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Agenda for Today & Next Few Lectures

Start Microarchitecture
Lectures 4-5

Single-cycle Microarchitectures

Multi-cycle Microarchitectures Lecture 6

Microprogrammed Microarchitectures’

Pipelining  Lect7

Issues in Pipelining: Control & Data Dependence Handling, State —
Maintenance and Recovery, ...



Recap of the Last Lectures

Computer Architecture Today and Basics - Lecture #1

Fundamental Concepts - Lecture #1
Computer Arch = ISA (the definition) + uArch (the implementation)
ISA basics and tradeoffs - Lecture #2
4 Instruction length
4 Uniform vs. non-uniform decode
9 Number of registers
2 Addressing modes
2 Aligned vs. unaligned access
2 RISCvs. CISC properties

RISC-V ISA - Lecture #3
9 RISC-V ISA Overview

Datapath & Control. and an introduction to Pipeline - Lecture #4



NAYNn7 o'anin

As you learn the RISC-V ISA, think about what tradeoffs the designers have
made

< in terms of the ISA properties we talked about

And, think about the pros and cons of design choices
4 In comparison to ARM, Alpha
=9 In comparison to x86, VAX

And, think about the potential mistakes

< Branch delay slot? (stall in the pipeline - 13707 D1V)

4 Load delay slot? (212'y X77 yX2NN nX21n NnX11NnY N'01n7)
9 No FP, no multiply, MIPS (initial)



Food for Thought for You nawnn7 anin Ty

How would you design a new ISA?
Where would you place it?
What design choices would you make in terms of ISA properties?

What would be the first question you ask in this process?
J “What is my design point?”

The 15t question to ask what is the Design Point / Use Case
1PN NX 7IRYT7 1XINYW NITWUXRIN N7RYN NN?

Look Forward & Up



Review: Other Example ISA-level Tradeoffs

Condition codes vs. not - Yy wnna 7"

VLIW vs. single instruction - Jwnna TN'7" {7'901 DN

SIMD (single instruction multiple data) vs. SISD - |'79 7w nmniojzon
Precise vs. imprecise exceptions - \&nna 7"

Virtual memory vs. not

Unaligned access vs. not

Hardware interlocks vs. software-guaranteed interlocking

Software vs. hardware managed page fault handling - ™7 87
Cache coherence (hardware vs. software) - Tn'7n X7

Think Programmer vs. (Micro)architect nonynn nX Djn7 |p'n? g



Review: A Note on RISC vs. CISC

RISC

— Simple instructions

— Fixed length

— Uniform decode

— Few addressing modes

CISC

— Complex instructions

— Variable length

— Non-uniform decode

— Many addressing modes



Now That We Have an ISA

How do we implement it?

i.e., how do we design a system that obeys the hardware/software
interface?

Aside: “System” can be solely hardware or a combination of hardware and
software

4 Remember “Translation of ISAs”
< Avirtual ISA can be converted by “software” into an implementation ISA

We will assume “hardware” for most lectures



Implementing the ISA:
Microarchitecture Basics




How Does a Machine Process Instructions?

What does processing an instruction mean?
Remember the von Neumann model

AS = Architectural (programmer visible) state before an instruction is processed

Process instruction

<

AS’ = Architectural (programmer visible) state after an instruction is processed

Processing an instruction: Transforming AS to AS’ according to the ISA

specification of the instruction
10



Remember: Programmer Visible (Architectural) State

MI0]
M[1] |
M[2]
mm Registers
- given special names in the ISA
(as opposed to addresses)
- general vs. special purpose
MIN-1]
Memory Program Counter
array of storage locations memory address
indexed by an address of the current instruction
Instructions (and programs) specify how to transform
NANQT NNATN NXY7 NIyvn o o
/homef/telzur/science/Teaching/CPU/lectures/05/code/ the values of programmer visible state 11

ddd_demo.c



The “Process instruction” Step

= ISA specifies abstractly what AS’ should be, given an instruction and AS

9 Tt defines an abstract finite state machine where
“ State = programmer-visible state ‘/_

“ Next-state logic = instruction execution specification

From ISA point of view, there are no “intermediate states” between AS and AS' during
instruction execution

“ One state transition per instruction

“ Microarchitecture implements how AS is transformed to AS'

24 There are many choices in implementation

4 We can have programmer-invisible state to optimi e speed of instruction execution:
multiple state transitions per instruction
“ Choice 1: AS & AS' (tran AS to AS' in a single clock cycle)

“ Choice 2: AS & AS+MS1 & AS+MS2 & AS+MS3 & AS' (take multiple clock cycles
' 12
to transform AS to AS)




A Very Basic Instruction Processing Engine

" Each instruction takes a single clock cycle to execute

" Only combinational logic is used to implement instruction execution
2 No intermediate, programmer-invisible state updates

AS = Architectural (programmer visible) state
at the beginning of a clock cycle

<

Process instruction in one clock cycle

<

AS’ = Architectural (programmer visible) state
at the end of a clock cycle

13




A Very Basic Instruction Processing Engine

“ Single-cycle machine

AS' AS

Sequential
Logic
(State)

Combinational
Logic

“ What is the critical path of the combinational logic determined by?

“ What is the clock cycle time determined by?

14



Single-cycle vs. Multi-cycle Machines

" Single-cycle machines
< Each instruction takes a single clock cycle
< All state updates made at the end of an instruction’s execution

<4 Big disadvantage: The slowest instruction determines cycle time & long clock cycle
time

® Multi-cycle machines
< Instruction processing broken into multiple cycles (or stages)
< State updates can be made during an instruction’s execution
< Architectural state(*) updates made only at the end of an instruction’s execution
<4 Advantage over single-cycle: The slowest “stage” determines cycle time

“ Both single-cycle and multi-cycle machines literally follow the von Neumann model at the




Instruction Processing “Cycle”

Instructions are processed under the direction of a “control unit” step by step.

Instruction cycle: Sequence of steps to process an instruction

Fundamentally, there are six phases (steps):

Fetch

Decode

Evaluate Address
Fetch Operands
Execute

Store Result

Not all instructions
require all six stages

“ IF - Fetch

“ 1D - Decode

® EX - Execute/Evaluate Address
“ MEM - Fetch Operands

“ WB - Store Result

We will later change to 5 stages




Instruction Processing “Cycle” vs. Machine Clock Cycle

Single-cycle machine:

2 All six phases of the instruction processing cycle take a single machine clock cycle
to complete

Multi-cycle machine:

2 All six phases of the instruction processing cycle can take multiple machine clock
cycles to complete

4 In fact, each phase can take multiple clock cycles to complete
IV NIthn 5 ni7' FETCH vix'aw 1Dn 7Un7
..mrya N single cycle 2100 2WNNA 117017 TAYNN 12 NX7XRI0IRND 2

17



Instruction Processing Viewed Another Way

" Instructions transform Data (AS) to Data’ (AS')

“ This transformation is done by functional units

< Units that “operate” on data

" These units need to be told what to do to the data

“ An instruction processing engine consists of two components

2 Datapath: Consists of hardware elements that deal with and transform data signals

= functional units that operate on data

“ hardware structures (e.g. wires and muxes) that enable the flow of data into the functional
units and registers

“ storage units that store data (e.qg., registers)

< Control logic: Consists of hardware elements that determine control signals, i.e., signals that

specify what the datapath elements should do to the data
18



Single-cycle vs. Multi-cycle: Control & Data

Single-cycle machine:

4 Control signals are generated in the same clock cycle as the one during which
data signals are operated on

9 Everything related to an instruction happens in one clock cycle (serialized
processing)

Multi-cycle machine:
< Control signals needed in the next cycle can be generated in the current cycle

J Latency of control processing can be overlapped with latency of datapath
operation (more parallelism)

We will see the difference clearly in microprogrammed multi-cycle
microarchitectures 19



Many Ways of Datapath and Control Design

There are many ways of designing the data path and control logic

Single-cycle, multi-cycle, pipelined datapath and control
Single-bus vs. multi-bus datapaths

Hardwired/combinational vs. microcoded/microprogrammed control(*)
< Control signals generated by combinational logic versus
< Control signals stored in a memory structure

Control signals and structure depend on the datapath design

7 'on ARXIN - T7-Nm(*)

20



Performance Analysis

" Execution time of an instruction
4 {CPI} x {clock cycle time}

“ Execution time of a program

, , _ In single cycle we have
4 Sum over all instructions [{CPI} x {clock cycle tlme}]v\

one degree of freedom

2 {# of instructions} x {Average.CPI} x {clock cycle time} to optimize

“ Single cycle microarchitecture per
2 CPI=1

< Clock cycle time = long In multi-cycle we have

® Multi-cycle microarchitecture performance two degrees of freedom
2 CPI = different for each instruction to optimize independently
= Average CPI ¥ hopefully small :0'7T2 2 ny "gnw7" Inna

9 Clock cycle time = short clock cycle time -1 CPI 5,



‘ A Single-Cycle Microarchitecture
A Closer Look

22



Remember...

“ Single-cycle machine

AS'

Combinational
Logic

Sequential
Logic
(State)

AS

23



“ Single-cycle machine

PC

Combinational
Logic

AS'

Sequential
Logic
(State)

‘nYyny

AS

24



Let’s Start with the State Elements

“ Data and control inp

5 3 ALU control
) Read q
register 1
Read| SN
Register j’v Read tata 1
o numbers register 2 Zero—»
) Registers Data ALY
Instruction — 5 Wme g ALU—’
o M result
ey register Read
— —
Wiite data2
a Instruction memory b.Proga couner . Adder Data < — data
‘ RegWrite
a. Registers b.ALU
‘ MemWrite
—| Instruction
address
—p Address Read
PC data
Instruction +—> Add Sum—>
! ; Data
Instruction —y| Write
memory data memory
a. Instruction memory b. Program counter ¢. Adder MemRead
a. Data memory unit h. Sign-extension unit

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]

25



For Now, We Will Assume @ &)%

“Magic” memory and register file

Combinational read

< output of the read data port is a combinational function of the register file
contents and the corresponding read select port

Synchronous write

4 the selected register is updated on the positive edge ~l~cl trancitinnwwhan wirita

. Positive pulse Negative pulse
enable is asserted : ;L

Cannot affect read output in between clock edges

0 0

Positive  Megative Megative Positive
Edge Edge Edge Edge

Single-cycle, synchronous memory - niowsn w7 nnin it
< Contrast this with memory that tells when the data is ready
2 j.e., Ready bit: indicating the read or write is done 26



State
element
1

Combinational logic

State
element
2

Clock cycle ——

FIGURE 4.3 Combinational logic, state elements, and the clock are closely related. In a synchronous digital
system, the clock determines when elements with state will write values into internal storage. Any inputs to a
state element must reach a stable value (that is, have reached a value from which they will not change until after
the clock edge) before the active clock edge causes the state to be updated. All state elements in this chapter,
including memory, are assumed to be positive edge-triggered; that is, they change on the rising clock edge.

Copyright © 2014 Elsevier Inc. All rights reserved.




Instruction Processing _

“ 5 generic steps (P&H book) -
D'D{7¥ 190N 197 ANDIY NN NNIVYT7 7{7 N11WI TN NPV [ND X D7V 6 7Y 1102'T DINX

Instruction fetch (IF) =

Instruction decode and register operand fetch (ID/RF = Register Fetch) =

Execute/Evaluate memory address (EX/AG = Address Generate) -

Memory operand fetch (MEM) =

S k result (WB) | ©
Register #
PC p=s| Address Instructio Registers Address
Instruction gister #
memory Data
Register # memory

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.] 28




What Is To Come: The Full MIPS(*) Datapath

(* RISC-V 1s quite similar except the wires numbering)

Instruction [25—0] \ Q\ Jump address [31— 0]

\ N\

26 @28
PC+4 [31— 28] )

\ Add

result
> Add
r—-
Jump
] com—l
Instruction [31—26]

Control

L

>
r
C
(l—‘ xcZ O)

OXCZH

Instruction [25— 21] Read
Read register 1
pC address ) 9 Read
Instruction [20— 16] Read data 1
. register 2 bcond
IhStI’[L3J(itLOcrﬁ I—. 0 ~ Registers Read o) ALU  ALU Read
) M Write data 2 result Address A0 (1
Instruction u register M data M
memory Instruction [15— 11] x Write )L(‘ u
1 d Data X
ata 1
\_/ o

. memory
Write
data
Instruction [15— 0] 3{6 Sign %2
\ @ \ |
Instruction [5— 0]

29

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.] JAL. JR. JALR omitted



Single-Cycle Datapath for
Arithmetic and Logical Instructions

30



R-Type ALU Instructions (MIPS)

“ Assembly (e.qg., register-register signed addition)

ADD rd ., rs, It

g

“ Machine encoding

reg

0

IS

rt

rd

0

ADD

31 4bit

" Semantics

if MEM[PC] == ADD rd rs rt

5-bit

5-bit

5-bit 5-bit

GPR[rd] @ GPR[rs] + GPR[rt]
PC@PC+4

6-bit

R-type

31



ALU Datapath win'ma |7n7

> Add

PC

Read
address

Instruction

Instruction
memory

25:21

20:16

Instruction

I'S

I

rd

e

/m{ad
register

Rea
register 2

if MEM[PC] == ADD rd rs rt
GPR[rd] @ GPR[rs] + GPR|[rt]
PC @ PC + 4 (assuming no compressed instructions

* *Bawpamﬁltgfrom [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]

15:11

T Write
register

Write
data

Registers

Read

data 1

Read

>ALU ALUl

.

data 2

}un

[E 1D EX MEMI L WB
Combinational
state update logic
32




R-Type ALU winmn [2n?

