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Single- vs. Multicycle Processor

e Single-Cycle Processor
® Separate instruction and data memories
® Read the instruction memory and read or write the data
memory all in one cycle
® Require a clock cycle long enough to support the slowest
Instruction (memory load), even though most instructions could be

faster
® 3 adders (one in the ALU and two for the PC logic)
® Adders are relatively expensive circuits, especially if they

must be fast
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Single- vs. Multicycle Processor
e Single-Cycle Processor
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Single- vs. Multicycle Processor

e Single-Cycle Processor controller
® Decoder + combinational logic

CLK
Cond,., ( )
ALUFlags.., 9
=
( \FlagW, .| &
5]
PCS B PCWrite
NextPC -
Opy —— RegW Q
0 €9 . RegWrite
MemW .
Funct,, —— MemWrite
" Decoder — IRWrite
Rd., —
0 AdrSrc
ResultSre,
ALUSrcA
ALUSrcB,
ImmSrc,.,
RegSrc,
ALUControl,,,

(a) Control Unit \ /
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Single- vs. Multicycle Processor

e Multi-Cycle Processor
® Combined memory for both instructions and data - feasible
® Read the instruction in one cycle, then read or write the data
In a separate cycle
® Break an instruction into multiple shorter steps
® The processor can read or write the memory or register file or
use the ALU
® Simpler instructions can complete faster than complex ones
® One adder -> reused on different steps
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Single- vs. Multicycle Processor

e Multi-Cycle Processor
® One adder -> reused on different steps
® Add a new nonarchitectural instruction register (IR) to hold
intermediate results between steps




X ,/1\ National Yang Ming Chiao Tung University

=X}z
‘,%-r Computer Architecture & System Lab

Single- vs. Multicycle Processor

e Multi-Cycle Processor
® The controller produces different signals on different steps during
execution of a single instruction
® Use a finite state machine (FSM) rather than combinational
logic
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Single- vs. Multicycle Processor
e MultiCycle Processor controller
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Multi-Cycle Processor
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Multi-Cycle State Elements

Replace separate Instruction and Data
memories with a single unified memory —
more realistic
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Multi-Cycle Datapath: Instruction Fetch

Step 1: Read 1w instruction from Instr memory

I-Type
31:20 19:15 14:12 11:7 6:0
immi1o rs1 |funct3 | rd op lw rd, imm(rsl)
12 bits 5bits 3bits  5bits 7 bits
| EMVrite:
CLK

FLl Iristr

— e
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Multi-Cycle Datapath: Instruction Fetch

o Step 1: Read lw instruction from Instr memory
o The PC contains the address of the instruction to execute
o The PC is connected to the address input of the memory
o The instruction is read and stored in IR so that it is available for
future cycles

IRWrite
o> The IR receives an enable CLK
signal, called IRWrite, _ |
which is asserted when | —

the IR should be loaded with
a new instruction

14
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Multi-Cycle Datapath: 1w

STEP 2: Read source operand from RF and

extend immediate
I-Type

31:20 15:15 14:12 11:7 6:0
imma1. rs1 funct3 | rd op lw rd, imm(rsl)
12 bits S5bits 3 bits 5 bits 7 bits
ImmSrcqa
CLE CLK CLK
v 1815 Rs1| . v U A

Instr/ Data — A 12 ==

Memory

: Re gster

— File

W—'/EH‘FImmEﬂ

15
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Multi-Cycle Datapath: Instruction Fetch

o Step 2: read the source register (r1) base address
o The bits of RD are connected to address input A1 of the register file
o The register file reads the register into RD1
o This value is stored in another nonarchitectural register, A

lw rd,

imm(rsl)

Rs1

ImmSréqa

.DA__

ImmExt 16
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Multi-Cycle Datapath: Instruction Fetch
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o Step 2: read the source register (r1) base address

® The 12-bit immediate must be zero-extended to 32 hits
® The 32-bit extended immediate is called ImmExt

® Do we need to have a register to hold the this imm constant value?

ImmSréqa

lw rd, imm(rsl)

Rs1 _||p.

ImmExt

17
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Multi-Cycle Datapath: Instruction Fetch

o Step 2: read the source register (r1) base address

® ImmEXxt is a combinational function of Instr and won’t change while
the current instruction is being processed
® There is no need to dedicate a register to hold this constant value

ImmSrca-a

Rs1 _||p.

lw rd, imm(rsl)

Extend ImmExt 18
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Multi-Cycle Datapath: 1w
STEP 3: Compute the memory address

I-Type
31:20 19:15 14:12 11:7 6:0
immi1g rs1 funct3 | rd op lw rd, imm(rsl)
12 bits 5bits 3 bits 5 bits 7 bits
ImimSre F'uLUCCII"ILfﬂIz;u
CLK CLK
Rs1) 43 WE3 01 A‘D Sreh
}3 ALUResult
sreg| <L

L 02 H-

CLK
PCNex | 3 ) RD
Instr { Data
Memory
— WD —1 A3 Register
o — W03 File
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Multi-Cycle Datapath: Instruction Fetch

o Step 3: The address of the load is the sum of the based

address and offset 1w rd,

o Use an ALU to compute this sum

o ALUControl Is set to 00 to perform the addition
o ALUResult Is stored in an register called ALUOut

Srch

ALUControlz-o

SrcB

;I;‘ ALUResult

imm(rsl)

CLK

B

|+| ALUOUL
L]

20
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Multi-Cycle Datapath: 1w

STEP 4: Read data from memory
I-Type

31:20 15:15 14:12 11:7 6:0

immy 1. rs1 funct3 | rd op lw rd, imm(rsl)
12 bits Gbits 3bits  5bits 7 bits

AdrSmc IRWrit 5 & UCont

S R A L j

— A3  Register
—{ WD File

Instr [ Data
Memory &
WD %
&

21
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Multi-Cycle Datapath: Instruction Fetch

o Step 4: load data from the calculated address in memory
o Add a multiplexer in front of the memory to choose the memory
address, Adr, from either the PC or ALUOut based on the AdrSrc
select

AdrSrc

pef ’

ALUOut

22
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Multi-Cycle Datapath: Instruction Fetch

o Step 4: load data from the calculated address in memory
o The data read from memory is stored in another nonarchitectural
register, call Data

o The address MUX permits us to reuse the memory during 1w Instr

AdrSrc

gt

ALUOut

23
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Multi-Cycle Datapath: Instruction Fetch

o Step 4: AdrSrc must have different values on different steps
o On afirst step, the address is taken from the PC to fetch a Instr
o On a later step, the address is taken from ALUOut to load data
o The FSM controller generates these sequences of control signals

