— 2 ragiter 2 i ek
MamData = nesruction |} M |y Reoteters ALUOut 4
PC <= PC + 4 ; o m‘ [15-0] lmlon ‘g register m‘E ‘ /(:—:‘_1
ALUSrcA =0 mer || a0 dus 2%
ALUSrcB =01 T Elf;j N h2
rcB = :
“'“;'::" I ‘\G(wlg {shm "
ALUOp = 00 (for add) rotte \ l,-»jl**@
hm&:nls-cl

PCSource =00
PCWrite

The increment of the PC and instruction memory access can occur in parallel, how?
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Breaking the Instruction Execution into Clock Cycles

2. Instruction decode and register fetch step
— Actions that are either applicable to all instructions
— Or are not harmful

A <= Reg[IR[25:21]];
B <= Reg[IR[20:16]];
ALUOut <= PC + (sign-extend(IR[15-0] << 2 );
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2. Instruction decode and register fetch step
A <= Reg[IR[25:21]];

B <= Reg[IR[20:16]];

ALUOut <= PC + (sign-extend(IR[15-0] << 2 );

7 ( ' *  PCWnteCond A PCSource
A <= Reg[IR[25:21]]; g =i PCWrte | Outputs |_ALUOp
lord p
B <= Reg[IR[20:16]1]; i MenRend | GO e
. . T ALUSreA
Since A and B are overwritten : ';“”":“" i ] m:;v =
emioReg | | reagyve
on every cycle = Done s ;.l-'*°| g o
__________________________________________ \ T Jump 1!_
address ug
ALUOut <= PC + (sign- i 9 L idm rzx'
extend (IR[15-0]<<2) ; e 3 [
. . . Head )]
This requires: - rogister 1 et y
ALUSrcA 9 0 o Resa M 1[ITILL
T |register2 o
ALUSrcB = 11 Instruction |y M Regiaters ALUOut {4+
[16-0] | finstnction| U m‘:lﬂ' M‘E o
ALUOp =» 00 (for add) o Withe smatrustion [ #1114 e oata 2 Tediw
register /6\ data 2x
) mnstruction M 3
branch target address will be h1s-0) l?{r//«\ st
stored in ALUOuL. [ 'Momory ||| | f: )
= \_/
Instruction [5-0]

The register file access and computation of branch target occur in parallel.
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Breaking the Instruction Execution into Clock Cycles

3. Execution, memory address computation, or branch completion

Memory reference:
ALUOut <= A + sign-extend(IR[15:0]);

Arithmetic-logical instruction:
ALUOut <= A op B;

Branch:
if (A == B) PC <= ALUOut;

Jump:
PC <= { PC[31:28], (IR[25:0], 2’'b00) };
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3. Execution, memory address computation, or branch completion

Memory reference:

ALUOut <= A + sign-extend(IR[15:0]);

ALUSrcA = 1 && ALUSrcB = 10
ALUOp = 00

Arithmetic-logical instruction.
ALUOut <= A op B;

ALUSrcA = 1 && ALUSrcB = 00
ALUOp = 10

Branch.

if (A == B) PC <= ALUOut;
ALUSrcA = 1 && ALUSrcB = 00
ALUOp = 01 (for subtraction)
PCSource = 01

PCWriteCond

Jump:

PC <= { PC[31:28],
PCSource = 10
PCWrite

(IR[25:0],2"b00)

I PCWnrseCond

PCWrae

Qutputs |

PCSource

weE S

ALUOp
lorD
Ty ALUSeB
MenRead | Control —
MomWrie 1 ALJ.ULA
MamioReg [&‘ RegWrte y
IRWrie ! RegDst o
Jump 1
Int n [25-0] @ l‘ 2
Ingsruction l—
R [31-26]
Wit Ingtruction Aead
u |+ Address [25-21) register 1 o
x
—1 Instruction Aead data 1
< | Memory [20-16) slee 2
MemData 0% |™®
Ingtruction |1 M . Registers
[16-0] | [Instruction u m:’ Read
o Wite ; JEESDINE, data 2
register o\ s+ Wiite
data
| 18] o1
15-0 H -
O N\
Memo | |
g 6 | sign l'f""@
reglster ) extend Qz/l‘
\ /'
Instruction [5-0f
};
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Breaking the Instruction Execution into Clock Cycles