ﬁ«,{ad
register

Read
address

PC

3 ALU operation

Instruction
rite

. 15:11 | result
Instruction register Read
memo
Y Write data 2
data
, RegWrite
1

O EF >

[E 1D EX WB
GPR[rd] @ GPR][rs] + GPR[rt] Combinatiofal
ombinationa
PC@PC+4 -
state update logic
33

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



The General-Purpose Register file (GPR file). This unit is _
required for the decode phase (and for the Write Back

phase)

It includes the

32 registers the
programmer can
access (50 - $31)

The registers
indices

Write data

Let’s see how it is used:

Ny g

{&.

Read
registerl

Read
register2

Write
register

Write
Data

GPR file

Read
datal

Read
data2

cK |

> Read data

Copyright 1998 Morgan Kaufinann Publishers, Inc. All rights reserved.



The General-Purpose Register file (GPR).

There are 3 ports in this box we then gets the contents of $7 at the
Read datal output
If we want to read from $7 via port 1 we mark it as: GPR[7]
we set Read register1 to 7 = 00111 It could be 103 for example
T ey 3\
Read GPR file
00111 =7 5+> registerl
Read
__________________________ 32
Read [y GPR[7] =103| vportl
Read datal
5 "
- register2 | < ______
Write Read > Read
5 \ ead |32
i register . 7 port 2
». data2 P
_______________________________ Lo
Writ
:2L> D;tlae > Write
A port
___________________________________ Jo

Copyright 1998 Morgan Kaufinann Publishers, Inc. All rights reserved.



The General-Purpose Register file (GPR).

So if we have the instruction: add $12, $7, $2
we connect the Rs field Read regl Rs Rt
and get GPR[Rs] at the Read datal output

In our case we assumed GPR[7]=103

N
Read GPR file
00111 =7= Rs ;L' registerl
Read
-------------------------- Read %%/,  GPR[Rs] port 1
Read datal
00010 =2 = Rt 5+’ register2 R : _G_PBV_]_:}Q?% ______
LN Read
In our case we also assume 5 er.tet Read |32, GPR[R(] e port 2
assumed that GPR[2]=62 : register " data2 7 GPR[2] = 62
we connect the Rt field Read registerz | T N
and get GPR[R{] ate the 32, VD\;T;E > Write
Read data2 output N J port
cK |

Copyright 1998 Morgan Kaufinann Publishers, Inc. All rights reserved.



The General-Purpose Register file (GPR). R [ opcode | f rd | shamt | funct |

3 26 25 21 20 16 15 1110 65 0
So this is the real picture: add $12, $7, $2 D N'XNNN
31 2625 2120 1615 1 65 o Sowe did GPR[Rd]=GPR[Rs]+GPR|[Rt]
1e., GPR[12]=GPR[7]+GPR[2]
H_/ W_/ W_/ 1 ALU function code ALU
_____________________ . contro
GPRfile|
00111 )= 7 = Rs s, | Read
> registerl add code
GPR[R
__________________________ . Read |32 [Rs] \
Read datall  _ ;pRy]
00010)=2 = Rt AN
5'—/—’ register2 RN =103 . + 165
\ [
01100 = 12 = rd e Write Read 32I£}PR[Rt]
7 register . 7> >
+. data2 =GPR[2] = 62 /
GPR[Rd] = 165 - Write
—p——> Data
_______ /\
CK!

So what’s next? We want to add the 103 & 62 103 + 62 =165

Now we want to write this to Rd Copyright 1998 Morgan Kaufmann Publishers, Inc. All rights reserved.



I-Type ALU Instructions

Assembly (e.qg., register-immediate signed additions)
ADDI rt ., rs., immediate,q

Machine encoding

ADDI [s rt Immediate
6-bit 5-bit 5-bit 16-bit
Semantics

if MEM[PC] == ADDI rt rs immediate
GPR[rt] @ GPR[rs] + sign-extend (immediate)
PC@PC+4

I-type

38



Datapath for R and I-Type ALU Insts.

PC

Read
address

Instruction
memory

Instruction

>Add

25:21

/

20:16 |nst||.|_ on
15:11

DAl R NN1IN2 JIMN7 D Ty o7inn

N2'MD7 TY'N NI'N7 2 2700107 TWONT

I NNIIN2a

if MEMI[PC] == ADDI rt rs immediate
GPR[rt] @ GPR][rs] + sign-extend (immediate)

PC@PC+4

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED. ]

NN

.| Read
register 1 Read
.| Read data 1 |
" register 2
. Registers
o Wi Read
. regit;er Read Address data
; data 2
Write Data
data —L memory
/\ "| data
6 132
A, Sign |\
A\ '@ \
[E 1D EX MEMI L WB
Combinational
state update logic 39




Datapath for R and I-Type ALU Insts. [HsfEe

> Add

] cm—]
ALU operation
Read .| Read 3 P
ea 25:21 "] register 1 MemWrite
PC address g Read
data 1
) 20:16 nsglicign
Instruction -
i 15:11 | Write Address
Instruction : register Read
memory

- data 2 )
Write Data
data
memory
RegWrite — Tl |
32

|
§

'isltype

Sign |S|type ‘ MemRead

extend

GPR[rt] @ GPR][rs] + sign-extend (immediate) ‘ |E ID EX WB

PC@PC+4 Combinational
state update logic 40

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



‘ Single-Cycle Datapath for
Data Movement Instructions




Load Instructions

“ Assembly (e.g., load 4-byte word)
LW rt, offset,; (base,,,)

reg

“ Machine encoding
W base rt offset |-type

6-bit 5-bit 5-bit 16-bit

" Semantics
if MEM[PC]==LW rt offset,, (base)
EA = sign-extend(offset) + GPR[base]

GPR[rt] @ MEM[ translate(EA) ]

42
PCQPC+4



LW Datapath

1

Read

Address data

Data

[ mm—
Read __| Read
ea "| register 1
—>|PC address g theald
.| Read ala
In: ion register 2
Instruction | _ Registers
__,| Write
Instruction "| register Read
memory ) data 2
__ | Write
data
15 ) 32
\ Sign
\ "|extend

memory

s
I

|I'1:)'T'7 D'ANID 111N

—>| Address

Write
data

Read
data

Data
memory

a. Data memory uni
[ [IND'TNAN O'NI17 1IX

if MEM[PC]==LW rt offset,, (base)
EA = sign-extend(offset) + GPR[base]
GPR[rt] @ MEM[ translate(EA) ]
PCQPC + 4

32

16 )
\ Sign
extend

b. Sign-extension unit

[E

1D

EX

MEMI L WB

Combinational

state update logic

43




LW Datapath

Read
—>|PC address
In ion register 2
Instruction { Registers
. __ | Write
Instruction "| register
memory

RegDest

——

add

3 ALU operation

MemWrite

MemWrite

| AL garc
|S|type MemRead

Write

data memory

EA = GPR[rs] + sign-extend(offset)

GPR[rt] @ MEM[ EA ]
PCPC +4

—)

‘ MemRead

a. Data memory unit

b. Sign-extension gnit

1D

EX

MEM

WB

Combinational
state update logic

44




Store Instructions

“ Assembly (e.qg., store 4-byte word)
SW rt,, offset, (base

“ Machine encoding

reg)

SW base

rt

offset

6-bit 5-bit

= Semantics

if MEM[PC]==SW rt offset,, (base)

EA = sign-extend(offset) + GPR[base]
MEM[ translate(EA) 1 @ GPR[rt]

PCQPC+4

5-bit

16-bit

|-type

45



SW Datapath

[ mm—
Read __| Read
eal "| register 1
—>|PC address g theald
.| Read ala
In: ion register 2
Instruction | _ Registers
__,| Write
Instruction "| register Read
memory ) data 2
__ | Write
data
16 )
\
\ "|extend

1

Read
data

Address
Data

\Aritn memory

NINIXN D5NNN NNy

if MEM[PC]==SW rt offset,, (base)
EA = sign-extend(offset) + GPR[base]
MEM][ translate(EA) 1 @ GPR[rt]
PCAPC + 4

—>| Address Read
data 16 . 32
\ Sign
Data extend
Write
data memo
a. Data memory ux b. Sign-extension unit

1D EX MEM

WB

Combinational
state update logic

46




SW Datapath

>Add

[ mm—
Read
—>|PC address
. In
Instruction {

Instruction

memory

RegDest

E >

> register 2

_ Registers
Write

"| register

Write

Read
data 2

add

3 ALY operation

MemWrite

‘ MemWrite

Write Data
data memory

EA = GPR[rs] + sign-extend(offset)

MEM[ EA ] @ GPR[rt]
PC@PC +4

—)

‘ MemRead

a. Data memory unit b. Sign-extension unit

D EX__1[MEM %

Combinational

state update logic 47



Load-Store Datapath

PC

>Add

Read
address

Ifsfguction

Instruction

Instruction
memory

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]

3 ALU operation

> ALU aALu
result

—_

Read
register 1 Read
Read data 1
register 2
. Registers
Write
register ?Eﬁl R
Write e
data
RegWrite|
16 . 32
\ Sign Td
N | extend

MemWrite
Read
Address data
Data
. memory
Write
data
MemRead

48




Datapath for Non-Control-Flow Instructions

PC

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]

Read
address

Instruction
memory

Instruction

Irig, Kuction

)

isltype

3

Read
register 1 Read
_| Read data 1
register 2
. Registers
Write
register "REan
Write vard «
data
RegWrite|
16 .
\ Sign
N | extend

> ALU ALU

ALU operation

result

32-j

1Dj779'07INN DY —>

N 72N NI QYW ——

MemWrite
Read
Address data
Data
. memory
Write
data
MemRead

49
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https://courses.cs.washington.edu/courses/cse378/10sp/lectures.html
https://courses.cs.washington.edu/courses/cse378/10sp/lectures.html

Encoding R-type instructions

DN N D IIIIRRRRRIRRRRRBRRBRBRBRBRBRBRRBRRRBRRBRRBRRERERRRRRYRYYYYYYYYYYYYYYYSYSSSSRYSYyYSISEBSBBRBRBRERERERERRBRBRBRBRBRBRBRBRBRBIBIBIBIBIIIRREREREBREEEERBRBRBRDIDRIBRARBRBRBRABAAABBBBBBBBBRBRBRIDIDIDIADIIDIRDRDRDRDIDIDIDIDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRDRRARARBRARARARARARBRARBRARARARARARARARARDRDRDRDDD
= Register-to-register arithmetic instructions use the R-type format.

— op is the instruction opcode, and func specifies a particular arithmetic
operation (see textbook).

— rs, rt and rd are source and destination registers.

op rs rt rd shamt func
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

= An example instruction and its encoding:

add S$s4, St1, St2 | 000000 | 01001 | 01010 | 10100 1000000




Registers and ALUs

= R-type instructions must access registers and an ALU. RegWrite

——/| Read Read f——p
register 1 data 1

= Qur register file stores thirty-two 32-bit values.

»| Read

— Each register specifier is 5 bits long. rogister2  Read |
. . Write
— You can read from two registers at a time. T | register H
. . . . . _ egisters
— RegWrite is 1 if a register should be written. N A

= Here’s a simple ALU with five operations, selected by
a 3-bit control signal ALUOp.

—]

> aw

ALUOp Function

b
000 and ALUOp
001 or
010 add
110 subtract

111 slt




Executing an R-type instruction

Read an instruction from the instruction memory.

. The source registers, specified by instruction fields rs and rt, should be

read from the register file.
. The ALU performs the desired operation.

Its result is stored in the destination register, which is specified by field

rd of the instruction word.

l RegWrite
Read Instruction |[25-21] | Read Read * ALU
address  [31-0] register 1 data 1 Zero
1(20-16] | Read >
Instruction register 2 Read . Result
memory |[15 - 11] Write data 2
register
) Registers ALUOPp
Write
r data
op rs rt rd shamt func
3 26 25 21 20 16 15 11 10 6 5




Encoding I-type instructions

The lw, sw and beq instructions all use the |-type encoding.
— rt is the destination for lw, but a source for beq and sw.
— address is a 16-bit signed constant.

op rs rt address
6 bits 5 bits 5 bits 16 bits

Two example instructions:

lw  $t0, -4(Ssp) | 100011 | 11101 | 01000 | 1111 1111 1111 1100

sw  Sa0, 16(Ssp) 101011 11101 { 00100 0000 0000 0001 0000




Accessing data memory

= For an instruction like lw $t0, -4(Ssp), the base register Ssp is added to
the sign-extended constant to get a data memory address.

= This means the ALU must accept either a register operand for arithmetic
instructions, or a sign-extended immediate operand for lw and sw.

= We’ll add a multiplexer, controlled by ALUSrc, to select either a register
operand (0) or a constant operand (1).

1 RegWrite
i MemToRe
Read Instruction 1[25 - 21] oad | — MemWrite g
address  [31-0] [ ® » ) ea > |
register 1 data 1 ALU [ Foag —— e
1 (20 - 16] > >
. _ address data
Instruction ¢ Read , fend . > Zero M
memory regtster data 2 > Result [—gpp| Write :
Write ":l" address o
register Registers X »| Write “"E:‘::W
Write g 1 ALUCp data
data k[/ |
MemRead
RegDst ALUSrc
1[15 - 0] I.-’ Sign
*lextend




MemToReg

= The register file’s “Write data” input has a similar problem. It must be
able to store either the ALU output of R-type instructions, or the data
memory output for lw.

= We add a mux, controlled by MemToReg, to select between saving the
ALU result (0) or the data memory output (1) to the registers.