X %ﬁ\ National Yang Ming Chiao Tung University

AdrSrc

m&. —_ |

ALUOut

zEQpEay

CLK

Data
24
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Multi-Cycle Datapath: 1w
STEP 5: Write data back to register file

I-Type

31:20 15:15 14:12 11:7 6:0
immyq.g rs1 [funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits
RegWrite [mm 5
LK LK

Instr/ Data
Memory

Rd

CLK ‘ CLK

lw rd,

S s

A3 Register
WD File

imm (rsl)

ResultSre, o

CLK

.

st |_]‘-‘-.I|I:'.: 0
L

— 1

25
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Multi-Cycle Datapath: Instruction Fetch

o Step 5: The data is written back to the register file

o Add a MUX on the Result bus to choose either ALUOut or Data
before feeding Result back to the register file WD3 write port

RegWrite ResultSre,

|

ey 0
11:7 Rd ) . 0

| 26
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Multi-Cycle Datapath: Instruction Fetch

o Step 5: The data is written back to the register file
o The RegWrite signalis 1 to indicate register should be updated
o While all this is happening, the processor must update the program
counter by adding 4 to the old PC

RegWrite Resultsre, 4

|

27
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Multi-Cycle Datapath: 1w
STEP 6: Increment PC: PC = PC+4

I-Type
31:20 19:15 14:12 11:7 6:0
‘ imma1. ‘ rs1 functa‘ rd ‘ op ‘ lw rd, imm(rsl)
12 bits Sbits 3 bits 5 bits 7 bits
PCWrite A S IRWrit RegWrite  ImmSt ALUSICALq ALUControlza ResultSreio
ALUSCE
o1 b LK CLK LK
Rs1] 7 WE3 L Srch [ LK
PCNext PC ) = H Inst Al D1 [Srea | \I
:Dk : len] o |aLuRresur [*]aLuou e
- J
= Instr / Data 02 = —[®@ s L 01
Memory =7 2 i 0 10
— f Register 4=
) o wD3  File
CLK /
Extend ImmExt
- —
Dt
Result
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Multi-Cycle Datapath: Instruction Fetch

o Step 6: Increment PC: PC +=4

o We can use existing ALU during fetch step because it is not busy
o Add source MUX to choose PC and the constant 4 as ALU inputs

X iﬁ\ National Yang Ming Chiao Tung University

PCWrite ALUSrchao ALYControlzo ResultSrcyo

ALUResult B9

—_

29

Result
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Multi-Cycle Datapath: Instruction Fetch

o Step 6: Increment PC: PC +=4
o A MUX controlled by ALUSrcA chooses either PC or register A

as SrcA
PCWrite | ALUSrchao ALUControlzo ResultSrcyo
ALY SrcB, 5
E
rcne | I [ sren

. I
- —~ |ALUResult oo
L SrcB /J l ] 01
i I 01 10
negister 4 10

Result
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Multi-Cycle Datapath: Instruction Fetch

o Step 6: Increment PC: PC +=4

o Another MUX controlled by ALUSrcB chooses either 4 or TmmExt
as SrcB

PCWrite | ALUSrchao ALUControlzo ResultSrcyo

Result
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Multi-Cycle Datapath: Instruction Fetch

o Step 6: Increment PC: PC +=4
o To update the pC, the ALU adds SrcA (PC) to SrcB (4)
o The result is written into the program counter

PCWrite ALUSrchao ALUControlzo ResultSrcyo

Result
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Multi-Cycle Datapath: Instruction Fetch

o Step 6: Increment PC: PC +=4
o ResultSrc MUX chooses the sum from ALUResult not ALUOut

o The PCWrite control signal enables the PC to be written only on
certain cycles

PCWrite ALUSrcAqvo ALUControlzo JResultSrcy o

Ea
=401
10

Result
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Multi-Cycle Datapath: sw

S-Type

31:25 24:20 19:15 14:12 11:7 6:0

Write data in rSZ to memory ‘ immay.s [ rs2 { rs1 ‘funct?: [ imma. ’ op ‘

7 bits Sbits 5Sbits 3 bits 5 bits 7 bits

sw rs2, imm(rsl)

MemWrite |RVW/nte ReaWrite  ImmS ALUSICA AL UControl
. CLK LK CLK C
LK
*CNext C nist Al RD1 H
PCNext f sl RD l_l Inst
}—_ EN
240 Rs2| . .
Instr/ Data o A2 RDZ =
Memaory R _E|
WD =1 4 Regist E
wpD3  File B
E &
Lk I’J"_,/l
Extend |
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Multi-Cycle Datapath: Instruction Fetch (sw)

o Step 1: Read a base address
o Read a base address from port 1 (RD1) of the register file and
extends the immediate sw rs2, imm(rsl)

MemWrite

Rs2

1
1egap

35
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o Step 1: Read a base address

Multi-Cycle Datapath: Instruction Fetch (sw)

o The ALU adds the base address to the immediate to find the

memory address

MemWrite

Rs2

21ega

SWw rs2, imm(rsl)

36
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Multi-Cycle Datapath: Instruction Fetch (sw)

o Step 2: Read RS2 from register file and write it into memory

o The Rd Is connected to the second port of the register file
o When the register is read, it is stored in a reqgister (WriteData)

MemWrite

Rs2

21ega

r sw rs2, imm(rsl)
|

37
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Multi-Cycle Datapath: Instruction Fetch (sw)

o Step 2: Read RS2 from register file and write it into memory
o The data is send to the write data port (WD) of the data memory to be

written

MemWrite

Rs2

21ega

r _ _ Sw rs2, imm(rsl)
|

38
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Multi-Cycle Datapath: Instruction Fetch (sw)

o Step 2: Read RS2 from register file and write it into memory
o The memory receives the MemWrite control signal to indicate that

the write should occur

MemWrite

X %ﬁ\ National Yang Ming Chiao Tung University

21ega

r sw rs2, imm(rsl)
|

39
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Multi-Cycle RISC-V Processor

CLK
Ty
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3 funct7s ALUSICB1.
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[ op ImmSreso
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CLK
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Multi-Cycle Control