4. Memory access or R-type instruction completion step

Memory reference:
MDR <= Memory [ALUOut]; MemRead

or }IorD=1
Memory [ALUOut] <= B; MemWrite

Arithmetic-logical instruction (R-type):

Reg[IR[15:11]] <= ALUOut; RegDst=1 RegWrite
MemtoReg=0

5. Memory read completion step

Load.
Reg[IR[20:16]] <= MDR; MemtoReg=1 RegWrite
RegDst=0

33



Breaking the Instruction Execution into Clock Cycles

Action for R-type Action for memory- Action for Action for
Step name instructions reference instructions branches jumps

Instructlon fetch

' Instruction decode/register fetch

Execution, address computation,
‘ branch/jump completion

Memory access or R-type
completion

Memory read completion

IR <= Memory[PC]
PC<=PC+4

A <= Reg [IR[25:21]]
B <= Reg [IR[20:16]]

ALUOut <= PC + (sngn -extend (IR[15:0]) << 2)

. ALUOut <= A op B

ALUOut <= A + sign-extend
(IR[15:0])

if (

==B)

PC <= ALUOut

Reg [IR[15:11]] <=
ALUOut

Load: MDR <= KAemory[ALUOut]
or
Store: Memory [ALUOut] <= B

Load: Reg[IR[20:16]] <= MDR

PC <= {PC [31:28],

(IR[25:0]],2'b00)}
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Defining the Control

Two different techniques to design the control:
— Finite state machine
— Microprogramming

Example: CPI in a Multicycle CPU

Using the SPECINT2000 instruction mix, which is: 25% load, 10% store, 11%
branches, 2% jumps, and 52% ALU.

What is the CPI, assuming that each state in the multicycle CPU requires 1
clock cycle?

Answer:
The number of clock cycles for each instruction class is the following:

Load: 5

Stores: 4

ALU instruction: 4
Branches: 3
Jumps: 3
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Example Continue

The CPl is given by the following:

CPU clockcycles Y Instruction count; x CPI,
Instruction count Instruction count

CPI =

CPI = Z Instruction count, <CPI,

Instruction count
The ratio

Instruction count

Instruction count

is simply the instruction frequency for the instruction class i. We can therefore
substitute to obtain:

CPI =0.25x5 + 0.10x4 + 0.52x4 + 0.11x3 + 0.02x3 = 4.12

This CPIl is better than the worst-case CPI of 5.0 when all instructions take the
same number of clock cycles.
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The complete finite state machine control

SN ch
Inssruction fes nistrisction decods)

/ \ regster fesch

ALUSTA
- / \
mwm USrcA
)
PCWite

\ 4

Memory address
corputation

Jump
complation

-y

| 'PCSoume-10|

1
|
l\M_LDp-1D | Pcmnmvu ‘I \

Mamory
access H-{ype completian

D=1 | forD = 1 Wﬂ-
\ -/ / l@mm =0

Mamory read
compieton step
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Continue

* Finite state machine controllers are typically implemented using a
block of combinational logic and a register to hold the current state.

Combinational
controd logic Daiapath conlrel outputs

inputs
EREEREEEES f B T T
| Next slate
' 8 "m 'w " >wile fo_f U
registor opcode field R
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4.6 EXxceptions

Exceptions
Interrupts

Type of event

From where?

MIPS terminology

I/O device request External Interrupt

Invoke the operating system from user program | Internal Exception

Arithmetic overflow Internal Exception

Using an undefined instruction Internal Exception

Hardware malfunction Either Exception or interrupt
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How Exception Are Handled

To communicate the reason for an exception:
1. a status register ( called the Cause register)

2. vectored interrupts

Exception type

Exception vector address (in hex)