}

Read
address

Instruction
[31-0]

Instruction

me

mory

*extend

h
> Zero
Result

MemWrite

ALUOp

k4

Read
address

Write
address

Write
data

Read
data

Data
memory

MemToReg

jl

e 1

o xc =

MemRead

RegWrite
(25 - 21 |
- [ ] »| Read Read
register 1 data 1
| [20 - 16
¢ [ ] Read
register 2 Read || 0
i data 2 M
Write
reqister i
) Registers
Write 1
data
RegDst ALUSrc
| [15 - 0] Sign

-



RegDst

= A final annoyance is the destination register of lw is in rt instead of rd.

op

I's

rt

address

lw Srt, address(Srs)

= We’ll add one more mux, controlled by RegDst, to select the destination
register from either instruction field rt (0) or field rd (1).

}

Instruction
[31-0]

Read
address

Instruction
memory

RegWrite
| MemWrite MemToReg
I[25 - 21
o ] »| Read Read L\ |
12016 register1  datat ALU »| Read Read ol 1
® l ) »| Read > Zero address data M
(o) register 2 dﬂate:g 0 Result (g Write :
M Write M address
u register : | \wite Data * 0
i > memor
1[15- 11| X Wite | odisters 1 ALUOp data Y
\;_/ data |
MemRead
RegDst ALUSrc
|[15-0]{} Sign
I_I *extend
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Single-Cycle Datapath for
Control Flow Instructions




Unconditional Jump Instructions (MIPS)

Assembly

Jimmediate,,

Machine encoding

]

immediate

J-type

6-bit

Semantics

26-bit

if MEM[PC]==) immediate,,

target = { PC[31W%OO }

Guy> This is the addressing mode convention:
[concatenate the PC+imm+2'b00]

PC @ target

16 0o'oaa PC -n 7vw n'78nvn N150n == nAar'zy n'on 4 60




( % )MIPS -n 11127 NON N1DM QU'5

MEMORY ALLOCATION
Ssp —P 7 fifc, . ST‘

D : 11aY [N2'TN NON G
ynamic Data
Sgp-$1000 8000y niXin RISC-V

Static Data
1000 0000, 6 {719) 3 y'wa
Text size =252M { Text X'n D0l ,H&H
pe. ~P0040 0000yx (n2rnn 71 NTnY

400000hex=4M { . Reserved




Unconditional Jump Datapath (MIPS) FaiXnaX

-
—
>

>Add

Instruction

Instruction

JR

Instruction

(D=

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]

if MEM[PC]==J) immediate26

/

JAL — - $ra

PC ={ PC[31:28], immediate26, 2’b00 }

S
REard
ud® z

Head

27 10

| NNownNn NiXIN |0 JAL D1 J

R NNownn XN JR NXT NN1Y7

data 1

3 ALU operation

32

Sign X\
extend

| MemWrite

Read

Address data

Data
. memory

Write
data

MemRead

What about JR, JAL? 52




i . 1—
. struction [25~—G;} Shift Jump address [31-0] \)
1TDXY7 mMyn @ P
28 28 PC + 4 [31-28]
y191p D'wann Add - — u
4 = . SAdd SLH 1)
yNAN Q7Y DA i I ¢ esu i
RegDst .| Shift ol
& & / Jump \left 2/ _—
XTI T 1YY j T e
|' | MemRead
Instruction [31—26] | [ MemicReg
| Control [ALUDp
\ | MemWrite
\ / ALUSre
N\, a RegWrite
Instruction [25—21] Re
PG ER;:EI!SE-SS regisier 1 paag ~
Instruction [20-16] Read data 1 Z
: * R ero —
Instruction o register 2 -
[31-0] i li::,,rl | | wwrite Read ,-;ALU ALU Lo | ogeace Read e
Instruction Instruction [15—11]| X ™ register data 2 '“1 data M
memory 1) g
-| = Write \O )/
data Registers Write Data N
b N - data Memory
Instruction [15—0] 16 giur } 32 / \ r
H&P CO&D S B [ B0 |
oy [T \control|
o
Instruction [5—0]

FIGURE 4.24 The simple control and datapath are extended to handle the jump instruction. An additional multiplexor (at
the upper right) is used to choose between the jump target and either the branch target or the sequential instruction
following this one. This multiplexor is controlled by the jump control signal. The jump target address is obtained by shifting
the lower 26 bits of the jump instruction left 2 bits, effectively adding 00 as the low-order bits, and then concatenating the
upper 4 bits of PC + 4 as the high-order bits, thus yielding a 32-bit address.
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Aside: MIPS & RISC-V Cheat Sheets
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Conditional Branch Instructions (MIPS)

Assembly (e.g., branch if equal)
BEQ s, I't, immediate,,

Machine encoding

BEQ s rt immediate |-type
6-bit 5-bit 5-bit 16-bit

Semantics (assuming no branch delay slot)
if MEM[PC]==BEQ rs rt immediate,,

target = PC + 4 + Sign-eXtend(immeﬁiatC) x —Ar LALU']. N'YVYI NXNIYN n'7|y9 : ]
if GPR[rs]==GPR[rt] then PC @ target
else PC@PC+4
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Conditional Branch Datapath (for you to finish)
...NJN q7w2 [INNY

Read
address

Instruction
memory

Instruction

> Add

watch out

PC + 4 from instruction datapath e

Branch target

ALU operation

To branch
control logic

gAlbcondero

] cm—l
Read
Instruction register 1 Read
Read data 1
register 2
Registers
Write
register Read
Write data 2
data
RegWrite)
16 . 3p
A\ Sign | \
N Tl extend b

Based on orieinal figure from [P&H CO&D. COPYRIGHT 2004 Elsevier ALL RIGHTS RESERVED.]
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vier ALLRIGHTS RESERVED ]

Read

register 1 Read
Read data 1
register 2
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Write data 2
data
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> Add Sum Branch target
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o branch
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RegWrite’
16 /\ 3
N Sign | \
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We need a second adder, since the ALU

is already doing subtraction for the beq.

U

Credit:

3 » PCSrc=1 branches
| q l M to PC+4+(offsetx4).
L J i
> Add g 3 = PCSrc=0 continues
PC 4 — .
/Multlply constant > Add 1 to PC+4,.
Shift
by 4 to get offset. oni ‘
PCSrc =
RegWrite
Read Instruction _-I (25 - 21] [ TRead | — Me m|‘-‘"-"”'19 MemToReg
e o r rogister data ’ ALU Read Read
—
Instruction 'l 209" Read Zero address data
register 2 Read 0 )
memory _ data 2 " Result gy Write
Write address
i u
register I Write Data
i >
115 11] Wite  edisters 1 ALUOp data TEMONY
data |
MemRead
1[15 - 0] - Sig“d
Flexten

CSE378 Washington




The Final Datapath (without the controls)
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k 4

Credit:

A XEE O
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= \left 2 ) P
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x
™, ALY 5 1
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I. | MemWrite
\ | ALUSrc
N\, a RegWrite
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A TN register 1 Read ~—
Instruction :al:l 16] Read data 1 écroﬁ
Instruction 111 oy | redister < N ALU e
1=0) M | | write Read g ﬁl l_'J 1 Address H_(‘:‘_;':"fl ——
Instruction Instruction [15—11] : = register data 2 |=I1 data M
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data Registe rs e Data Wt
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Instruction [15—0] 16 { gign § 32 / \ S
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"-.:” &0 ' control/
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FIGURE 4.24 The simple control and datapath are extended to handle the jump instruction. An additional multiplexor (at
the upper right) is used to choose between the jump target and either the branch target or the sequential instruction
following this one. This multiplexor is controlled by the jump control signal. The jump target address is obtained by shifting
the lower 26 bits of the jump instruction left 2 bits, effectively adding 00 as the low-order bits, and then concatenating the
upper 4 bits of PC + 4 as the high-order bits, thus yielding a 32-bit address.

Copyright © 2014 Elsevier Inc. All rights reserved.
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Putting It All Together (MIPS)

PC

N

Instruction [25—0] \ Q\

Jump address [31—-0]

Y \
26 @28

PC+4 [31-28]

>Add

Instruction [31—26]

Read
address
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register 1 Read

Read data 1
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Instruction [15—11]
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register 2
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Write
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data

ALU

l Add result

bcond
>A|—U ALU

}un

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL

RIGHTS RESERVED.]
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Single-Cycle Control Logic
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Add e ss

Wrie
da &

Rea
@at

Da @

me mo ry

(nININN



. . Copyright 1998 Morgan Kaufinann Publishers, Inc. All rights reserved.
Let’s explain all Control Signals:

ALUSrc — 0 will connect GPR[Rt] to the ALU B input [Rtype, beq] _

1- will connect sext(imm) to the ALU B input [in lw or sw inst.]

ALUOP — Two bits: 00 force the ALU to add [Iw & sw]. 01 force the ALU to sub [beq]. 10 force the ALU to look at the funct. Field [Rtype].

MemRead — 0 - nothing happens. 1- data is read from M[ALU output]

MemWrite — 0 - nothing happens. 1- GPR[Rt] is written into M[ALU output] at the next rising edge of the CK

e

B pn 4

Me_mb R

AL U
H MmemtoRe
Me mWrie

Mo . MemWrit
4. RegWrite ALUsrc
h stu cton 25-21[ Read
L .| rad ise r1
add e ss o o
h stu cton 20-16 [ Read daal

h sta cton Bl -26 [»

Con to

) ise 12
h 5‘; c‘?” — - o Ir%g ise s Rea ALU AL b
X Wrie da & 2| € 3l Jtebei | Add € SS Ral (1
h sta cton egiser @a t
ne m ry h stu cton 15-11[ Wrie u
— aa
‘ dan ; e mo 1y Ao
S| wrie
RegDst da & I—
h st cton 15-0[ 16 S gn 32
tu_ctor . L——
e xeng MemRead
|
. . . h stu cton 5 -0[
RegWrite — 0 — if we do not write back to GPR [sw, beq]. ALUop
1 - if we do write beck to GPR [Rtype, lw]

MemToReg — 0 — The ALU output is fed to the GPR Write Data input [Rtype]. 1- Data read from Memory is fed to the GPR Write Data input [Iw]
RegDst — 0 — The GPR Write Reg gets Rt field of the instruction [Iw]. 1- The GPR Write Reg gets Rd field of instruction [Rtype]

Branch — 0 —ia all instructions except beq. 1- in beq. Selects whether to branch or not.



Inputs

Op5

Op4

Op3

Op2

Op1

Opo0

OOOI 00[0000

I

Control

NN

We would like to build the Control Decoder together

Outputs
R-format] Iw Sw beq RegDst
) ALUSTC
MemtoReg
) RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOpO
U ALU e el e
Instr. | ‘SFC 6P Kem | W %9 | \B&% | Branch
R-type
Iw
SwW
beq

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



0
—_— b
—
Add AL P e | 1
e sl |t
! \
Reg Dst
- —D

B an &
\ M mRead
h sto cton B1-26 [ Me mo Reg
[—— @n to AL UQp
Me mWrie
AL LS rc
Reg Wrie
h sto cton 25-21 [ Rrad
— .| Rad .
— | addess egiserl Rea
h stu cton 20 -16 [ Rrad da & 1 |
b eg ise r2
" St;]_ctnon f L e Rgise IS Ra
h sta cton - egiser dan Add e ss
e o ry h stu cton 15 -11 [ | wre
da
Wrie
da &
; 16 32 I
. h sto cton 15 -0 - . 1
We can fill up columns q a
|— on tofl
We only read from memeory in lw instruction, so hstocen 3 0]

We only write to memeory in sw instruction, so

Instr. | ‘SF8 Ahl:J(ﬂp Nem | Mem “@S‘ %9 | A% | Branch

A better way is to follow

R-type 0 0 Each instruction and see
What happens in the
W 1 0 Data-Path during the
R ; Execution of the instruction
SW
0 0

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



a

add Rd, Rs, Rt

GPR[Rd] = GPR[Rs]+GPR[Rt]

¢

In Rtype we use GPR[Rs] op GPR[Rt]

Thus, ALUSrc =0

Read
add e ss

h sta cton
ne no ry

h stu cton|
B1-0

h sto cton 25 -21 [

h stu cton B1-26 [
e | (1 t0)

Reg Dst
B ap &

\

M mRead

M mo Rg

AL UQp

Me mWrie

LB rc

o

Reg Wrie

1

Read

h st cton 20 -16 [

o

egise rl

Read

 —

h sto cton 15 -11

»

eg ise r2

Wrie
egiser

Wrie

-

>

da

Rgisers Rug

da & 2|

h sto cton 15 _0F

In Rtype we must have ALUop =10 (function)

| h stu cton $ -0

16

Add e ss

.| Wwrie

da &

MemRead=0 and MemWrite=0 <
MemToReg=0
Instr. | ‘SF8 Ahl:J(ﬂp Nem | Mem “@B‘ %9 | A% | Branch
R-type 0 10 0 0 0 1 1 0
1 0
Iw
0 1
SwW
0 0
IhA A~

RegDst=1 to select Rd
RegWrite=1 to write to the GPR

Branch=0 so we always get
PC=PC+4

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.




a

Iw Rt, imm(Rs)
GPRI[Rt] = M[ GPR[Rs]+sext(imm) ]