High-Level View Low-Level View

CLK Zero
/—% Branch_‘—’j — PCWrite

i — | PCUpdate
PCWrite
AdrSrc control —— RegWrite
MemWrite| Unit Main [ MemWrite
— FSM [—— IRWrite
IRWrite ResultSrci,o ReSUItSTC,
ALUControl,.q OPso T —— ALUSICcB: .o
o ALUSrcB1 — i:“ssmw
H 0 —— rarc
D P ALUSICA ALU Decoder
2, funct3 |immsrey ALUOp1.0 same as
- funct7s | Reqwrite | single-cycle
funct3; g _Deilager_ ALUControl;q
Zero Zero funct?5 —
—/
Instr
OPs.0 Decoder ImmSrero
—
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Multi-Cycle Control

o The multicycle controller
The controller produces a sequence of control signals
o The combinational main decoder of the single-cycle processor is
replaced with a Main FSM in the multicycle processor

O

O

The Main FSM is a Moore machine Zero
= The outputs are only a function —
= Of the current state

Main
FSM

~

Branch| /_) PCWirite

— | PCUpdate

RegWrite

MemWrite

IRWrite
—— ResultSrcy.
—— ALUSIcBs.o
—— ALUSIcA:.0

OP&.o —‘5—

AdrSrc [ 42
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Finite State Machine (FSMSs)

e Next state determined by current state and inputs

e Two types of finite state machines differ in output

logic:

— Moore FSM: outputs depend only on current state

— Mealy FSM: outputs depend on current state and inputs

Moore FSM
CLK
next ) k ext k I |
inputs f ﬁ;a:E K state W Stale olgg;:gt outputs
Mealy FSM
CLK
M
inputs +—

next
next Yk k N
state |/ State] - Ly StAe TGPt L outputs
logic ‘ ogic
g

43
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Multi-Cycle Control: Instruction Decoder

Instr
0Ds. ImmSrc;.
Pe:0 Decoder LEL

op Instruction ImmSrc

44
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Multi-Cycle Control: Instruction Decoder

o The multicycle controller
o The instruction decoder computes these signals
= The ImmSrc is afunction of Op rather the current state
= The ALU Decoder and PC Logic are identical to those in the
single-cycle processor
= The Conditional Logic is almost identical to that of the single-
cycle processor v L

ALU

functd,; —i — AL UControl,..

) Decoder
furmct?s -

Instr
Decoder
L .

OPgg = ImmSrc, .o
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Multi-Cycle Control: Instruction Decoder

o The multicycle controller
o The NextPC signal forces a write to the PC when we compute PC+4

CLK
Cond,,, ( )
ALUFlags,., o
=]
( \Flagw, .| &
o
PCS 5 PCWrite
NextPC -
op ., 3 _
Pio RegW %— RegWrite
MemW .
Funct,, —— MemWrite
=0 Decoder ~— RWrite
!
Rd.,
0 AdrSrc
ResultSrc, 4
ALUSrcA
ALUSrcB,
ImmSrc, .,
RegSre,.,
ALUControl, 46

(a) Control Unit \ /
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Multi-Cycle Control: Conditional Logic

The multicycle controller
o Delay CondEx by one cycle before
sending itto PCWrite, RegWrite
and MemWrite
o Update conditional flags are not
seen until the end of an instruction

P -------------------
| |
| NextPC — l
[ res 2 ) eowrite |
: RegW il RegWrite :
I MemW o) MemWwrite |
| FlagW,, ——— ' o |
| [ = |
| o |
| J 3 !
i
| = :
| Conds, |
] 3:0 CLK I
l [:2] %7 Flagss.» l
| =1 ¢f l
| T g | g2 |
ALUFlags.,. = =0

| 9S3.0 CLK % = :
| 5
| %_ Flagsi.o | - |

(1] |
| o S~—

e [0]

l |
—— e . e S - -

(c) Conditional Logic
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Multi-Cycle Control: Main FSM

Zero

)

Branch g)* PCWrite

PCUpdate

Main
FSM

OPe:0

—— RegWrite
—— MemWrite
——— |IRWrite
—— ResultSrcq.
— ALUSIcBq.
— ALUSIrcAq.
—— AdrSrc

‘ ALUOFH;U

To declutter FSM:

* Write enable
signals (RegWrite,
MemWrite,
IRWrite,

PCUpdate, and
Branch) are 0 if not
listed in a state.

* Othersignals are
don’t care if not
listed in a state

48
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Multi-Cycle Control: Main FSM

e The Main FSM
o Produces multiplexer select, reqister enable, and memory write

enable signals for the datapath
o Enable signals (RegWi, MemW, IRWrite, and NextPC) are list

only when they are asserted; otherwise, they are O

49
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Multicvcle Processor Main FSM

State Datapath pOp
Fetch Instr «Mem[PC]; PC + PC+4
Decode ALUOut « PCTarget Resat

MemAdr ALUOUL « r51 +imm
MemRead Data «— Mem[ALUOut]
MemWB rd «— Data

MemWrite Mem[ALUOUY] « rd
ExecuteR  ALUOut«— rs1 oprs2
Executel  ALUOut« rs1 op imm
ALUWB rd «— ALUOut

51: Decode
ALUSrcA = 01
ALUSHcB = 0
ALUOp = 00

ALUSRE =10
ALUOpR = 00
ResultSre = 10

BEQ ALUResult = rs1-rs2; if Zero, PC + ALUOut - 7 " . —
JAL PC « ALUOUL ALUOU « PC+4 op = 0000011 (1%) ~ fop= N\ op= T op= . o
OR e /0110011 y, 0010011 “\4131111 R 1100011
op = 0100011 (aw) /" (Rtype) (-ype ALU)  “_(3al) . e
e T

-

52: MemAdr S6: ExecuteR 58: Executel

55: MemWrite
ResultSrc = 00

AdrSrc =1

MemiWrite

S57: ALUWB
ResultSrc = 00

ReglWrite

ResultSe = 00
AdrSrc =1

S4: MemWB
ResultSrc = 1
RegiWrite

ALUSITA = 10 ALUSITA = 10 ALUSTA = 10 ALUSTA = 01
ALUSTCB = 01 ALUSHS = 00 ALUSrE = 01 ALUSTE = 10
ALUOpR = 10 ALUOp = 10 ALUOp = 00

ResultSrc = 00

59: JAL

PCUpdate

510: BEQ
ALUSncA = 10
ALUSrcB = 00
ALUOp = 01

ResultSrc =00
Eranch

50
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Main FSM: Fetch

o The first step for any instruction
o Fetch the instruction from memory at the address held in the PC
o To increment the PC to the next instruction
o The FSM enters this Fetch state on reset