Undefined instruction

C000 0000,

Arithmetic overflow

C000 0020,

41



How Control Checks for Exception

Assume two possible exceptions:
= Undefined instruction
=  Arithmetic overflow
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Continue

| Cﬁlr.ﬁfi\\"i'h
{ —  PCWrieCeng /—\'7 IniCause
= SCVirtn | \ EPCwwme
oD I‘ - 'l PCSoutce
- .. 1
MamAsay | Control ALU‘OD
Mecirte | L.—M poed
‘ | op [ ALUSTA
MemioReg |\ [5-0) [ Regwrile
EWirtin \ FegDet o
' Jump -
addrozs u
e o2 Lo 2
m%u‘a“g M| woomaof\s
' . PC |31-26]
Pe Ingtruction Raad L) -
U [+ Address [25-21] regster 1 o = M
" data 1 ¥ED
B\, Instruction _ Read ‘I I'( . i
MomDara 9= (o= LD |regster2 L/ ‘ {
a0 [ u P ALUOU! | £pc
[15-0) | [mmt U Wrile Bead N ‘
Weia [15-11] | X | |regsier oo oteB 0 .
™ datn Instruotion 1 1M
' 1 "’ 3 O—w—\ R
g 3 " ': Cause
I - ~ / " 5 |
| e | 18 | \ 32| /oo ALY L i\,
5 | »k j‘ | control |

- d

The multicycle datapath with the addition needed to implement exceptions



Continue

o l nstuction 18 ncinsction decode!

MemRasd PN ekt
0/ ALUSA=0 V \
loD =0 \
- \ { ALUSTCA=0

(Op = J)

Jump

Memory address
computaticn complation
Y amen Vo X
ALUSmA = 1 \ \ /' ALUSH"S = 00 { PCWrita |
| ALUSIeB = 10 | ALUScB =00 | =M\ (adec [
ALUOPp =00 / \ ALUOp-10 ) | ALUOp=01 \ ey
\ \d / | PCWrileCond |
NG L ' PCSource =01 /
; * \ / T
=] ~——
5 | Memory Memory
Q access ACCUSS R-type complesion  irSaiae e
3 - 5 - '\ 7 = 1 /ImCawo =l 10 Inleso-o\
/ \ / CausaWrile CauseWrte
MemReed | | Memwrite | [ RegDsta1 \Overflow f USTcA =0 [ AWScA=0 |
D=1 | | loD=1 || ReoWrte [ Auseseor | ( Ases-or
/ /| MemioAleg = 0 ' ALUOp = 01 ; ALUOPp = 01 )
EPCWVrite '
PCSourca = 11

|.
\ ,/ \_, / \ / / \ 'i,c"cmw'""' /o
== Pcsi)umi - /

Wérite-back step Overflow ‘IV

The finite state machine with the additions to handle exception detection
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Appendix B
The Basic of Logic Design



B.3 Combinational Logic

Decoders:

TS T o ot o o | o [ o o

i) ] ] ] 0 3] 7] ] ] ] 1
= Cuil o i] 1 ] ] 0 7] ] 0 1 ]
= Dt o El ] ] [ 5] 5] ] i ] o
| ou o 1 1 ] o 0 0 1 ] ] n
1 o i ] o 0 1 ] i ] o
3 = Dut3
=y Decoder 1 n 1 ] [ 1 0 ] ] ] n
[ Duid 1 1 i ] 1 [ o ] i ] o
= Duts 1 1 1 i [ 5] 5] ] ] ] o
= Cuts
= Ot
b. The truth table for & 3-bit decoder

a. A 3-Df dechier

FIGURE B.2.1 A 20t decoder has 2 inpats, called 12, 11, and 10, and 2% = B outpants, called Outd o 0ut?. Only the cutput cor-
responding to the binary value of the imput is true, as shown in the truth table, The label 2 on the input to the decoder says that the input sigrnal is 2
bits wide.




Multiplexors

2%1 Mux:

a—={0

B—={1

Select Select

A 32-bit wide 2x1 Mux: * y “*3‘_'(1\_

324
u = O

[y |
324 X E
B \_ B3 ——= Y,
A0 ——=y
M
d P GIO
X

a. & 320 wide 2-10-1 multiplexcr b. The 3Z-0if wide muftiplexor 1= actually an amay
of 32 1-bit multiplexors