¢

Read
add e ss

h sta cton
ne no ry

h stu cton|
B1-0

h stu cton B1-26 [

h st cton 25-21 [

Reg Dst
B ap &

@n m)

w fead

\ M mRead

M mo Rg

AL UQp

Me mWrie

LB rc

Reg Wrie

1

h stu cton 20

h sto cton 15 -

In lw we use GPR[Rs] + sext(imm)
Thus, ALUSrc =1
In lw we must have ALUSOP =00 (add)

egise rl

Read
eg ise r2

Wrie

egiser

Wrie
da

Rgisers Rug

da & 2|

h stu cton $ -0

Read|
da ¢

* Add e ss

a

Y O

§ e no ry -
| wrie
da &
I

. 00
MemRead=1 and MemWrite=0 g
MemToReg=1
mste. | ‘¥R | ARYP | Mem | WeR Dﬁﬁ'ﬁ’ B%% | WRefe  Branch RegDst=0 to select Rt
R-type 0 170 0 0 0 1 0 RegWrite=1 to write to the GPR
- 1 0o |0 1 0 0 1 0 Branch=0 so we always get
PC=PC+4
0 1
SW
0 0
beq

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



a

sw Rt, imm(Rs)
M[ GPR[Rs]+sext(imm) ] = GPR[Rt]

¢

Read
add e ss

h sta cton
ne no ry

h stu cton|
B1-0

h stu cton B1-26 [
e | (1 t0)

Reg Dst
B ap &

\ M mRead

M mo Rg

AL UQp

Me mWrie

LB rc

Reg Wrie

0

h stu cton 25 -21 [ ol Rad

egise rl

h stu cton 20 - Rad

eg ise r2
Rgisers Rug
.| Wrie da & 2|

egiser
h sto cton 15 -

Wrie
da

In sw we use GPR[Rs] + sext(imm)
Thus, ALUSrc =1

In sw we must have ALUSOP =00 (add)

h stu cton $ -0

ﬂ ALU AL
' | add

[

Read|
da ¢

* Add e ss

a

Wrie

v

da &

e no ry |—>0
I

MemRead=0 and MemWrite=1 o
MemToReg=X. We do not write back!
mste. | ‘¥R | ARYP | Mem | WeR Dﬁﬁ'ﬁ’ B%% | WRefe  Branch RegDst=X. We do not write back!
R-type 0 1 0 0 0 0 1 0 RegWrite=0. We do not write back!
1 0 Branch=0 so we always get
Iw 1 0 0 1 0 0 PC=PC4+4
0 1
sw 1 00 X X 0
0 0
beq

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



y

Zero=1 if
ALU output

is 000...000
else Zero=0

If GPR[Rs] == GPR[Rt] then
PC=PC+4+sext(imm)*4; else PC=PC+4

=

Read
add e ss

h sta cton
ne no ry

h stu cton|
B1-0

Reg Dst
B ap &

4

\ M mRead

h stu cton B1

-26 [ M mo Rg
| @nto

Me mWrie

AL LS rc

Reg Wrie

0

AL UQp
h sto cton 25 - o rad

egise rl

h stu cton 20 - Rad

eg ise r2

.| Wrie

egiser
h sto cton 15 - Wrie
da

Rgisers Rug

da & 2|

In beq we use GPR[Rs] - GPR[Rt]

Thus, ALUSrc =0

Read|

Add e ss da o

a

.| Wwrie

h sto cton 150 16 32 ! _I
g AL
|_ on tofl
h stu cton $ -0

In be we subtract so ALUSOP =01 (sub)

da &

e no ry |—>0
I

MemRead=0 and MemWrite=0 =
MemToReg=X. We do not write back!
RegDst= X. We do not write back!
Instr. %IF(I:J AhU(ﬁ P Meealﬂ Wﬁ& lﬁ?gn ]Besg We8e | Branch
RegWrite=0 We do not write back!
R-type 0 1 0 0 0 0 1 1 0
Branch=1 so we check Zero to
Iw 1 0 0 1 0 1 0 1 0 decide whether to
sw 1 0 0 0 1 X X 0 0 branch (PC= branch target)
or not to branch (PC=PC+4)
beq 0 0 1 0 0 X X 0 1

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



0
u
Add AL P e | 1
e st
| \
Reg Dst ’—
4 — B an & D
\ M mRead
h stu cton B1-26 [ M mo Rg
— | oo [ arug
Me mWrie
AL LS rc
Reg Wrie
- 1
oaa h sto cton 25 -21 [ Rad
— - a i
— |addess ) e d RE‘al
h stu cton 20 -16 [ RrRad as -
X eg ise r2
h st;lctn(l; L - Rgisers Rg AL U AL
. » WH_E da & 2 € Sl (e | Add € SS
h stu cton egise r
ne no ry h st cton 15 -11 [ Wrie
e da I
.| Wwrie
h sto cton 15 _0F

da &
16 32 J :
[ ) g AL
on to]l
| h stu cton $ -0 |_

So the final Control Decoder is as follows:

Instr. ’%‘i‘y AhU(ﬁ P K[eeara Wfﬂé lﬁﬁ}},’ ]Besg W%e | Branch
1

R-type | 0 0 0 0 1 1 0

lw 1 0 1 0 1 0 1 0

o o ©

SW 1 0

beg 0o 01 0 0 X | X 0 1

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



Inputs

Op5

Op4

Op3

Op2

Op1

Opo0

R-format]

Outputs

RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOpO

Control Decoder
svve

Instr. %‘i‘([:] AhU(ﬁ’ P Mee;}}] er e lﬁﬁ‘gn ]i,e& Branch
R-type 0 110 0 0 0 1 0
lw 1 0 0 1 0 1 0 0
sw 1 0 O 0 1 0
beq 0 |0 1 0 0 1

Copyright 1998 Morgan Kaufimann Publishers, Inc. All rights reserved.



Single-Cycle Hardwired Control (MIPS)

As combinational function of Inst=MEMI[PC(]

O S - “I—Iid 1 éhamt_A Ltun:;tfn
6-bit . 5-bit 5-bit . 5-bit 5-bit 6-bit
Lo-pcgde Lrs rt immediate

H-bit L. 5-bit 5-bit 16-bit

opcode | immediate

6-bit 26-bit

Consider - nxXnix¥xn vO
< All R-type and I-type ALU instructions

9 LW and SW

< BEQ, BNE, BLEZ, BGTZ
a |1 IR IAl IAIR

R-type

|-type
J-type

83



Putting It All Together (MIPS)

N

Instruction [25—0] \ ®\

Jump address [31—-0]

N\ \
-6 left 2 28

PC+4 [31— 28]

>Add

| PC

Jump
[ e—]
Instruction [31—26]
Control
Instruction [25—21] Read
Read register 1
address _ 9 Read
Instruction [20— 16] Read data 1
. I register 2
|nStIi:léCliOn (0] Registers Read
M Write data 2 o
Instruction u register M
memory Instruction [15—11] X Write )Li
L data 1
Instruction [15—0] 1\6 Sign 32

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL

RIGHTS RESERVED.]

A extend

Instruction [5— 0]

>

ALU
Add result

n

result

>

(0] I—» 1

M M

u u

X X

1 (0]

Read
Address data " 1
M
u
Data X

memor
Write Y o
data

34

JAL, JR, JALR omitted



° ° JNIND X7 YINNWI | UNINN 'XINNYWI | 71V (V1aN) 'XINN 17200 MaD
Single-Bit Control Signals

When asserted
When De-asserted Equation

GPR write select GPR write select according

according
to rt, i.e., inst[20:16]

opcode==

tord,i.e., inst[15:11]

(opcode!=0) &&

2" ALU input from sign-
2" ALU input from 2" GPR
extended 16-bit (opcode!=BEQ) &&
read port
immediate 85

JAL and JALR require additional RegDest and MemtoReg options




Single-Bit Control Signals

When De-asserted When asserted Equation
Memory read disabled Memory read port return | opcode==LW
load value
Memory write disabled Memory write enabled opcode==SW
next PC is based on 26-bit | (opcode==J) ||
According to
immediate jump target (opcode==JAL)

next PC=PC+4

next PC is based on 16-bit
immediate branch target

(opcode==Bxx) &&

“bcond is satisfied”

. . 86
JR and JALR require additional PCSrc options




ALU Control | P IRDVATREY

R-type

case opcode bw 0|0
. . sw 0 0 ALUOP

R-type: ‘0" “ select operation according to funct 5 — 1

eq
‘ALUI" « selection operation according to opcode ey _.
‘LW’ 4 select addition
‘SW' # select addition

ALU CMD

1 IS 1 i
Bxx' “ select bcond generation function MIPS ALU CMDs

Other inSt- - don't care = Here’s aimple ALU with five operations, selected by

a 3-bit/control signal ALU CMD

ALU CMD Function

Example of ALU CMD (operations)

000 and
0 ADD, SUB, AND, OR. XOR, NOR, etc. oo |
110 subtract

<4 bcond on equal, not equal, LE zero, GT zero, etc. L it

CORE INSTRUCTION SET

OPCODE
FOR- / FUNCT

NAME, MNEMONIC ~ MAT OPERATION (in Verilog) (Hex)
Add add R R[rd] = R[rs] + R[rt] (1) 0/20},

Taken from:  CSE378 University of Washington
https://courses.cs.washington.edu/courses/cse378/10sp/lectures.html

:MIPS 7¥ DI1>'0N '9T JINN 87




Example: ALU Design — The Logic part

" ALU operation (F,,,) comes from the control logic




R-Type ALU | v

Instruction [25—0] \ Q\ Jump address [31—- 0]
\ \
26 @28 |
PC+4 [31-28] ) EE—
ALU
\ Add result 1
> Add
—
Jump
4] —l
Instruction [31—26]
Control
1
Instruction [25—21] Read B
Read register 1 n
pC address ) 9 Read
Instruction [20— 16] Read data 1 o/
. [ register 2 bcond
InSt"[gitloc?] . Registers Read ALU ALuU
) Write data 2 result Address Readl
Instruction register data
memory Instruction [15—11] Write Data
data | ' memory d
Write
data
Instruction [15—0] {6 Sign 32
A extend t O
Instruction [5— 0] |
**Based on original figure from [P&H CO&D, COPYRIGHT 2004 9

Elsevier. ALL RIGHTS RESERVED. ]



I-Type ALU

Instruction [25—0] \ Q\ Jump address [31-0]
\ \
26 @28 | Iy
PC+4 [31— 28] e — ‘ '\S
\ X
ALU N
Add result 1
>Add
—
Jump
] com—l
Instruction [31—26]
Control
Instruction [25—21] Read -
Read register 1 O
pC address ) 9 Read
Instruction [20— 16] Read data 1
) register 2 bcond
|n5t“é‘it'061 Registers Read ALU ALU
[31-0] Write o) Read
. : data 2 result Address 1
Instruction u register M data
) u
memory Instruction [15— 11] 1X Write Data
data
) memory
Write
data
Instruction [15—0] {6 Sign 32

N |extend |-Opcode O

Instruction [5— 0]

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]



LW

Instruction [25—0] \ Q\

Jump address [31—-0]

Y N\
26 @28

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]

A extend

Instruction [5— 0]

r Add

PC+4 [31—28] [ —— ‘ '\S
\ X
ALU N
Add result -
>Add
Jump
] com—l
Instruction [31—26]
Control
Instruction [25—21] Read -
Read register 1 O
PC address . 9 Read
Instruction [20— 16] Read data 1
. register 2
Instr[gctlon] ) Registers Read
. Write data 2 0 result Address R&ead
Instruction u register M e
memory Instruction [15—11] x Write -
1 A Data
. memory
Write
data
Instruction [15— 0] 3{6 Sign 32




SW

Instruction [25—0] \ Q\ Jump address [31-0]
A\left 2 [N
26 UZS L0
PC+4 [31—28] Py ‘ '\LT
\ »
ALU N
Add result 1
>Add
—
Jump
] com—l
Instruction [31—26]
Control
Instruction [25—21] Read -~
Read register 1 1
pC address ) 9 Read
Instruction [20— 16] Read data 1
) register 2 bcond
'nSt"[g‘itLOg] I—» ~ Registers Read 5 ALU ALy Read
) Write data 2 result Address ead
Instruction register M data
memory Instruction [15—11] " Write -
data Data
) memory
Write
data
Instruction [15—0] {6 Sign 32

N |extend r Add O

Instruction [5— 0]

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]



Branch (Not Taken)

Some control signals are dependent
on the processing of data

PC

/

Instruction [25—0] \ Q\

Jump address [31—-0]

Y N\
26 @28

PC+4 [31-28]

>Add

p/ppe—
Read
address
Instruction
[31-0]
Instruction
memory

—_—
ALU
Add result
—
Jump
Instruction [31—26]
Control
Instruction [25—21] Read ~
register 1 Read
Instruction [20— 16] Read data 1
[ register 2 bcond
(o] . Registers Read ALU ALuU
M Write data 2 result
u register
Instruction [15—11] Write
data [ S,
Instruction [15— 0] 3{6 Sign 37
A extend

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]

Instruction [5— 0]

—bcond

Address

Write
data

Read |
data

Data

memory |->




Branch (Taken)

Some control signals are dependent
on the processing of data

Instruction [25—0] \ Q\ Jump address [31-0]
\ \
26 @28 o LA
PC+4 [31—28] —_ '\JI '\S
\ x
ALU
Add result
>Add
—
Jump
] com—l
Instruction [31—26]
Control
Instruction [25—21] Read ~
Read register 1 O
pC address , 9 Read
Instruction [20— 16] Read data 1
) [ register 2 bcond
InSt"[gitlo(?] . Registers Read ALU ALuU
) Write data 2 result Address Readl _
Instruction register data
memory Instruction [15—11] Write )L: Dat
ata
A data L e €8 memory
Write
data
Instruction [15—0] {6 Sign 32

N Tl extend —bcond O

Instruction [5— 0]

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]



Jump

PC

/

Instruction [25—0] \ Q\

Jump address [31—-0]

\

\)
28

>Add

] com—l
Read
address
Instruction
[31—0]
Instruction
memory

**Based on original figure from [P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]

PC+4 [31-28] ey, | '\JI '\Lf
X
ALU
result o
—
Jump
Instruction [31—26]
Control
Instruction [25—21] Read ~
register 1 Read O
Instruction [20— 16] Read data 1
[ register 2 bcond
~ Registers Read >ALU ALU
Write data 2 o result Address Rc>’ead_
register M ata
Instruction [15—11] Write » Dat
N data — meﬁ’éry
Write
LA data
Instruction [15— 0] 3{6 Sign 32
A extend

Instruction [5— 0]

"X




What is in That Control Box?