Reset

S0: Fetch
AdrSre=0
| R i

51
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Main FSM: Fetch

To read memory,
AdrSrc =0 ->the

address is taken from

he PC
Reset t e
PCWrite J 1
S0: !’elc:h AdrSre |contro I Rwr 1 t e IS
Rf;::;“ MemWrite | Unit .
IRWrite ResultSre, 4 asserte to erte Inst
ALUControl;, o .
Into Insr|Reg
e op ALUSresy,,
Ad I‘ S ]f C 3:. funct3 ImmSrcaa
funct?, .
5| RegW
50: Fetch 0 1] 1} 1 _EQLIED XX XX | XX XXX XX
Zero
’7\._J
Zero
CLK
A oidec
CLK CLK CLK 53
CLK .
WE 5 WE3 CLK
penext | [~] P o instr | B a1 rov HH A 10 |
ﬁ&-ﬁ-—-— - | ALUResult [ aLuout o
Instr | Data T Eo Rs2 a2 rDz H - s -
Memo & .
o y IE 117 Rd | ag Register 2 s 1
= WD3  File =]
& =1
CLK (_’J—/‘
=L Extend ImmExt

_DDala

Result 52
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Main FSM: Fetch

o The first step for any instruction

o ALUSrcA =10, so SrcA comes from the PC

o ALUSrcB = 10, so SrcB is the constant 4

o ALUOp =0, so the ALU produces ALUControl = 00 to make the
ALU add

o To update the PC with PC+4, ResultSrc =1 Reset
to choose the ALUResult

o NextPC = 1 toenable PCWrite

S0: Fetch
AdrSrc =0
AluSrcA =10

ALUSrcB =10
ALUOp =0

ResultSrc =10

IRWrite

NextPC

53
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51: Decode

PCMext |

50: Fetch
Wtk 5

Computer Architecture & System Lab

Decode

CLK
Recall that ImmSrc is determined
PCWrite:
Ry —_—} -
$1: Decode AdrStc | control by the Instruction Decoder
MemWrite| Unit
|RWrite ResultSre,g
. ALUContralzg
g ALUSrcByg
&0
o op ALUSrCA,
!D' funet3 |ymmsrc, ,
funct7, RegWrite
X 0 0 00 AA | XX AKX X
— Zern
S
Zero
CLK
J-]'C.'lll:iF’C
CLK CLK CLK 00
0n
WE . 1515 Rs1] 7 WE3 ___ A 1
ns
Olad , RD st ALUResult 5
1 2 24:20 Rs2 0
Instr | Data - AZ RDZ S ~ 01
Memory 7 :
Wb E = Rd f a3 Register %’ 4 — L
g wpz File 5
& &
CLK |___-—I"—'—
_E - T ImmExt
Data | ————

Result
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Main FSM: Decode

o The second step is to decode the instruction
o Read the register file and/or immediate
o The registers and immediate are select based on RegSrc and
ImmSrc, which are computed by the Instr Decoder based on Inst

S1: Decode

ALUSrcA =10
ALUSrcB =10
ALUOp =0
ResultSrc =10

55
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Main FSM: Decode

« The FSM proceeds to one of several possible states
o Depending on Op and Funct that are examined during the Decode
o If the instruction is a memory load or store

Compute the address by adding these base address to the zero-
extended offset

ALUSrcA = 10 to select the base address from the register file
ALUSrcB = 01 to select ImmExt

ALUOp = 0 so the ALU adds

The effective address is stored in the ALUOut register for use

on the next step -
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Main FSM: MemAdr

o« The FSM for memory read computation
o If the instruction is a

memory load or store Reset

o S2: computes the

memory address

S0: Fetch
AdrSrc =0
AluSrcA = 1

ALUSrcB = 10
ALUOp =0

ResultSrc = 10

IRWrite

S1: Decode
ALUSrcA=1(Q
ALUSrcB = 10
ALUOp =0
ResultSrc = 10

S2: MemAdr
ALUSrcA 10
ALUSrcB = 01
ALUOp = 0

57
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S % CLK
teh Y / : De (—%
. - | PCWiite
AdrSrc [control
, / /
s , _z)“ MemWrite | Unit
!/’j IRWrite: ResultSre, 4
op= molmi (Lw) ALUControl,.,
T ALUSICEB,
& =—op  [aLUSrcA
ifhgﬂrﬁﬁ¥ 2E _ funct3 -
L = T
ALUSEE - 01 EC PR IMMSre,g
ALUDg - 00 unctls | RegWrite
Zero
52: MemAdr |0 x L] 0 |>L‘_J i 00 10 M 000
Zero)
CLK
QldPC
CLK CLK CLK 55
CLK | I 01
WE 1515 Rs1 WE3 A cLk
PCNext | PCl A RD Instr Al RDT H it
Ll - ALUResut |f | ALUOut_ Iy
. : Rs2
Instr / Data = =21 A2 RD2 H ‘53'] SrcB 01
Memory & n:7 Rd ) :é| 1
WD 8 A3 Register g 3 _,_19—J
g wD3  File =
& &
CLK r_)'/
ELl Extend ImmEzxt

Result
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Main FSM: MemRead

« Read data from the memory and write it to the Reg

o To read from the memory
= ResultSrc =00, AdrSrc =1 to select the memory address

that was just computed and saved in ALUOut
= The address in memory is read and saved in the Data register

during the MemRead step

S3: MemRead

ResultSrc = 00
AdrSrc =1

59
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Main FSM: Read Memory

op = 0000011 (1w)

S$3: MemRead

ResultSrc = 00
AdrSrc =1

60
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53: MemRead O

PCNe:

S3: MemRead
ResultSrec = 00
AdrSrc =1

Computer Architecture & System Lab

PC\Writa

CLK

Adrsro

MemWrite

(Control
Unit

IRWrite

Resultsre, o

ALUControl;.