B.5 Constructing a Basic Arithmetic Logic Unit

A 1-Bit ALU

Camyin

b 1 Result
—
T
|



A 32-Bit ALU

. Oiperation
Operabon Carryin
— ¥
a Nz
Camyln | )
] ¥ 1 = ResuIt
at—.| Camyin =
ALLD Resulid
C—  camyout 2
o ) \—_J
|
; |
al —s|  SEmyin CamyQut
- AL Resuli
*|  camyouwm
r
a2 Camyin
oo AL Reswt2
*|  camyouwm

1 :

as1—s| CEmyin
AL Resutsi
b3 l—




Birreert Operation

Carmyin | Airnert Operation
Birmert Camyin
| B | |
— Tl o
) \ 1 REsUT _ J [
o +— ._7;1 ,/ 1 REsUR
] o )
INRE=EEY LA
o s 9
Dar;I;.IEI..'.
Carryout
NOR

A 1-bit ALU that perform AND, OR, - - —
addition and subtraction: a+b=a-b



Tailoring the 32-Bit ALU to MIPS

e slt

(a—b)<0= ((a—b)+b) < (0+b)

b
thatis,al ifzg?bﬁs negative and O if it’s positive = sign bit

Binwert Operation
Ammwert
Carryin
1
R al—s Camyin Resutd
Mirwers Operation o Cperation bo—= AL
| Blirveeri Camyin | Birreert Carryin Less
; ! 1 Caryou
-
i —T "{FD t -"‘-, ,-"'D'\. 3 J(JD_\'- I ﬂ'\__."’ ~
D: | . | L I-D:'J 1 T 1 l l
-, — p— i al—s| Gamyin Resut
| L 14 | ,_L — bl —s AL
b 00— Less
——= Resuli
_\“I 2 1-5 14 . _‘gﬂ -"nl _‘r Camyout
o o + Leg— =
+ Z
‘ 1NN
‘5/1 (s
I'M_,—"I Less 3 a2 —= Camyln Besulz
Less 3 f— B2 —s|  ALLZ
, Set 0— Less
Carryout
Overliow Overtiow
delectan
CamyOut l
o : l Carryin i
— '
I — Carmyin ——————————————————= Resultd
DE1—s|  ALUS ==
0— Less Orerfiow




The final 32-bit ALU

Daaa AND
Snegate Operation
Airnen ool oR
lT l | o040 =dd
20— Camyin — 2140 subtract
bo— ‘E‘;’;': —"_T_"' oddd ==t on l=ss than
CaryOut 1100 MNOR
Syl
a1 —= camyn
Besulti
B — ALLH £
0 —s| Less T—*"‘.
Carryout Ejl Ter
l AL operation
14
az—=| camyn
Y Y Result?
0—= Less
CarryDut o
NI ! zer0
i : i Camyin i i
—} | T AL Aesut
a1 —] Camyn |- BEslti Crverfiow
31— ALLE1 et
00— Less = Overfiow b




B.8 Reqister Files

mead register
riurrizer 1

mead regisier
nurmizer 2

Read register
number 1 mead
Read register data
niurnber 2
. Register file
Wiile
regisier data 2
write
data Wiite:
L Wie
Reg:sier o "-—1‘1
Reg:ster 1 "
u ead data 1 Register nurber
; k3
Register n—2
Regizter n—1 \ J,l
L
LAl
u =ead data 2
k3

Regisier dafa

r-io-2n
decoder

Regisier D

U

Regisier <

Regisier n—2

U L%
T

Regisier n—1




5.5 A Multicycle Implementation

Imsiruciion
PG Sddrass reglster | Crata —"E
I I n:gmm >.i|.LI_.I | ALLIOUE
of daks - 1
Ao b= Register # —
D daia b B b
aa - B Registar L |

« Asingle memory unit is used for both instructions and data.
« Thereis asingle ALU, rather than an ALU and two adders.
« One or more registers are added after every major functional unit.



Continue

Replacing the three ALUs of the single-cycle by a single ALU means that the
single ALU must accommodate all the inputs that used to go to the three
different ALUs.