Combinational Logic & Hardwired Control
4 Idea: Control signals generated combinationally based on instruction
2 Necessary in a single-cycle microarchitecture...

Sequential Logic ¥ Sequential/Microprogrammed Control

< Idea: A memory structure contains the control signals associated with an
instruction INT191 NaxnNa 120!
< Control Store

96



‘ Evaluating the Single-Cycle
Microarchitecture |




A Single-Cycle Microarchitecture

“ Is this a good idea/design?

“ When is this a good design?

“ When is this a bad design?

“ How can we design a better microarchitecture?

98



A Single-Cycle Microarchitecture: Analysis

Every instruction takes 1 cycle to execute
< CPI (Cycles per instruction) is strictly 1

How long each instruction takes is determined by how long the slowest
instruction takes to execute

< Even though many instructions do not need that long to execute

Clock cycle time of the microarchitecture is determined by how long it
takes to complete the slowest instruction

J Critical path of the design is determined by the processing time of the slowest
instruction

99



What is the Slowest Instruction to Process?

Let's go back to the basics

All five phases of the instruction processing cycle take a single machine clock cycle to
complete 1. Instruction fetch (IF)

2. Instruction decode and
register operand fetch (ID/RF)
3. Execute/Evaluate memory address (EX/AG)
4. Memory operand fetch (MEM)
5. Store/writeback result (WB)

Do each of the above phases take the same time (latency) for all

. S
Instructions: .017wWn 5 75 NN NIDNN NINAIND 7D NY -

NATN ININ IN 2A7W 7D N7 -

.0"A7WN 7207 {7j7TTh "N N'O'NN DTI79NW 110 - 100



Single-Cycle Datapath Analysis - nnaiT

Assume - D'2A7wnn TNX 722 NI'NYN7 021V NNANN AT 71 It
4 memory units (read or write): 200 ps

<4 ALU and adders: 100 ps

< reqister file (read or write): 50 ps

< other combinational logic: 0 ps

24 MOX DN AXINN DX WONI1 DINTN NN 2'¥] X2n Q72

101



steps IF ID EX MEM WB
Delay

resources mem RF ALU mem RF
R-type 400
I-type 400
LW 600
SW 550
Branch 350
Jump 200




Let’s Find the Critical Path

/

Instruction [25—0] \ Q\

Jump address [31—-0]

28

\ \

>Add

PC

Read
address

Instruction
[31-0]
Instruction
memory

(0] 1
PC+4 [31—28] ey, | '\JI '\JI
X X
ALU
result i/ o
Jump
Instruction [31—26]
Control
Instruction [25— 21] Read
register 1 Read
Instruction [20— 16] Read data 1
[ register 2 bcond
0 ~ Registers Read >ALU ALU
M Write data 2 ° result Address Réead__, 1
u register M aa M
. u
Instruction [15—11] X i "
1 \é\gtl;e 1X Data X
memor
Write Y S
data
Instruction [15— 0] 3{6 Sign 32

[Based on original figure from P&H CO&D, COPYRIGHT 2004 Elsevier.

ALL RIGHTS RESERVED.]

A extend

Instruction [5— 0]




R-Type and I-Type ALU - critical path /FSHE

Instruction [25—0] | Q\

Jump address [31—-0]

D(‘er‘l: Jum

\ N\
26 @28

PC+4 [31— 28]

Instruction
memory

N L

4

PCSrc,=Br Taken

u
X
ALU
Add result \1/
Address

’2‘§

[ ] <’erte

Jump
Instruction [31— 26]
Control
Instruction [25—21] Read
register 1 Read
Instruction [20— 16] Read data 1
1 ~
12 IS [ o Registers
M Write data
¥ _
. X -
Instruction [15—11] N - \é\/me 4OOD .
ata )
L
Instruction [15—0] 1{6 Sign 32
N extend
Instruction [5— 0]
| -

[Based on original figure from P&H CO&D, COPYRIGHT

2004 Elsevier. ALL RIGHTS RESERVED.]

data

Read |
data | a
Data
memory

A

ALU operation

AIJ




LW

Add

10Qps

Instruction [25—0] | Q\

D(‘erlzlllm

Jump address [31—-0]

\ N\
26 @28

Read

Instruction
memory

[Based on original figure from P&H CO&D, COPYRIGHT

2004 Elsevier. ALL RIGHTS RESERVED.]

L.

O x

PC+4 [31—28] 4 v M
u u
X
ALU
Add oSyt \1/
Jump PCSrc,=Br Taken
Instruction [31— 26]
Control
Instruction [25—21] Read
register 1 Read
Instruction [20—16] data 1
0 ) Registers ALU bCAOII]S
M Write data It Address Read
u
Instruction [15— 11 X ;
L ! 1 Wrtlte :E( Data
— ~ memo
’2 q n Q Write i
- I~ | data
Instruction [15— 0] {6 Sign 32
N extend .
— ALU operation

Instruction [5— 0]




SW

Add

10Qps

Instruction [25—0] | Q\

Jump address [31—-0]

Read

Instruction
memory

[Based on original figure from P&H CO&D, COPYRIGHT

2004 Elsevier. ALL RIGHTS RESERVED.]

\ N\
26 @28

PC+4 [31— 28]

Jump
Instruction [31— 26]
Control
Instruction [25—21] Read
register 1 Read
Instruction [20— 16 data 1
[0} . Registers
M Write data 2
u register
Instruction [15—11] x Write
1 data
Instruction [15— 0] {6 Sign

N extend

Instruction [5— 0]

=

D(‘er‘l: lum
I— 1
M M
u u
X
ALU
Add result \1/
PCSrc,=Br Taken
AL PR

Addr

32

Read |
data

Data

OXCZH

320p$::550p8 |

ALU operation
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Branch Taken

DFer =J1 |m
Instruction [25—0] Shift \\ Jump address [31—-0]

\ N\
26 @28

PC+4 [31— 28]

PCSrc2=Br Taken

Instruction [31— 26]

Control

Instruction [25—21] Read n
Y register 1 S
Instruction
INS¥ - i
(0] Registers .
: L M Write data 2 . ___ Address Readi__, "
Instruction u register data M
memory Instruction [15—11] X Write o
1 Data X
data = memory (0]
Write |
data
Instruction [15—0] 1{6 Sign 32
N extend .
—] ALU operation
Instruction [5— 0]

[Based on original figure from P&H CO&D, COPYRIGHT
2004 Elsevier. ALL RIGHTS RESERVED.]



Instructiog

PC+4 [31— 28]

@)

o
M
L u
X
ALU 1
N

Add result

PCSrc,=Br Taken

Instruction [25—21] Read
| P register 1 Read
)| |nstruction [20—16] Read data 1
o osi oA register 2 ond
n kS 10 b I—v o ) Registers Read >ALU bCALU
. M Write data 2 0 result Address Readl __ 7
Instruction u register M data M
memory Instruction [15—11] X Write ;J u
1 data 1 Data X
memo
Write v o
data
Instruction [15—0] {6 Sign 32
N extend .
— ALU operation
Instruction [5— 0]

[Based on original figure from P&H CO&D, COPYRIGHT 2004
Elsevier. ALL RIGHTS RESERVED.]



What About Control Logic?

?NN{720 7w TX2 DAY DY NI7 nn datapath -n 7722 73 D'21D'V 12NN 'Yy TV
conthoL oATA ECIE i e

How does that affect the critical path?

uan,

Food for thought for you:
< Can control logic be on the critical path? (*) _,
9 A note on CDC 5600: control store access too Iong.-

D2IN12 017N NM7an NINIX .Branch Taken1iay 0'oj7w 2 197 IX1 .0 07NN (*)
7V 0'NX¥N1 cache hit/miss -2 DNIYi7Y N17an NINIX :N9011 NNAIT .NI'YN NINNII
JOM7N 2NN

T3 pipeline -n N Nx'7 wart Rin .CDC -2 'wxan oTinnn i Seymour Cray (¥%) | s
NIND NWRAN AT NV 7Y 12aNn7




What is the Slowest Instruction to Process? ..

CLK
address

data

Memory is not “magic”

What if memory sometimes takes 100ms to access?

e R

AD__[X

Al [X A2

DO XXX DI XXXXXD2

| =

"magic"
memory

Does it make sense to have a simple register to register add or jump to

take {100ms+all else to do a memory operation}?

And, what if you need to access memory more than once to process an

instruction?
9 Which instructions need this?

< Do you provide multiple ports to memory?

110



Single Cycle pArch: Complexity
Contrived (=n'j7oyin)
2 All instructions run as slow as the slowest instruction
Inefficient
9 All instructions run as slow as the slowest instruction

< Need to replicate a resource if it is needed more than once by an instruction during
different parts of the instruction processing cycle

Not necessarily the simplest way to implement an ISA
4 Single-cycle implementation of REP MOVS (x86) or INDEX (VAX)?

Not easy to optimize/improve performance

J Optimizing the common case does not work (e.g. common instructions)

.. i 111
9 Need to optimize the worst case all the time



(Micro)architecture Design Principles

“ Critical path design (Guy: optimize for performance)
NIXTMI'ODINT [IXTIN NINNY
7201w 1D 0" 7N 2'NIn

4 Break a path into multiple cycles if it takes too long TN X7 ,0TNN DX NI7ynY
790NN NDMX 7712 'IX1Y 12T

9 Find and decrease the maximum combinational logic dela'73‘7

“ Bread and butter (common case) design

1 Spend time and resources on where it matters mos
“ i.e., improve what the machine is really designed to
4 Common case vs. uncommon case

P is proportional to f*3

® Balanced design
4 Balance instruction/data flow through hardware components
< Design to eliminate bottlenecks: balance the hardware for the work 112



Single-Cycle Design vs. Design Principles

® Critical path design _

“ Bread and butter (common case) design

® Balanced design

How does a single-cycle microarchitecture fare in light of these principles?

113



Aside: System Design Principles

When designing computer systems/architectures, it is important to follow
good principles

“principled design”

Frank Lloyd Wright: “architecture [...] based upon principle, and not
upon precedent” =10'Tjyyn 7V X71,117j7'V 7V NO012aPN N170"1TX

Guy: Patterson and Hennessy design principles:
(1) Simplicity favors regularity;

(2) Make the common case fast;

(3) Smaller is faster,

(4) Good design demands good compromises;

114



Frank Lloyd Wright | v

“ "architecture [...] based upon principle, and not upon precedent”




Aside: System Design Principles

We will continue to cover key principles in this course
Here are some references where you can learn more

Yale Patt, “Requirements, Bottlenecks, and Good Fortune: Agents for
Microprocessor Evolution,” Proc. of IEEE, 2001. (Levels of transformation,
design point, etc)

Mike Flynn, “Very High-Speed Computing Systems,” Proc. of IEEE, 1966.
(Flynn's Bottleneck & Balanced design)

Gene M. Amdahl, "Validity of the single processor approach to achieving
large scale computing capabilities", AFIPS Conference, April 1967. (Amdahl's
Law & Common-case design)

Butler W. Lampson, “Hints for Computer System Design,” ACM Operating
Systems Review, 1983.

mM In+4+ine //vrAacAnirr~lnh mAllcvrAceA~AftE ~Ara /st i I~ /1COY VT /a~rv-Alh s AAEF
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http://research.microsoft.com/pubs/68221/acrobat.pdf

Aside: One Important Principle

" Keep it simple

“ *“Everything should be made as simple as possible, but no simpler”
< Albert Einstein

“ And, do not forget: “An engineer is a person who can do for a dime what
any fool can do for a dollar.”

Arthur Mellen Wellington

:7'1TNN LIV e L
An engineer can do for a dollar” QG e tipa
"what any fool can do for two e

Manhattan, New York, US
Resting place Woodlawn Cemetery

Occupation  Civil Engineer 1 1 7

Spouse(s) Agnes Bates
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Reference:

https://
ww1l.microchip.com/
downloads/en/
DeviceDoc/
doc4088.pdf

Single Cycle 8051 Core—AT89LP Family of High Performance &
Low Power Flash Microcontrollers

By David Lee, Marketing Manager
&

Ben Froemming, Design Manager

Summary

The Atmel AT8SLP family of products features a single-cycle 8051 core within a highly infegrated
microcontroller allowing designers to achieve 6x to 12x more petformance compared to classic
8051 devices. The 8051 architecture has been used in the industry for decades and remains very
popular with system developers. AT8ILP microcontrollers offer full binary code compatibility with
the original MSC®51 instruction set, ensuring an easy migration path. The single-cycle core
provides designers a unique opportunity to upgrade their application with more performance (up
to 20 MIPS), less power consumption (up to 80% savings) and code size ranging from 2KB to
64KB. AT839LP microcontrollers reduce system cost and enable faster time-to-market by

integrating more system features on chip.