ALUSICB, g

op

ALUSrcA, 5

funct3

ImmSre,; 5

funct?s

RegWrite

Zero

| —

xx XXX

Zero

CLK

7lI!‘Z)IdF‘(:

CLK

_Q&

CLK

2l

WE

oo,

Instr

Instr / Data
Memory

WD

BlEQPEaY

CLK
|

CLK

Rs1 WE3

Al RD1

A2 RD2

A3 Register
wp3 File

CLK

7

B0

| I

ImmExt

S| ALUResult
-

sl

Result
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Main FSM: MemWB

o Data is written to the register file
o ResultSrc =01 to choose Result from Data and RegW is asserted
to write the register file — completing 1w instruction
o Finally, the FSM returns to the Fetch state to start the next
Instruction

S4: MemWB

ResultSrc = 01
RegW
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Main FSM: Write RF

’f/‘_u 2: Me m n:r%-\:

f . \
[ ALL .,

\ I
\E ) s
op= T
0000011
I__::'.!____ . —

",

Y
/ 53:: M !_ mRead \'\

54: MemWB
ResultSre = 01

Reag Wit

# 50:
Adr

™,

etch %
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Main FSM: Write RF Datapath

CLK
S4: MemWB
ResultSrec = 01 PCWite
RegWrite AdrSee|gontrol
hMemirite| Unit
IRWrite: ResultSrcin
ALU Control, ,
- ALUSICB 1o
o |ALUSKEA,,
M2 functd [mmsre
e
| 2 funct?s [ noavie
S4: MemWEB |0 x 0 0 Zero 1 00 o |xox XXX o1
N A
Zero
CLK
-
OlPC
CLK CLK CLK
CLK | |
WE WE3
PC Next pC Instr | RsT w1 rot HH L2
B Adrl RD e
|_-|-EN Rs2 m1
Instr / Data o =LY RD2 H .
Memo }_J
wD " E — B4 A3 Register g =
= wp3  File g
E g
iy r____J’-—"
na Extend Irmim Ect

Data

)

64
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Main FSM:

Fetch
Revisited

Computer Architecture & System Lab

Calculate PC+4
during Fetch stage
(ALU isn’t being
used)

Reset

ALUSrcA = 00
ALUSrcB =10

ALUOp = 00
ResultSrc = 10

7 Sl
2: MemAdr

| |
1

\o /

op =
0000011

(1w) _

rd ~
J 53: MemRead %

.
= S *,

/' S4: MemWB Y,

II
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Main FSM: Fetch (PC+4) Datapath

Reset CLK .
, Fetch Instruction and
PC\Write:
AGSIE Contro Increment PC
ALl!IScA - o0 MemWrite| Unit
ALUSrch -=10 IR\WNrite: ResultSre,.q
ALUOp =00 ALUControl
ResultSrc = 10 o ALUSreB1g
2CUpdatg —0P  [ALUSreA
= funct3 ImmSre,.
- ;
funct7, ReqWrite
50: Fetch 1 Zero 00 |10 L] 10
—
Zero
CLK
-
OlPC
CLK CLK CLK CLK
WE 1915 Rs1 WE3 A
PCMNe: I —_ Instr Al RD1 =
EN .ﬂu:lr_!___ EN ‘m-
1 3
Instr / Data T = RS2 a2 RrD2 H . o1
Memor E !
D y IE 17 Rd A3 Register %_ 0
= WwD3  File =
=3 &
CLK
a1 Extend
‘EDEE 1 ImmExt
66
Result
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Main FSM: MemWrite

e In sw instruction
o The data read from the second port of the register file is simply
written to memory
o In this MemWrite state
= ResultSrc =00and AdrSrc =1 to select the address
computed in the MemSrc state and save in ALUIQuit
= MemW is asserted to write the memory

S5: MemWrite
ResultSrc = 00
AdrSrc = 1
MemW
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Main FSM: sw

Reset

50: Fetch
Adrsre =0
IRWrite
ALUSrcA = 00
ALUScE =10
ALUOp = 00

R

op = 0000011 (1)
OR

op = 0100011 (sw)

-

S2: MemAdr
ALUSreA =10
ALUSrEB = 01

ALLIOp = D0

53: MemRead
RasullSre = 00
Adrsrc =1

S4: MemWB
ReasultSre = 01
RiegWrite
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PCWrite

Adrsre |control
MemWrite | Unit

S5: MemWrite
ResultSrc = 00
Adrsrc =1

|Sr|:.n

Ea SrcB

XXX

fero

2| ALUResult
-

MemVrite IRWrite ResultSrog
ALUControl; 4
ALUSrCE,
(4]
i op ALUSICA
funct |\mmsre,,
= funcit?s RegWrite
S5: MemWrite |0 1 1 0 Zero 0 o1 o |
 J
CLK
v'C:III:‘II:‘C
_ CLK CLK CLK 33""
|
o1
WE 1515 rs1| > WE3 A
Al RD1 10
PCNext | PC P A RD Instr |10
ol " = Rs2
Instr / Data 2 A2 RD2 H
Memory g 11:7 Rd -E| 01
WD 8 A3 Register = e
g wps  File =]
& B
CLK .
31:7 Exten
| Ext
|leﬂ[a | 'mmkx
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Main FSM: R-Type

Execute

D f'L"lLJ'I
5‘1 Decode
. || i | 0 ||
/ _/

20 GE

op = 0000011 |:J_|..r:| op=
OR 0110011
op = 0100011 (sw) (R-type)
él‘ﬂe m /Exec:uteR
|I || | .-"'. |I ALUSeA =10
SreB ALUSrcB=00 |
gQ:::: /I \ ALLIEIp—/
op= T op =
0000011 0100011

(w) ¥ (=w)
53 F.ﬂem% gm@ 'J'”FI[L"
Resuls
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CLK
S6: ExecuteR —~—
ALUSIcA = 10 PCWrite
ALUSKCE =00 kS
ALUOp =10 I \Control
MemWrite |  Unit
IRWrite ResultSron
ALUControlzq
o ALUSICBig
—°p ALUSrcA
M2 funet3 [\ mmsSre,,
= funct?s RegWrite
S6: ExecuteR |0 x 0 0 0 xx 10 |00 varies
Zero
L
Zero
CLK
<|7 oldPC
CLK CLK CLK CLK ‘55
? WE 1218 Rs1 : WE3 A - . CLK
Al RD1 H (1]
PCNext | PC o Adr RD Instr ALURe ALUOuL
1 A EN - esult ut 5
20
Instr | Data A2 ROZ H = (50 SrcB 01
Memory & 117 Rd 5 o1 10
& : N
WD e A3 Reg_lster 2 4 —d10
g wp3  File g
& i
CLK
n:7 mEﬂd I E N
e ——
Result
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: Fetch
4 Adisre =00 51 Dtr:ucn\\__
f it

Computer Architecture & System Lab
Main FSM: R-Type
" yp Necvpeas” N /
- op = 0000011 (1w) op
ALU Write Back o
op ?1[)-3!]11 (sw) X (R-type)

il --"'\-\._\ A /f,' e
AZ. I‘.“I:.*rﬂ.ﬂcr\\_l __./'-BE.. Execu mR\xl

f 1
| 1 | . .