Instraction Fiagd -

Addrass [25-21] ragister 1 dgg:?+.l. E_-‘HHH._
Irstructon Foa gl | 1- Eﬂrﬂﬂ+

-

[21]'—1E| ‘T "J_H“l mwri - s e
MamData e instruction | I:". Registers AL a1y ALLIOE -
115-0] | | instruction| U Kfﬁmr e M ?E_ Bl
*E i Il | 1) data # _|‘_:1“ -
= e
Instruction '."' 3 J
[15-04 = Kf—
_|_ 1 /! \".
| { o | 2] o)
! am B8 I"‘“‘Q-'”- H
I"Iﬂl‘llf Illll- I| _F_,-"I
L




Continue

Control signals:

« The programmer-visible state units (PC, Memory, Register file) and IR = write
Memory = Read

« ALU control: same as single cycle

« Multiplexor single/two control lines

lorD MamBRaad MemWme IRWms RagDs=t RegWrta ALUSIcA

Pe—=l] — L [nemucton Read )
u r~| Address [25-21) ose | poag | | Q"
] |x datat [ X
1 Instruction Read
= | Memory [20-16) - 1 Zero—o -
MomData e~ T—’@K g ALU
Instruction | M Registers AW ALUOUE
115-0] | | mstruction| u —» Write Read | 1] S
| Write [15-11] | X |register o wieB
e Instruction 1) i) P m
register P~ Wrie
: ~{S, [ [data 2 '
e y &
< N\ [ -
\ ™\
Memory 3 I sign | 32 N
] deta | extend | ot 2 ] L
register \ / N control
.
NS
Instruction [5-0]

MarmtoRaeg ALLSecB ALLUOp



Continue

Three possible sources for the PC: PC write control signal:
1. PC+4 PCWrite : PC+4 and jump
2. ALUOut : address of the beqg PCWriteCond : beq

3. Address for jump (5)

! powrseCond [/ \  PCSource
PCWrae | O.Mp.nl.s “ ALUOp
lorD ;
! ALUSKeB
MenRoad | Control —
MomWrie 1 AL‘J‘:,'M
MomioReg | [&l RegVrite
IRWrie ! RegDst 0
& Jump q M
address o
In n [25-0] 26 [31-0] 2
Ingsruction - L
3 [31-286]
4 Ml Instruction Read e
u Address [25-21) register 1 Read ‘[—; E
x
1 Instruction Read data 1 Ll x
3/ Memory [20-16) | 5 register 2 g
MamData —9»= Instruction || M Reglsters ALUOut 1
[15-0] | [instruction| u || Write Read ~\
| Wirile 15-11] | X | | reqister mz‘E 0
dala Instruction J 4el1M
u
2x

il
N |83
-

S

8

k]
ua“..:.r ™ extend }‘\—"’Qz/}‘ control

Kol il

Instructon [5-0|




Continue

Effect when deasserted Effect when asserted

RegDst
RegWrite
|

ALUSICA
MemRead

 MemWrite
' MemtoReg
lorD

IRWrite -
PCerte
PCerteCond

ALUOp

ALUSIcB

PCSource

L

| The first ALU operand is the PC.

None.

None.

None.

‘The value fed to the reglster file Write data mput

| comes from ALUOut.

The PC is usedTo supply the address to the
memory unlt

j The register file destination number for the Write |
register comes from the rt field.

[ The reglster f|Ie destmatlon number for the Write reglster comes from the
rd field.

The general purpose register selected by the Write register number is
written with the value of the Write data input.

The flrst ALU operand comes from the A register.

Content of memory at the location specrﬁed by the Address input is put
on Memory data output

Memory contents at the location specified by the Address input is
replaced by value on Write data lnput

' The value fed to the register file Write data input comes from the MDR.
ALUOut is used to supply the address to the memory unit.

The output of the memory is written into the IR. |
The PC |s written; the source is controlled by PCSource

The PC is wntten rf the Zero output from the ALU is also active.

Actions of the 2-bit control signals

siminame | et Jeves

The ALU performs an add operation. o
T E)IW ~ |The AW performs a subtract operatlon o - 7 ‘
16'ﬁ ' The funct field of the mstructloh—detennrnes the ALU operatlon - ) ‘
00  |The second |r$lf to the ALU eomes from the B regrster .
01— 77: ?@ond mput to the ALU 7|s the const?nl[ v B 7 |
10 The second input to the ALU |s the srgn -extended, lower 16 bits of the IR.
11 The second mputito the ALU is the sign- eit?nded lower 16 bits of the IR shifted left
2 bits.
N ' O(T ’Output of the ALU (PC + 4) xs sent to the PC for wrmng
o o1 The contents of ALUOut (the ‘branch target address) are sent to the PC for writing.
- 167—‘ ) ThAeFmp target address (lRt25 '0] shifted left 2 bits and concatenated with
PC + 4[31:28]) is sent to the PC for writing.