AN ALOG MicroConverter® Multichannel

24-/16-Bit ADCs with Embedded 62 kB
DEVICES Flash and Single-Cycle MCU

ADuC845/ADuC841/ADuC848

FEATURES Power
High resolution Z-A ADCs Normal: 4.8 mA max at 3.6:\! (core CLK =*1 57 MHZ}:
2 independent 24-bit ADCs on the ADuC845 Powe:r.-down: 20 pA max with wlake-up timer running
Single 24-bit ADC on the ADuC847 and Specified for 3V and 5V operation
single 16-bit ADC on the ADuC848 Package and temperature range:

52-lead MQFP (14 mm x 14 mm), —40°C to +125°C

Up to 10 ADC input channels on all devices
56-lead LFCSP (8 mm x 8 mm), —40°C to +85°C

24-bit no missing codes

22-bit rms (19.5 bit p-p) effective resolution APPLICATIONS

Offset drift 10 nV/°C, gain drift 0.5 ppm/°C chop enabled
Memory

62-kbyte on-chip Flash/EE program memory

4-kbyte on-chip Flash/EE data memory

Flash/EE, 100-year retention, 100 kcycle endurance

3 levels of Flash/EE program memory security

In-circuit serial download (no external hardware)

High speed user download (5 sec)

2304 bytes on-chip data RAM FUNCTIONAL BLOCK DIAGRAM
8051-based core AVpg

8051-compatible instruction set ADuC845 $_
|:> High performance single-cycle core AvCo CURRENT IEXC1
SOURCE IEXC2

32 kHz external crystal -
On-chip programmable PLL (12.58 MHz max) BUF > PGA >— , PRIMARY | 7 N, I& o

Multichannel sensor monitoring
Industrial/environmental instrumentation

Weigh scales, pressure sensors, temperature monitoring
Portable instrumentation, battery-powered systems
Data logging, precision system monitoring




EmbeddedSeries C2000 Day

What is C2000?

The 32-bit real-time microcontroller family

Processing System
Performance £2000 Integration

+ DSP performance Best of both worlds + Embedded Flash
* Up to 300MHz CPU Math-optimized 32-bit core + On-chip analog

+ Control optimized Analog Integration = Ease of use

Powerful peripherals = Scalabllity

* DSP performance within a Microcontroller « Comprehensive Peripheral Set
architecture —Best in class ADC performance
—40-300MHz C28x CPU — Flexible high resolution PWMs
+ Built-in DSP functions
‘ . Single Cycle 32x32-bit MAC —ﬁﬁ;ﬁggzg Capture, Quadrature Encoder
— Control Law Accelerator —CAN, LIN, SPI, 12C, SCI/UART, McBSP
— Floating-Point Unit . ] .
— Embedded Flash  Broad portfolio of configurations
—40-300 MHz

 Fine-tuned for real-time control

— Fixed and Floating-point devices
— Optimized core &P

—32-512KB of Flash

. Fast. PETupls —From sub $2 to $20
— Flexible interrupt system - el AAAAN £ il
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Single-Cycle parch I (H&P *"9y) - MIPS

N

Instruction [25—0] \ Q\

Jump address [31—-0]

Y \
26 @28

PC+4 [31— 28]

>Add

Instruction [31—26]

PC

Read
address

Instruction
[31-0O

Instruction
memory

Instruction [25—21]

Jump

Control

Read

Instruction [20— 16]

register 1

Read

L

Instruction [15—11]

register 2
Registers

Write

register

Write

>—\><C§o

Instruction [15— 0]

data

Read
data 1

Read
data 2

ALU

l Add result

bcond
> ALU ALuU

)un

Instruction [5— 0]

16 /\ 32
\, Sign \,
\ @ \

(- xcz°)

-

0] 1
M M
u u
X X
1 0
N
Read
Address data "1

Data

X memory
Write
data

OXCZH

**Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL

RIGHTS RESERVED.]

JAL, JR, JALR omitted



Single-Cycle parch II (H&H "9V n11¥ LYD N11XN)

CLK

0] Pc
i

“ec
L

MemtoReg
Co nt_rol HMelei te
Unit B h
ranc
ALUControl, D pCsSre
31:26
Op ALUSIrc
20 Funct |RegDst
RegWrite
CLK CLK
[ [
g WE3 SrcA Zero WE
2521
A RD | Instr == AL RD1 2 eadData | ©
- 1| ALUResult A RD R D 1
Instruction 2016 ro H <
Memory 2; RDb2 2 SreB . _— MeD:::r
WD3 Register WriteData WD Y
File
20:16 \0
15:31 1
WriteReg
4 PCPlus4 -
Signimm <<2
15:0 H
Sign Extend + PCBranch
Result

Single-cycle processor. Harris and Harris, Chapter 7.3.
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Introduction
Performance Analysis
Single-Cycle Processor

Application
Software

Operating
Systems

Architecture

Multicycle Processor
Pipelined Processor
Advanced Microarchitecture Sl

Digital Design & Computer Architecture

Microarchitecture




Introduction

e Microarchitecture: how to i e
implement an architecture in e
hardware rrchiecture S

 Processor: _
— Datapath: functional blocks Logic
— Control: control signals A—

Circuits

Analog
Circuits

“»-
3Ese
%

Physics




4

e Multiple implementations for a single
architecture:

— Single-cycle: Each instruction executes in a
single cycle

— Multicycle: Each instruction is broken up into
series of shorter steps

— Pipelined: Each instruction broken up into
series of steps & multiple instructions
execute at once

Digital Design & Computer Architecture Microarchitecture



5

 Program execution time

Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)

e Definitions:
— CPI: Cycles/instruction
— clock period: seconds/cycle
— IPC: instructions/cycle = IPC

e Challenge is to satisfy constraints of:
— Cost
— Power
— Performance

Digital Design & Computer Architecture Microarchitecture



RISC-V Processor

e Consider subset of RISC-V instructions:
— R-type ALU instructions:

 add, sub, and, or, st
— Memory instructions:

e lw, sw
— Branch instructions:

* beq




Architectural State Elements

Determines everything about a processor:
— Architectural state:
e 32 registers

. PC

e Memory




CLK
PCNex
32

A RD

Instruction
Memory

ofofot <f

CLK
st VB Rpi
A2 RD2

A3

WD3 Register

File

RISC-V Architectural State Elements

CLl.K

o o

WE

A RD

Data
Memory

WD




/

\

Single-Cycle
RISC-V Processor

4




Single-Cycle RISC-V Processor

e Datapath
e Control




Example Program

e Design datapath

e View example program executing

Example Program:
Instruction

Address
0x100600
0x1004
0x1008
0x10060C

L7:

lw X6,
Sw X6,

or x4,

beq x4,

-4(x9)
8(x9)

x5, X6
x4, L7

Type

I

o O n

Fields

imm 11:0 rsl f3 rd
1111111111600 01001 6010 00110
imm 11:5 rs2 rsl 3

0000000 00110 01001 010 01000

funct? rs2 rsl 3 rd
0000000 @0110 00101 110 00100

imm 12,10:5

rs2 rsl 3
1111111 00100 00100 000 10101

000%%11

* 9100011

011%%11
110%%11

Machine Language

FFC4A303
0064A423
0O62E233
FE420AE3



Single-Cycle RISC-V Processor

e Datapath: start with 1w instruction
e Example: lw x6, -4(x9)
w rd, imm(rs1l)

31:20 19:15 14:12 117 60

Imm 11:0 rsl |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits




Sin

STEP 1: Fetch instruction

CITK CITK |
PCNext PG — a1 VB Rrp1
7 [ Instruction z —_
'é Memory (:E ] ﬁg RD2
o ~ .
R Register
& wp3 g
o
w
Address Instruction Type

Ox1000 L7: 1w x6, -4(x9) I

Fields

imm 11:0 rsl f3 rd
1111111111600 016001 010 00110

CLrK

WE

A RD |—

Data
Memory

WD

Machine Language

0
9009%11 FFC4A303




Single-Cycle Datapath: 1w Re
STEP 2: Read source operand (rs1) from RF

CLK ClK CLK
1015 WE3 0x2004 WE
PCNext p((; A RD Inz‘r 9 Al RD1
= [Instruction | = i RD I—
= T — —
S | Memory pu A2 RD2 Data
S ™ —1 A3 Register Memory
> — —
% WD3 "File WD
w
Address Instruction Type Fields Machine Language

immyii:o rsl f3 rd 0
0x1000 L7: 1w x6, -4(x9) I 1111111111600 016001 010 0601106 00%0011 FFC4A303




cle Datapath:
STEP 3: Extend the immediate

CLK CLK
peNext Mec | o los oty WES gpy 2004
2 Instruction 2
= T —_— L
S | Memory i ] ﬁ;zg RD2
© N .
— Register
% w3 "R
o
w
4190 _lnmExt
' Extend OXFFFFFFFC
OXFFC
Address Instruction Type Fields

imm o rsl f3 rd
0x1000 L7: lw x6, -4(x9) I 1111111111060 016001 010 00110

1w Immediate

CITK

WE

A RD |—

Data
Memory

Machine Language

0
00(5)%@11 FFC4A303




Single-Cycle Datapath: 1w Address

STEP 4: Compute the memory aad

001 subtract
address 010 and
011 or

ALUControl 20

101 SLT
CITK CLrK ‘ CITK ‘
19:15 WE3 WE
PCNext D((D‘ A RD Inccm;r 9 Al RD1 X .
& | Instruction s —_ I ] B
§ Memory T A2 RD2 Data
S Q —1 A3 . Memory
;S — \wp3 Register — WD
@ File
w
L0 lmmExi
' Extend
OXFEC i OXFFFFFFFC
Address Instruction Type Fields Machine Language

immi:o rsl f3 rd 0
Ox1000 L7: lw x6, -4(x9) I 1111111111600 01001 010 00110 003@011 FFC4A303




cle Datapath: 1w Mem Read

STEP 5: Read data from memory and write it
back to register file

RegWrite ALUControl 20
cLK CLK CLK
B Next . wis | 7 WE3 . 0x2004 WE
- pg A RD Ict, 9 A rp |Readbata
X | Instructi X | _
R I = P oo, [
“ S 6 wpD3 Register WD vy
w File
&
. lmmE %t
OXFEC iﬁ‘te"d OXFFFFFFFC
Address Instruction Type Fields Machine Language
imm 1 rsl f3 rd 0](?)
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303




Sin

STEP 6: Determine address of next instruction

19:15

CHK

RegWrite
1

ALUControl 2.0

5
€0evro44x0 B

CLK
g Bl = R
X | Instruction
g| Memory
o
Plus4
4
Address Instruction

11.7

Al

A2

WE3 RD1

RD2

A3 .
WD3 Register

File

0x2004 SrcA

Al LIResult

0x00002000

CLrK |
WE
A RD ReadData
Data 10
Memory
WD

. ImmE xt
: Extend
OxF_iFC OXFFFFFFFC
Type Fields Machine Language

imm 11:0




/

<

Single-Cycle

Datapath: Other
Instructions

4




Sin
e Immediate: now in {instr[31:25], instr[11:7]}

e Add control signals: ImmSrc, MemWrite

RegWrite ImmSrc ALUControl 2.0 MemWrite
0 1 1
CLK CLK CLK
PCNext 5 R . et 19:159 Al WES3 RD1 0x2004 SrcA WE
0x1008 Q Instruction >C<) pao0 10 Al |l IResylt A RD ReadData
'é Memory § 51 A2 RD2 0x0000200C Data
= S A3 Regqi WriteData Memory
2 wp3 Register WD
RO ile
w
_ lmmExt
S | Extend
4
Address Instruction Type Fields Machine Language
imm 115 rs2 rsl f3 imm 4:0 (8;1
0x1004 sw x6, 8(x9) S 0000000 00110 016001 010 01000 010060011 0064A423




Single-Cycle Datapath: Immediate

ImmSrc ImmExt Instruction Type
0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
I-T
— 31:20 19:15 y['..)4?12 117 60
imm 11:0 rs1l |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits
31:25 24:20 19 :§_5-Ty_4 EZ 11:7 6:0
iImmu:ss | rs2 rsl1 [funct3 | iImm a0 op
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits




Sin

e Read from rs1 and rs2 (instead of imm)

e Write ALUResult to rd

RegWrite ImmSrc ALUSrc ALUControl 20 MemWrite ResultSrc
1 X 0 0
CLK CLrK CLFK 14
peNext [Mec |, o s et o WES Rrpa 0 WE
0x100C 9 . >C<) ' Al LUResylt A RD ReadData 14
2] Instruction S 2420 | 7o RD2 10 14
3| Memory P 176 Data
®© ) 2 A3 . . Memory
m WD3 Register WriteData WD
N 14 File
w
K lmmE xi
: Extend
Plusd Extend 0x00000008
Result
4
Address Instruction Type Fields Machine Language

funct?7 rs2 rsl

f3 rd 0
Ox1008 or x4, x5, x6 R 0000000 00110 0101 110 0106 011(5)011 0062E233




Calculate target address:

PCTarget = PC + imm

MemWrite ResultSrc
0

CLFK

WE

A RD

Data
Memory

WD

Result

PCSrc RegWrite ImmSrc ALUSrc ALUControl 20
1 0 10
ok CiK
19:15 WE3 14
0 glNOO)(() - A RD Inqct)r 4 Al RD1
. X[ Instruction = 2220 1, RD2 14
8| Memory i uz4é A3
(@] ) :
Register
> wp3 i
m
w
%4_ Target
LI/I/ lmmExt 0x1000
pusa | oxEFA Extend OXxFFFFFFF4
4
0x1010
Address Instruction Type Fields

imm 12,105 rs2 rsl f3
1 1

Machine Language



ImmSrc 1.9

ImmEXxt

00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], B-Type
instr[30:25], instr[11:8], 1’b0}
e waslyRE
immuo | rsl |funct3 | rd op
12 bits 5 bits 3 bits 5 bits 7 bits
31:25 24:20 1Q§R-Ty‘Bg? 11:7 6:0
immaws | rs2 | rsl |funct3 | immao| op
7 bits 5bits 5 bits 3 bits 5 bits 7 bits
N - oL}/ -\ S
immazaos | rs2 | rs1 |funct3 immasu| op
7 bits 5bits 5 bits 3 bits 5 bits 7 bits
24 Digital Design & Computer Architecture Microarchitecture