\ J \
| J \
, /- b
., — --..___—'/ \‘\H
op= | op —
0000011 0100011

57: ALUWEB
ResultSrc = 00
ReegWrite

(w) ¥ (5w) I
-~ -
Ve x\ )4 . \
r.-/ 53: MemRead Y 55: MemWrite




National Yang Ming Chiao Tung University

S7: ALUWB
ResultSrc = 00
RegWrite

57: ALUWE 0

CLK

PCNex PC

Computer Architecture & System Lab

00

CLK
PCWrite
AdrSIc |control
Memidrite | Unit
|RWrite ResultSre, 4
ALU Controlao
ALUSICB o
B0
op ALUSICA,.,
2B funct3 ImmSre
—_—
L
funct?s RegWrite
X 0 0 Zera 1 xx xx [xx 2000
—
Zero
CLK
-
QldPC
CLK CLK CLK
|
WE . WE3 CLK
5 . nstr |~ RSl a1 ro1 2
] Adr A = AL
Instr / Data - = Rs2) a2 RD2 = 01
Memory 7 Rd S 10
A | E s A3 Register =1
= wD3  File =
=] =1
pE—
CLK ) |’___J--—_’
ﬁ ang Extend |mmExt
Data -

Result
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Main FSM: beqg

* Need to calculate:
* Branch Target Address
* rsl-rs2 (to see if equal)
* ALU isn’t being used in Decode stage
* Use it to calculate Target Address (PC + imm)
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Main FSM:

S0: Fetch

AdrSrc =0 51: Decode

IRWrite: ALUSrcA =01

ALUSHEA = 00 ALUSIcB =01

Decode
ALUOp = 00

ResultSrc =10
PCUpdate,

- - op = 0000011 (1w) '.".l;:p -
eVI SI e OR /0110011
op = 0100011 (sw).~~ / (Rype)

S56: ExecuteR
ALUScA =10
ALUScB = 00

ALUOp = 10

S2: MemAdr
.&LU§r::F‘. =10

Read Registers and
Calculate Target Address (PC+imm)

0000011
(1w) (5w)

55: MemWrite 57: ALUWB
ResultSre =00 ResultSrc = 00
AdrSre =1 Reqgirite
MemWrite

53: MemRead
RasultSre = 00
AdrSre =1

54: Mem\WB
ResultSre = 01

Regihite
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o Read Registers and
Powike Calculate Target Address (PC+imm)

AdrSre |eontrol
MemWrite | Unit
IRWrite ResultSrcio
ALUControl; 5
ALUSICE,
op ALUSIcAg g
functd IMMSIC

S1: Decode
ALUSrcA =01
ALUSFcB =01
ALUOp =00

1812

30
funct7, RegWrite
51: Decode |0 x V] (1] (1] varies o o1 000 XX
Zero
—
]
CLK
ok
CLK CLK CLK
CLK |
WE 1315 Rs1 WE3 A
P R
PCNext | PC T adr RD Insir
1 A e 2430 Rs2
—— Instr | Data — = ¥ RD2 LT
Memory g Rd
1w & - A3 Register 2
2 wp3  File g
& &
p—
. T —
317 d
—E Data 1 ImmExt
Result
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Main FSM:
beqg

51:
A

Decode
& [:i

op=
0110011
(R-type)

op = 0000011 (1w)
OR

op = 0100011 (sw)

510: BEQ
ALUSmA =10
ALUSmB = 00

ALUCp =01
ResultSre = 00
Branch

52: MemAdr

op = op =*.
0000011 0100011

(sw)

55: MemWrite 57: ALUWE

53: MemRead
R 0 R Sre = 00 F oo

T
WAriLe

54: MemWE
Resultsre =0




National Yang Ming Chiao Tung University

Computer Architecture & System Lab

510: BEQ

PCNe:
—

S$10: BEQ
ALUSICA = 10
ALUSKB = 00
ALUOp =01

ResultSrc = 00
Branch

1 if taken

PC\\nte

«« Compare registers and
~

AdrSrc

Control

MemWrite

Unit.

IRWrite

L]

ResultSrc,

Send Target PC (ALUOut) to PCNext

ALUControl,.,

ALUSICB 0

14:12

ALUSICA10

funct3

ImmSrc, .

funct? | pegwrite

Zero o

001 00

CLK

QldPC

Instr

1915

CLK

Al

1

elegpeay

Rs2

A2
Rd

A3 Register
wn3  File

l—'oJf
=4

IR0 LAY

CLK

r"‘E:.T/
I —

CLK

ALUResult ALUOuUt

Result
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Main FSM:
I-Type ALU
Execute

;/ﬂ rmN A Decmli\e\
\, 3% \

op = 0000011 (1w) op
OR 0110011 \ ﬂn1nﬂ11
op = 0100011 (R-type) (I-type ALU)

58: Executel
ALUSkEA = 10
ALUSKE = 01

ALUCH =10

émemm é Eﬁccute&

\/ \/

ODDCICIH 01 CI{ID'I'I
(1w) (aw)

J— Y
Aﬂemﬂ% F;S:i/. .'l.|1em'u‘.'$\ %: ALum
1 ResultSec = O ! ResullSr o0
|
| Reg\iite

e
"/

op
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ALUSrcB

58: Executel

PCNext |

S8: Executel
ALUSrcA =10
=01
ALUOp = 10

Computer Architecture & System Lab

PCWrite

Adrsrc

CLK

MemWrite

Control
Unit

IRWrite

ResultSrcia

ALUContralzg

ALUSICB,

14:12

op ALUSICA,

funct3 |

MMSrcyg

funct? s ReqWrite

Zero

S

XX

10

[1}}

varies

Zero

CLK

OldPC

CLK

0] Adr
1

WE

RD
A

Instr / Data
Memory

WD

Instr

1915

Rs1

CLK

CLK

Al WE3 RD1

Eleqpead

Rs2

A2 RD2

A3 Register

wp3  File

CLK

Data

BIRQAIIAN

r’f:;u/‘
| I

ImmExt

ALUResult

CLK

| |ALLIDul

XX

By

C3

Result
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Main FSM:
Jal

Reset

51: Decode
ALUSA =01
ALUSEEE = 01
ALUOp = 00

op = 0000011 (1w) Jop = op = op = o
OR 0110011 0010011 101 n p11DU'D1‘I
op = 0100011 (sw) (R-type) (I-type ALU) j

S8: Executel
ALUSres = 10
!