FIGURE 5.29 The action caused by the setting of each control signal in Figure 5.28 on page 323. The top table describes the 1-bit
control signals, while the bottom table describes the 2-bit signals. Only those control lines that affect multiplexors have an action when they are deasserted.
This information is similar to that in Figure 5.16 on page 306 for the single-cycle datapath, but adds several new control lines (IRWrite, PCWrite,
PCWriteCond, ALUSrcB, and PCSource) and removes control lines that are no longer used or have been replaced (PCSrc, Branch, and Jump).



Breaking the Instruction Execution into Clock Cycles

1. Instruction fetch
ste p " P PCWriteCond \ PCSource
IR <= Memory[PC]; e = PCwre | oypus | ALUD
PC <= PC + 4; : lorD | ALUS B
MemnRgacd | Control —
MaomWrie | i
IR <= Memory[PC]; | .:m.;n;, 2%y | Reawnte
M R q IRWirse '\ ! RegDst /6',
em ea Jump 1al
. In n [25-0] 26 [31-0] r 2‘!':
IRWTrite Inszruction L
[31-26] p
lorD=0 rooss ||| B2 e i NPY U
! s .,,Tm Resg 1| |21 \11-:
_______________________________ MamData —+ [——0 register 2
_ “"'m 1 M lw mwﬂ:“ | ALUOut 1+
PC <= PC + 4; 5 m. 15-11]) | X reqister mz—E : ‘:..1
ALUSrcA =0 e | A 2
15-0] H /~ \\i.
ALUSIrcB =01 LT\
| deta - o Sign ! shin :
ALUODp = 00 (for add) o : l.cﬂ-/'* 2
Instruction (5-0)

PCSource =00

PCWrite
The increment of the PC and instruction memory access can occur in parallel, how?
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Breaking the Instruction Execution into Clock Cycles

2. Instruction decode and register fetch step
— Actions that are either applicable to all instructions
— Or are not harmful

A <= Reg[IR[25:21]];
B <= Reg[IR[20:16]];
ALUOut <= PC + (sign-extend(IR[15-0] << 2 );



2. Instruction decode and register fetch step
A <= Reg[IR[25:21]];

B <= Reg[IR[20:16]];

ALUOut <= PC + (sign-extend(IR[15-0] << 2 );

7 ( ' *  PCWnteCond A PCSource
A <= Reg[IR[25:21]]; g =i PCWrte | Outputs |_ALUOp
lord p
B <= Reg[IR[20:16]1]; i MenRend | GO e
. . T ALUSreA
Since A and B are overwritten : ';“”":“" i ] m:;v =
emioReg | | reagyve
on every cycle = Done s ;.l-'*°| g o
__________________________________________ \ T Jump 1!_
address ug
ALUOut <= PC + (sign- i 9 L idm rzx'
extend (IR[15-0]<<2) ; e 3 [
. . . Head )]
This requires: - rogister 1 et y
ALUSrcA 9 0 o Resa M 1[ITILL
T |register2 o
ALUSrcB = 11 Instruction |y M Regiaters ALUOut {4+
[16-0] | finstnction| U m‘:lﬂ' M‘E o
ALUOp =» 00 (for add) o Withe smatrustion [ #1114 e oata 2 Tediw
register /6\ data 2x
) mnstruction M 3
branch target address will be h1s-0) l?{r//«\ st
stored in ALUOuL. [ 'Momory ||| | f: )
= \_/
Instruction [5-0]

The register file access and computation of branch target occur in parallel.