52: MemAdr
ALUSreA =10
o1
oo

510: BEQ

ALUSHA = 10

ALUCp

b

op = op =,
0000011 0100011
(1w) (sw)
: MemWrite 57: ALUWB

53: MemRead
3 15rc Rasull

ResultSre = 00

MbermiWrite

54: MemWB
RasultSre = 01

RegWile
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S9: JAL
ALUSrch = 01
ALUSreB = 10
ALUOp = 00
ResultSre =00
PCUpdate

59: JAL 1

CLK

PCNe: i PC
EM

Computer Architecture & System Lab

PCWurite

CLK
7Y

AdrSrc
hem\Write
| Ririte

Control
Unit

Calculate PC + 4 and
Send Target Address (ALUOut) to PCNext

ResultSrc, o

&0

ALUControlz o

1412

op

ALUSICE, o

ALUSTCA, o

functd

Imm3mys

funct?s

Zem

RegWrite

1

01

10

Zero

CLK

QidPc

CLK
|

WE
RD

Instr / Data
Memory
WD

1315

CLK
|

CLK

Rs1 WE3

Al

EIEQPE oY |—|

Rs2

A2

A3 R

RD1

RD2

wpDa  File

BB

CLK

Extend

Data

ImmExt

00

iy

Result
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Reset

PC+4is
written to rd
in $7: ALUWB

op = 0000011 (Lw)
OR

52: MemAdr
ALUSreA =10
ALUSreB = 01

RasultSre = 00
AadrSre =1

S4: MemWB
RasullSrc = 01
Reag Write

op = 0100011 (aw)

IRWAFibe
ALUSICA = 00
ALUSB =10
ALUOp = 00
ResullSre = 10

56: ExecuteR
ALUSreA = 10
ALUSreE = 00

ALUIGp = 10

S5: Mem\Write
RasuliSrc = 00

AdrSre =1

MamWrita

S51: Decode
ALUSreA = 0
ALUSkEB =
ALUOp = 00

[ \ DP ]
0110011 0010011
(Retype) (-type ALU)

ALUSrcA =10
ALUSreB =01
ALUOp = 10

S§7: ALUWB
ResuliSec = 00

RegWrita

510: BEQ
ALUSreA = 10
ALUSkS = 00
ALLOp = 01
ResultSec = 00
Branch
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Multicvcle Processor Main FSM

State Datapath pOp
Fetch Instr «Mem[PC]; PC + PC+4
Decode ALUOut « PCTarget Resat

MemAdr ALUOUL « r51 +imm
MemRead Data «— Mem[ALUOut]
MemWB rd «— Data

MemWrite Mem[ALUOUY] « rd
ExecuteR  ALUOut«— rs1 oprs2
Executel  ALUOut« rs1 op imm
ALUWB rd «— ALUOut

51: Decode
ALUSrcA = 01
ALUSHcB = 0
ALUOp = 00

ALUSRE =10
ALUOpR = 00
ResultSre = 10

BEQ ALUResult = rs1-rs2; if Zero, PC + ALUOut - 7 " . —
JAL PC « ALUOUL ALUOU « PC+4 op = 0000011 (1%) ~ fop= N\ op= T op= . o
OR e /0110011 y, 0010011 “\4131111 R 1100011
op = 0100011 (aw) /" (Rtype) (-ype ALU)  “_(3al) . e
e T

-

52: MemAdr S6: ExecuteR 58: Executel

55: MemWrite
ResultSrc = 00

AdrSrc =1

MemiWrite

S57: ALUWB
ResultSrc = 00

ReglWrite

ResultSe = 00
AdrSrc =1

S4: MemWB
ResultSrc = 1
RegiWrite

ALUSITA = 10 ALUSITA = 10 ALUSTA = 10 ALUSTA = 01
ALUSTCB = 01 ALUSHS = 00 ALUSrE = 01 ALUSTE = 10
ALUOpR = 10 ALUOp = 10 ALUOp = 00

ResultSrc = 00

59: JAL

PCUpdate

510: BEQ
ALUSncA = 10
ALUSrcB = 00
ALUOp = 01

ResultSrc =00
Eranch
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Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions X CPI x T,
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AT

Single-Cycle Performance

e Single-cycle critical path:

YZ-! - {Uc'q_FC' + IE‘mcm + max[r}fﬁcad? rn'ef + re_rr + tmux] + IE‘}"LLU + IE‘mcm + 1Emux + IRFsctup

e Typically, limiting paths are:

— memory, ALU, register file

— Ly = pcqg PC + 23111&111 + IRFread + IaLU + Lmux + IRF&;etup
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q Lpeq PC 40

Register setup setup 50
Multiplexer f 30

ALU IaLy 120

Decoder (Control Unit) | #,.. 35

Memory read {rem 200

Register file read tRFread 100

Register file setup !RFsetup 60

T, =7?

o
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q bocq PC 40

Register setup setup 50
Multiplexer frux 30

ALU fALU 120

Decoder (Control Unit) | 74, 35

Memory read fem 200

Register file read tRFread 100

Register file setup {RFsetup 60

ch - tpcq_PC + 2tmem T r.R!Fread + IALU + tmux + rRFsetup

=[40 + 2(200) + 100 + 120 + 30 + 60] ps
=750 ps



x$~# % National Yang Ming Chiao Tung University
RN -
FlaT4 Computer Architecture & System Lab

Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # instructions x CPI x T,
= (100 x 10°)(1)(750 x 101?5s)
=75 seconds
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e Instructions take different number of cycles:

Resel

51: Decode
ALUSrcA =01
ALUSrcB =01
ALUOp = 00 e,

ALUSscE =10
ALUOp = 00
ResultSre = 00

op = 0000011 L Vs Y ey T
OR o Sops= Y, op= e op= - ap =
op = 0100011 /0110011 "y 0010011 T A101111 1100011

52: MemAdr 56: ExecuteR

58: Executel

59: JAL 510: BEQ

ALUSrcA = 10 ALUSA = 10 ALLSH:A = 10 ALUSRA =01 ALUSscA = 10
ALUSE = 1 ALUSmcE = 00 ALUSME = 01 ALUSE =10 ALUSscB = 00
ALUOp = 0D ALUOp = 10 ALUOp = 10 ALUOp = 0O ALUOp = 01

ReaultSrc = 10 ResultSrc = 10

PCUpdabe Branch

op= op =
ooooo11 0100011

53: MemRead
ResullSre = 10
AudrSre =1

55: MemWrite
ResullSre = 10

AdrErc = 1

MariviVrite

57: ALUWB
RegultSec = 10

Reg\Write

54: MemWB
ResuliSnc = 01
RegWrile
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Multicycle Processor Critical Path

cLk Potential Critical Paths:
el * Calculate PC + 4 or
AdrS e ontrol
emWiite| Unit * Read Memory
|RWrite ResultSrc, 4
ALU Contrglzo
. ALUSIE,
op  [aluseA,,
ACREI PN [
[ - functl s RegWrite
Jero
’7\—-‘
Zero
CLK
PC
ok cLK CLK CLK o
o
WE 185 Rs1 WES3 Iy CLK
PCMext PC -1 Instr Al RD1 H 1
|\| ﬂ.‘“& B - - ALUResult |f|ALUOut
LT Instr / Data 220 B2l pa rD2 H P
Memory D
"o 117 Rd A3 Register g P 1
r wp3  File 2
g
CLK
e Extend ImmExt
Data
Result
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Multicycle Processor Performance

* Assumptions:

 RFis faster than memory

* writing memory is faster than reading memory
* Two possibilities:

 Read memory (MemRead state)

* PC=PC+4 path (Fetch state)
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Multicycle Processor Performance

Option 1: Read memory (MemRead state)

PCHe:

CLK

_EI_F&

P
PCWribe
AGrSIE e o otrad
MemiWnts | Unit
IR WWrite Resul b3y,
ALUConlral;:
=
n functs ALUSmE,
LI P ALUSmhy
& ap I Sy
RegiVrite
Zero
L
Zea
CLK CLK CLK
WE WES
. o = Bell v " mon A
1§| 1] et
Instr { Data - Bsd a oz H
Mo =
WD""C"'T E B a1 Register 3
y — 'WDa  File g
5 B
CiK
L) Extand x
ﬂm“’ ImmExt

Resull

Tr2 = tpcq + rmu_\: + 1‘mmc + I!‘mem + rsetup
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Multicycle Processor Performance
Option 1: Read memory (MemRead state)

CLK
Fwa
PCWribe
Ll ol o o—
Mem'Writs | Unit
IRWrite RasultZn,
ALUCeairal;
n funct7s a\LJEn:ll-_
L3 P ALUSTAy
o op ImmEroy
RopiVrite
Zero
L
Zam
CLK
[ouec
CLK o
oLk CLK CLK
WE 15 Rs1 WEZ A
PCHe BC insir | = Al RO 4
Instr | Data e sl o RDZ H .
Mema y =
o § L Bd {53 Rogister 3
s —— 'Woa File =
& B
CLK
any Extend "
ﬂl}ula ImmExt
Resull

7::.2 = rpcq + It‘111u_1r. + l‘rl'm:r; + tmem + tsefllp

= tpcq + 21‘mm\; + tmem + tsetup
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Multicycle Processor Performance
Option 2: PC = PC + 4 path (Fetch state)

CLK

PCWYribe
A e ool
MemiVibe | Unit
IRWrite RasultZm,
ALUConirol; ¢
ALUSreR, 5
ALUSreh
Jie |, ImmSre ¢
ReepiVrite

CLK
[ouee

CLE CLK CLK

LK
WE w1 WES
PCNe FC. " = st |- Ball a1 ROH [
ﬂ——’ A EN
Instr { Data = B2l n roz H
117

Memarny
wo

A3 Register
— wD3  File

CLK
s Extend 1
- ImmExt
Resull

7:'2 = rpcq Flmux T ALy Tl T I!‘setupl

R AN,

EEaREe

|
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Multicycle Processor Performance
Option 2: PC = PC + 4 path (Fetch state)

CLK
7
PCWribe
ALrSrT e o niral
MemWrite | Unit
IRiWrite RasultZm,
ALUCEniml; g
n funciTs ALUSmcE, 5
LEEEN PN ALUSmA,
L] ap Imim S
RiapW¥rite
Zero
L —
Zara
CLK
o CLK CLK
WE ot} Rail WES A
|i | Al RO H
PChe PL aai "D
Iﬂ Instr { Data — Bz2 pg roz [
Mema 7 =
- i = RAl A3 Register F
e —1 woa  File =
4
< Extend JmenExt
Resull

1::'2 = rpcq Flnux T ALy T mex T It‘setupu
= tpcq + 2‘l‘mux + It‘A.Ll_l + 'tsetup
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Multicycle Processor Critical Path

* Two possibilities:
 Read memory (MemRead state)
* PC=PC+4 path (Fetch state)

c pcq mux T maXItALUS 4

mem]

+

setup

97



X ,ﬁ National Yang Ming Chiao Tung University
AT d 1N
a4 Computer Architecture & System Lab

Multicycle Performance Ex

ample

Register clock-to-Q tyea PC 40
Register setup Lsetup 50
Multiplexer o 30
AND-OR gate { AND-OR 20
ALU faLU 120
Decoder (control unit) | 4. 35
Memory read fnem 200
Register file read tRFread 100
Register file setup tRFsetup 60

T

2= tpcq + 2t

mux

T maX[tALUn tmem] + tsetup

= (40 + 2(30) + 200 + 50) ps = 350 ps
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Multicycle Processor Performance

* Instructions take different number of cycles:
— 3 cycles: beqg
— 4 cycles: R-type, addi, sw, jal
— S5cycles: 1w

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type

Average CPI = (0.13)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12
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Multicycle Performance Example
For a program with 100 billion instructions
executing on a multicycle RISC-V processor
— CPI = 4.12 cycles/instruction
— Clock cycle time: T_, = 350 ps

Execution Time = (# instructions) x CPI x T,
= (100 x 10°)(4.12)(350 x 101?)
= 144 seconds

This is slower than the single-cycle processor (75 sec.) \Why?

100
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Multicycle Performance Example

e In this case, the multicycle processor is slower than the
single-cycle processor, why?
® Not all steps the same length

® Sequencing overhead for each step (t,.qttsenp) = (40+50 = 90)

pcq

101
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Processor Comparison

G
[

Single Cycle

One cycle/instruction
Long clock period
Separate | and D Mem
Combinational controller
Architectural State Only

Multicycle

3-5 cycles/instruction
Shorter clock period
Unified Memory

FSM controller

Extra state
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