Breaking the Instruction Execution into Clock Cycles

3. Execution, memory address computation, or branch completion

Memory reference:
ALUOut <= A + sign-extend(IR[15:0]);

Arithmetic-logical instruction:
ALUOut <= A op B;

Branch:
if (A == B) PC <= ALUOut;

Jump:
PC <= { PC[31:28], (IR[25:0], 2’'b00) };



3. Execution, memory address computation, or branch completion

Memory reference:

ALUOut <= A + sign-extend(IR[15:0]);

ALUSrcA =
ALUOp = 00

1l && ALUSrcB = 10

Arithmetic-logical instruction.
ALUOut <= A op B;

ALUSrcA = 1 && ALUSrcB = 00
ALUOp = 10
Branch:

if (A == B) PC <= ALUOut;
ALUSrcA = 1 && ALUSrcB = 00
ALUOp = 01 (for subtraction)
PCSource = 01

PCWriteCond

Jump:

PC <= { PC[31:28],
PCSource = 10
PCWrite

(IR[25:0],2"b00)

I PCWnrseCond

PCWrae

Qutputs |

PCSource

ALUOp
lorD
Ty ALUSeB
MenRead | Control —
MomWrie 1 ALJ.ULA
MamioReg [&‘ RegWrte y
IRWrie ! RegDst o
Jump 1
Int n [25-0] @ l‘ 2
Ingsruction l—
R [31-26]
Wit Ingtruction Aead
u |+ Address [25-21) register 1 o
x
—1 Instruction Aead data 1
-~ '::"W [20-16) 5 register 2
mOata Ingtruction |1 M . Registers
[16-0] | [Instruction u m:’ Read
| Wite ; JEESDINE, data 2
register o\ s+ Wiite
data
| 18] o1
15-0 H -
O N\
Memo | |
g 6 | sign l'f""@
reglster ) extend Qz/l‘
\ /'
Instruction [5-0f
};

weE S
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Breaking the Instruction Execution into Clock Cycles

4. Memory access or R-type instruction completion step

Memory reference.
MDR <= Memory [ALUOut]; MemRead

or lorD=1
Memory [ALUOut] <= B; MemWrite

Arithmetic-logical instruction (R-type):

Reg[IR[15:11]] <= ALUOut; RegDst=1 RegWrite
MemtoReg=0

5. Memory read completion step

Load:
Reg[IR[20:16]] <= MDR; MemtoReg=1 RegWrite
RegDst=0

11



Breaking the Instruction Execution into Clock Cycles

Action for R-type Action for memory- Action for Action for
Step name instructions reference instructions branches jumps

Instructlon fetch

' Instruction decode/register fetch

Execution, address computation,
‘ branch/jump completion

Memory access or R-type
completion

Memory read completion

IR <= Memory[PC]
PC<=PC+4

A <= Reg [IR[25:21]]
B <= Reg [IR[20:16]]

ALUOut <= PC + (sngn -extend (IR[15:0]) << 2)

. ALUOut <= A op B

ALUOut <= A + sign-extend
(IR[15:0])

if (

==B)

PC <= ALUOut

Reg [IR[15:11]] <=
ALUOut

Load: MDR <= KAemory[ALUOut]
or
Store: Memory [ALUOut] <= B

Load: Reg[IR[20:16]] <= MDR

PC <= {PC [31:28],

(IR[25:0]],2'b00)}

12



Defining the Control

Two different techniques to design the control:
— Finite state machine
— Microprogramming

Example: CPI in a Multicycle CPU

Using the SPECINT2000 instruction mix, which is: 25% load, 10% store, 11%
branches, 2% jumps, and 52% ALU.

What is the CPI, assuming that each state in the multicycle CPU requires 1
clock cycle?

Answer:
The number of clock cycles for each instruction class is the following:

Load: 5

Stores: 4

ALU instruction: 4
Branches: 3
Jumps: 3

13



Example Continue

The CPl is given by the following:

CPU clockcycles Y Instruction count; x CPI,
Instruction count Instruction count

CPI =

CPI = Z Instruction count, <CPI,

Instruction count
The ratio

Instruction count

Instruction count

is simply the instruction frequency for the instruction class i. We can therefore
substitute to obtain:

CPI =0.25x5 + 0.10x4 + 0.52x4 + 0.11x3 + 0.02x3 = 4.12

This CPIl is better than the worst-case CPI of 5.0 when all instructions take the
same number of clock cycles.

14
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