)

Control PCStC
Unit ResuItSrc
. MemWrite
: op Al UControl 20
14:12
funct3 [ALUSrc
30
funct? s UmmSrc 1a
T Zero | RegWrite
—
CLK CLK CLK
-ro PCNex nsir 21z pq WES ppg = ) 2610 WE 2
A RD 3 AlLLIBosylt A RD
Instruction 24620 7o RD2 [y <
Memory 1.7 0 Data
A3 . . Memory
WD3 Register WriteData WD
File
% + BCTarget
. ImmE xt
sl Extend
Plus4
Reogylt
25 Digital Design & Computer Architecture Microarchitecture
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Single-Cycle
Control




Single-Cycle Control

High-Level View

6:0
14:12
30

)

Control
Unit

op
funct3
funct7 s

Zero

PCSrc

ResultSrc

MemWrite

LAl LIControl 2.0 Op&:0
ALUSIc

JﬂﬂﬂSﬂL&O

Zero
N/

Reg\Write

funct3 2:0
funct? s

Low-Level View

)~ PCSrc

) Branch

— ResultSrc
Main [ MemWrite

Decoder — ALUSrc
—— ImmSrc 1.0

— RegWrite

ALUOp 1.0

ALUControl 20




Single-Cycle Control: Main Decoder

Instr. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp

35 Sw
51 R-type
99 beq

Zero ID PCSrc
T Branch

—— ResultSrc
Main [ MemWrite
opso —T,|Decoder—— ALUSrc
— ImmSrcwo
—— RegWrite
|ALUOp1:o
funct3z0 — ] Dtﬁ:%)lcjler_ ALUControk:o
funct7s —\______J




Review: ALU

ALUControl 5. Function

000 add | fu

001 subtract \ 3 ALUControl
010 and AI U

011 or

101 SLT Result




Review: ALU

ALUControl ;. Function A Fn
000 add
001 subtract ?
010 and =5 .
011 or N c
101 SLT Cou L/ S
- |Sum i<}
J L,
101 011 010 001 000 %_ALUCOWO,

N

Result




Sin

Zero

>~ PCSrc

Branch

Main

Opes:0

Decoder

— ResultSrc
—— MemWrite
— ALUSIc

—— ImmSrci.o

funct320 =

funct’7s ——

— RegWrite

ALUControb:o




32

ALUOp funct3 ops, funct7 . Instruction

ALUControl ;.4

00 X X lw, sw 000 (add)
01 X X beqg 001 (subtract)
10 000 00, 01, 10 add 000 (add)
000 11 sub 001 (subtract)
010 X slt 101 (set less than)
110 or 011 (or)
111 and 010 (and)
ALUOD 10
%&Zt?» 2:0 — ALU ALUControl 20
funct? 5. —(Decoder |

Digital Design & Computer Architecture

Microarchitecture




Example: and

op Instruct RegWrite ImmSrc ALUSrc MemMWrite ResultSrc Branch ALUOp
51 | R-type 1 XX 0 0 0 0 10

)

PCSrc

ResultSrc

MemWrite

op Al UControl 20

funct3 [ALUSrc

funct7 s lmmSrc 1.0

( Zero  |RegWrite
—

0 CLK CblKk 11 XX 0 010 CIK 1o 0
. WE
Mﬁ- A RD | NTaISTA— m— ﬂ e+
ReadData
™~ A RD

Control
Unit

6.0
14:12
30

Instruction ;
Memory z nee M Data
. . emory
WD3 Relg: ;Iseter WriteData WD

% + Target
) loomExt
Extend

lus4

Result

and x5, x6, X7




/
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Extending the
Single-Cycle
Processor

4
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Enhance the single-cycle processor to handle I-Type
ALU instructions: addi,andi,ori,and slti

e Similar to R-type instructions

e But second source comes from immediate
e Change ALUSrc to select the immediate

e And ImmSrc to pick the correct immediate

Digital Design & Computer Architecture Microarchitecture



op . RegWrite ImmSrc ALUSrc MemMWrite ResultSrc Branch ALUOp

35 sw 0 01 1 1 X 00
51 | R-type 1 XX 0 0 0 0 10
99 beq 0 10 0 0 X 1 01
19 | I-type 1 00 1 0 0 0 10




op Instruct. RegWrite ImmSrc ALUSrc MemMWrite ResultSrc Branch ALUOp

AT

PCSrc
ResultSrc
MemWrite

op Al UControl 20
funct3 |ALUSrc

funct7 s UmmSrc 10

( Zero  |RegWrite
—

Control
Unit

0 CLK CK 11 00 1 000 CiK 1o 0
C Ingtr m“; WES RD1 WE
H LAY = i A RD R D
Instruction 24:20 r~
Memory 2; RD2 0 " Data
t . . emory
Register WriteData
WD3 Eile WD

h[? % + Target
i lomExt
en

lus4

37 it Design & Computer Arehitaenurs " Wiersarehiseture




Enhance the single-cycle processor to handle
« Similarto beq

e But jump is always taken
— PCSrc should be 1

Immediate format is different
— Need a new ImmSrc of 11

 And jal must compute PC+4 and store in
— Take PC+4 from adder through ResultMux

38 Digital Design & Computer Architecture Microarchitecture
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Main
Decoder

_/

¢ALUOD 1:0

funct3 2.0
funct? s

ALU

Decode

r]f ALUControl 20

—— ResultSrc 1.0
—— MemWrite
— ALUSIc
—— ImmSrc 1.0
— RegWrite



ImmSrc 1.0 ImmExt Instruction Type
00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], instr[30:25], B-Type
instr[11:8], 1'b0}
11 {{12{instr[31]}}, instr[19:12], instr[20], J-Type
instr[30:21], 1’b0}
31:20 19:!;Ty?4?12 11:7 6.0 — —31:25 24:20 19 :?E-Ty‘g:?.?_ 11:7 60
Imm 11.0 rsl |funct3 rd op Imm 12,105 | rS2 rsl |funct3 |immas1,n op
12 bits 5 bits 3 bits 5 bits 7 bits 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
31:25 24:20 10-1SR-TyB-?9 11:7 6:0 31:12 J-Type 11:7 60—
immas | rs2 | rsl |funct3 | imm 40 op IMmMm 20,10:1,11,19:12 rd op
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits 20 bits 5 bits 7 bits
40 Digital Design & Computer Architecture Microarchitecture




Instruct. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp Jump

35 Sw 0 01 1 1 XX 0 00 0
51 R-type 1 XX 0 0 00 0 10 0
99 beq 0 10 0 0 XX 1 01 0
19 I-type 1 00 1 0 00 0 10 0
111 jal 1 11 X 0 10 0 XX 1




0 |PCNext

ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp Jump
N
PCSrc
Cont.rOI ResultSrc 10
Unit 3
oo MemWrite
’ op Al UCantrol 20
14:12
funct3 |ALUSrc
30
funct? s UmmSre 10
T Zero  |RegWrite
——/
CLK CLK CLK
. e
5 i AL WE3 RD1 sep T Zera WE
A RD 3 LalUResult A Rp |Readbata 00
Instruction 2120 { 1, RD2 ~ =
Memory 1 0 Data
A3 Reqi WriteData Memory
wpg Register WD
File
%_,_ Target
. lmmExt
j“""7—| Extend
Plusa
Result




\

Single-Cycle
Performance

4




Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions xCPIxX T




Sin

)

PCSrc
ResultSrc 10

Control
Unit

MemWrite

op Al UCantrol 20

funct3 [Al USrc

o ]PCNe;I

A3 .
WD3 Register

File

Tc limited by critical

ath

1w




cle Processor Performance

e Single-cycle critical path:

Tc_single = tpcq_PC T lmem T maX[t RFread > [dec T lext T tmux] TALU T lmem T fmux T tRFsetup

e Typically, limiting paths are:

- memory, ALU, register file

- SO’ Tc_single = tpcq_PC T Umem T (RFread T (ALU T fmem T fmux T tRFsetup
= tpcq_PC + 2tmem‘" [RFread T TALU T lmux T tRFsetup
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Element

Parameter

Delay (ps

Register clock-to-Q focg_pC 40
Register setup et 20
Multiplexer s 30
AND-OR gate tAND.OR 20
ALU EAL L] 120
Decoder (Control Unit) fdec 25
Extend unit Loy 35
Memory read foem 200
Register file read tREread 100
Register file setup tRESerp 60

TC_Single = lnea Pc T 2tm9m + tRFread T lATU T Tmux T tRFsetup

Digital Design & Computer Architecture

/7 4

Microarchitecture

A




cle Performance Example
Program with 100 billion instructions:

Execution Time = # instructions x CPI x T C

=75 seconds
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Multicycle RISC-V
Processor
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e Single-cycle:
+ simple
- cycle time limited by longest instruction ( lw)

- separate memories for instruction and data
- 3 adders/ALUs

e Multicycle processor addresses these issues by
breaking instruction into shorter steps
o shorter instructions take fewer steps
0 can re-use hardware
o cycle time is faster

50 Digital Design & Computer Architecture Microarchitecture



e Single-cycle:
+ simple
- cycle time limited by longest instruction ( w)
- separate memories for instruction and data

- 3 adders/ALUs Same design steps
e Multicycle: as single-cycle:

+ higher clock speed e first datapath

+ simpler instructions run faster e _then control

+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times

51 Digital Design & Computer Architecture Microarchitecture



Multicycle State Elements

Replace separate Instruction and Data

memories with a single unified memory -

more realistic

CLK

o W
RD

PCNext | ~ |LEC — A

Instr | Data
Memory

-1 WD

EN

CLK

l

Al

A2

A3
WD3

WE3 RD1

RD2

Register
File




Multicycle Datapath: Instruction Fetch
STEP 1: Fetch instruction

IRWrite
. CLK CLK CLK ‘
WE —1 Al WES RD1 [—
PCNe A RD

Instr /| Data —1 A2 RD2 |—

Memory .

— WD —| A3 Register
—1 WD3 File




Multicycle Datapath: 1w Get Sources
STEP 2: Read source operand from RF and

extend immediate

IRWrite

ImmSrc 1.0
CLFK ‘ CLK C’_K ‘ CLK
CLK
WE 19:15 Rs1 Al WE3 ro1 H
PCNe A RD
Instr /| Data A2 RD2 T

-1 WD

| |
<>
v}




Multicycle Datapath: 1w Address
STEP 3: Compute the memory address

IIII

Al
A
Instr A2
Memory —| a3 .
— g
Wb — wp3  Fil

mmmmmm




Multicycle Datapath: 1w Memory Read
STEP 4: Read data from memory

AdrSrc IRWrite ImmSrc 1.0 ALUControl 2.0

CLK CITK ' CLK C!_K | CLK
: CLK
PcNext_| > |p WE - Rl a1 WES ppi F 4 StcA
N ﬂ adl A b %3 Al LI
Instr | Data —1 A2 RD2 T SrcR. <
Memory & )
—{ wD 8 —1 A3 Register
o — wp3  File
5
CLK 317—[/-Ij
] Extend ImmExt




Multicycle Datapath: 1w Write Register
STEP 5: Write data back to register file

AdrSrc IRWrite RegWrite  ImmSrc 10 ALUControl 2.0 ResultSrc 1.0
- CLK CLK CLK | CLK
. CLK
PCNext_| > |e WE — Rl a1 WES pp1 H A Bl
Adrd RD )
N A >z(l 00
Instr | Data - —1 A2 RD2 T SicR. 01
Memor . ]
— WD Y 2 e Rd A3 Register
o] WD3 File
)
CLK 31.7 [ d
. 1 Exten ImmExt
Data




Multicycle Datapath: Increment PC
STEP 6: Increment PC: PC = PC+4

PCWrite AdrSrc IRWrite RegWrite  ImmSrc 1.0 ALUSICA 10 ALUControl 20 ResultSrc 1.0
ALUSIcB 10
00
CLK CLK CLK CLK CLK o1 .
WE 19:15 Rs1 WES3 | K
PCNex :EO] ‘ RD [ Al RD1 5 -
A ZZI 00
Instr | Data - —1 A2 RD2 T~ 00 01
Memory Rd i 01
— WD g e A3 Register 4
g WD3 File
)
CLK 31.7 [ d
' 1 Exten ImmExt
Data
Result
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Multicycle Datapath:
Other Instructions
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Multicycle Datapath:

Write data in rs2 to memory

PCWrite

PCNext

CLK

SW

AdrSrc MemWrite  IRWrite RegWrite  ImmSrc 1.0 ALUSICA 10
ALUSICcB 10
CLK CLK CLK CLK 00
01
WE 1005 Rs1| o1 WE3 rD1 H A
ﬁ.am_ A RD Lo—
Instr | Data - 20 Rs2) p2 RD2 [ (00"
Memory o) 117 Rd . g 01
WD 8 A3 Register = 4 —
o WD3 File o
2 =)
) 5]
CLK 317 [ d
' 1 Exten ImmExt
Data

ALUCo

ntrol 2:0

L UResult

C@(

AlLUQut

ResultSrc 1.0

—
00

ALU [

01

Result




Multicycle Datapath:

Calculate branch target address:
BTA = PC + imm

PCWrite AdrSrc MemWrite  IRWrite RegWrite  ImmSrc 10 ALUSICA 10 ALUControl 2:0 ResultSrc 10
ALUSIcB 1.0 Zero
LK
LoldbC
00
CLK CLK CEK CLK o
WE : Rs1 WE3 A ISmA
PCNext— 0 RD L Instr  f e SH AL RD1 [ | 10~ ‘
| A jN- 24:20 Rs2
Instr | Data - A2 RD2 [ 00
Memory (JDJ 1.7 Rd . g 01
WD g A3 Register 5l 4 —
o WD3 File O
2 2
o )
CLK ] r/.l/
— 1 Extend ImmExt
Data
Result

PC is updated in Fetch stage, so need to save old (current) PC




Multicycle RISC-V Processor

S

PCWrite
AdrSrc_{control
MemWrite Unit

|IRWrite ResultSrc 10
Al UControl 20
Al USrcB 10
i |OP Al USrcA 1q
funct3 | |mmsre 10
30
funct7 s RegWrite
Zero
r_/
Zero
cuk
lQldbC
00
CLK CLK CLK CLK o e
WE 19:15 Rs1 WE3 | | A
PCNext_ EO:I X - Instr Al RD1 10 > —
H R —
Instr | Data mﬂ S 2 a2 RD2 [ 00 < o1
Memory P 17 Rd . g 01
WD g A3 Register | L —
o wWD3 File o
2 =4
& 8
CLK 317 I/E—t]d/
l Xten ImmExt
Data
Result
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Multicycle Control
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Multicycle Control

High-Level View
C! K Zero
__ PCWrite |
——AdrSrc icontrol
_MemWrite | Unit
IRWrite ResultSrc 10
.AUJ.C.Q.DIEQJ_ZD_ OpPse:0
0 Al LISrcB 1.0
=l op Al LISrcA 10
21., funct3 [ 1mmsre 10
- funct? s RegWrite
funct3 2.0
— Zero| Zer0 funct7 s
——
Op6:0

Low-Level View

Branch

)

Main
FSM

IALUOp 1:0

ALU

Decoder
—

Instr

Decoder

%- PCWrite

PCUpdate

RegWrite
MemWrite
IRWrite
ResultSrc 10
ALUSIrcB 1.0
ALUSTICA 10
AdrSrc

ALU Decoder
same as
single-cycle

ALUControl 20

ImmSrc 1.0




Multicycle Control: Instruction Decoder

Instr
060 A[DecodeJi ImmSra.o

Instruction ImmSrc

51 R-type XX
99 beg 10




Multicycle Control: Main FSM
Branch g)* PCWrite

PCUpdate

Zero

Ope6:0

\

Main
FSM

, _/

¢ALUOp 1:0

RegWrite
MemWrite
IRWTrite
ResultSrc 1.0
ALUSIcB 1.0
ALUSICA 10
AdrSrc

To declutter FSM:

e Write enable
signals (RegWrite,
MemWrite,
IRWrite,

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

e Other signals are
don’t care if not
listed in a state




Main FSM: Fetch

PCWrite
S0: Fetch AdrSre {control
A?@\rﬁiéo MemWrite Unit
|IRWrite ResultSrc 10
Al LIControl 20
60 Al USrcB 10
op Al USrcA 10
1412
o funct3 | |mmsre 10
funct7 s RegWrite
S0: Fetch 0 0 0 1 0 XX XX | XX XXX XX
Zero
r_/
Zera
CLK
Qldpc
(00 )
CLK CLrK CF_K CLK o1
) CLK
PCNex WE i Inetr 19:15 Rs1] A1 WE3 rD1 H A >
j E I G EN- - 00
Instr | Data - 2420 RS2 p2 RD2 [T (00 < 01
Memory o 117 Rd . § 01
WD 2 A3 Register 4 4 —
w) WD3 File o
2 =4
o o
CLK 417 /
- | Extend ImmExt
Data
Result




Main FSM: Decode

Reset

S0: Fetch
AdrSrc =0

IRWrite

S1: Decode 0

CLK
PCNex

S

Recall that ImmSrc is determined
S1: Decode Control by the Instruction Decoder
Unit
ResultSrc 1.0
Al UControl 20
Al USIcB 10
s |OP Al USrcA 1.0
funct3 | \mmsre 10
30
funct? s | Regwrite
X 0 0 00 XX | XX XXX XX
Zero
r_/
Zera
OLK
Qldpc
\~
CLrK CF_K CLK 00
ioj'éd"' A RD _loctr 3 m‘
EP' . = —)
Instr | Data - S RS2 a2 RD2 |7 00 < 01
Memory o) 1.7 Rd A3 . -_21 01
WD 2 Register g 4 —
|_ o WD3 File o)
2 2
o o
C K ey /
 — AL ImmExt
Data
Result




Main FSM: Address

CLK
SO0: Fetch S1: Decode

AdrSrc =0 .
IRWrite PCWrite
——AdrSre {control
_ MemWrite | Unit
IRWrite ResultSrc 10
op =0000011 ( 1w Al UCantrol 20
- Al USreR 14
S2: MemAdr . |OP Al USIcA 10
ALUSICA = 10 funct3 | |mmsre 1
ALUSrcB =01 30
ALUOp = 00 funct? s | Regwrite
Zero
S2: MemAdr |0 X 0 0 F;/ 0 00 10 |01 000 XX
Zerao
CLK
PC
00
CLK CLrK CF_K CLK o .
) K
PCNext_ WE ’19.15 Rs1 Al WE3 ro1 H
jO I Adr A RD E
: Rs2 [
Instr | Data - 2420 S A2 RD2 H p 00 o1
Memo : Rd = oT
WD v 5;3_ e A3 Register 3 4 — J.OJ
|_ o wD3 File o
2 2
) )
AL 1 Extend ImmExt
Data
Result




Main FSM: Read Memor

Reset

SO0: Fetch
AdrSrc =0
IRWrite

op = 0000011 ( 1w

S2: MemAdr
ALUSrcA =10
ALUSrcB =01
ALUOp =00

S3: MemRead
ResultSrc = 00
AdrSrc =1

S1: Decode




Main FSM: Read Memor

C%K
PCWrite

AdrSte Jcontrol
MemWrite | Unit

IRWrite | ResultSre 10
Al UControl 20
AlLUSICB 10
op AL USIcA 19
funct3  [1mmsre 10
funct7 s RegWrite

S3: MemRead 0 1 0 0 0 00 XX | XX XXX 00

Zero
F —
Zera

S3: MemRead
ResultSrc = 00
AdrSrc =1

1412
30

Cé(

Qldpc
00
CLK cLK CIK CLK o
WE 19:15 Rs1 WE3 | A CLK
PCNext_ j;oa _ lnstr Al RD1 | 10—~ 3 -
Instr | Data - 220 RS2 A2 RD2 M 00 < 01
Memory B 17 Rd . z 01
WD = A3 Register gl 4 —
|_ ] wD3  File o}
2 5
& 8
1 Extend ImmExt

Data




Main FSM: Write RF

S0: Fetch
AdrSrc =0
IRWrite

S1: Decode

op = 0000011 ( w

S2: MemAdr
ALUSrcA=10
ALUSrcB =01
ALUOp = 00

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite




Main FSM: Write RF Datapat

S4: MemWB
ResultSrc = 01

RegWrite

S4: MemWB 0

CLK
PCNex

PCWrite

S

MemWrite Unit

AdrSre {control

IRWrite

| ResyltSrc 10

Al UCaontrol 20

AlLUSIcB 10

8.0

op Al USIcA 19

14:12

funct3

lmmSrc 1.0

30

funct7 s RegWrite

Zero
rw

00

Zero

PC

CLK

WE

A RD

Instr | Data
Memory

WD

]

eregpesy

CLK

19:15 Rs1

24:20 Rs?

H

Al WES RD1

A2 RD2

A3  Register
wD3  File

CLK

01

eregaiim

CLK

Data

28/

317 [ Extend

ImmExt

ALU

CLK

01

Resylt




Main FSM: Fetch Revisited

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

SO0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10
RCUpdate

op = 0000011 ( 1w

S2: MemAdr
ALUSIcA = 10
ALUSrcB =01
ALUOp =00

op =
0000011
(lw
S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite

S1: Decode




Main FSM: Fetch (PC+4

Reset CEK h . d
<o reron —_— Fetch Instruction an
AdrSrc =0 AdrSrc |e
e __AdiSIc icontrol Increment PC
ALUSrcA =00 IRWri
ALUSrcB =10 rite ResultSrc 1.0
ALUOp =00 Al UCaontral 20
ResultSrc = 10 ca Al USrcB 10
RCUpdate op AL USIeA 10
14:12
o funct3  [|mmsre 10
funct7 s RegWrite
SO0: Fetch |1 0 0 1 r Zero 0 XX 00 |10 000 10
—
Zero
oL
lQldpc
CLK =Ty
CLK I CLK CLK ﬁ_
: CLK
PCNex WE A J.DSI.I'_.lglls Rs1] A1 WE3 rD1 H A N
ji i EN- . 00
Instr/Data [ [ 220 Rs21 A2 RD2 [ 00 0
Memory & 17 Rd . 2 0
WD 2 A3 Register = 4 o—
g WD3 File g
5 5
— 1 Extend ImmExt
Data
Rp:lL




/

Multicycle Control:
Other Instructions
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Main FSM: sw

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10

RCUpd

S1: Decode

op = 0000011 ( lw)
OR
op = 0100011 ( sw

S2: MemAdr
ALUSrcA =10
ALUSrcB =01

ALUOp = 00

op =
0000011
(lw
S3: MemRead

ResultSrc = 00
AdrSrc =1

S5: MemWrite

ResultSrc = 00
AdrSrc =1

MemWrite

S4: MemWB
ResultSrc = 01
RegWrite




Main FSM: gw Datapath

CgK
PCWrite

AdrSrc_lcontrol
MemWrite Unit

S5: MemWrite
ResultSrc = 00
AdrSrc =1

MemWrite IRWrite | ResultSre 10
Al UContral 20
- Al USIcB 10
op AL USICA 19
1412
0 funct3  )mmsre 10
funct? s | Regwrite
S5: MemWrite |0 1 1 0 rzero 0 01 XX | xx XXX 00
—/
Zera
CLK
PC
[00
oLk LK ik ik ® i,
WE 19:15 Rs1 WES3 | | A
PCNex ioa o RD Al RD1 10 5 ]
Instr | Data - 2420 Rs2{ a2 RD2 [T r 00 < 01
Memory ) 17 Rd . g 01
WD 2 A3 Register = 4 —
r ] WD3 File o
53 <3
) )
CLK
A 1 Extend ImmExt
Data
Result.




Main FSM: R-Type Execute

SO0: Fetch
AdrSrc =0
IRWrite
ALUSIrcA =00
ALUSrcB =10
ALUOp =00
ResultSrc = 10
RCUpdate

op = 0000011 ( 1w)
OR

S1: Decode

op =0100011 ( sw (R-type)

S2: MemAdr
ALUSrcA =10
ALUSrcB = 01
ALUOp = 00

S6: ExecuteR
ALUSrcA =10
ALUSICcB = 00

ALUOp =10

[o]
0100011
(sw)

o
0000011
(lw

S3: MemRead
ResultSrc = 00
AdrSrc =1

S5: MemWrite

ResultSrc = 00
AdrSrc =1

MemWrite

S4: MemWB
ResultSrc = 01
RegWrite




Main FSM: R-Type Execute Datapath

S6: ExecuteR
ALUSIcA =10
ALUSrcB = 00

ALUOp =10

S6: ExecuteR |0

PCNex

S

-
00

01

PCWrite
AdrSrc Jcontrol
MemWrite Unit
IRWrite _E_es,u]Ier 1.0
Al UCaontrol 20
w0 Al USKIcB 10
op Al USrcA 19
1412
o funct3 | )mmsre 10
funct? s | Regwrite
X 0 0 0 XX 10 (00 varies
Zero
F_/
Zero
cuK
Fall:|=Jad
[ —
CLK CLK CLK 00 I
0
' CLK
= WIE{D 10:15 Rs1 Al WE3 RD1
D A _EPL 24:20 Rs2 —
Instr | Data - A2 RD2
Memory & 17 Rd . 2 01
WD 8 A3 Register = 4 —
O WD3 File o
2 =3
& )
C K 317 I’_f-d/’
- 1 Xten ImmExt
Data

Result




e ALU Write Back

op = 0000011 ( 1w)
OR
op = 0100011 ( sw

S2: MemAdr
ALUSIcA =10
ALUSrcB =01
ALUOp = 00

(o)
0100011
(sw)

o
0000011
(lw

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp =00
ResuItSrg =10

(o]
0110011
(R-type)

S6: ExecuteR
ALUSIcA =10
ALUSrcB = 00

ALUOp =10

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S1: Decode

S7: ALUWB
ResultSrc = 00
RegWrite

RegWrite




Main FSM: R-Type ALU Write Back

S7: ALUWB P A

ResultSrc = 00

RegWrite PCWrite
AdrSre lcontrol
MemWrite Unit
IRWrite | ResultSrc 10
Al UContral 20
Al USIcB 10
I Al USrcA 10
30 funct3 [ immsre 10
funct7 s Reg\Write
S7: ALUWB |0 X 0 (] r Zero 1 XX XX | xx XXX 00
——/
Zera
=
QldpCc
00 )
ol oK oK oLk @
WE 19:15 Rs1 WE3 | | A CLK
PCNex 0 A RD lnstr Al RD1 | 10— 3 -
Instr | Data 22 RS2 2 RD2 [T 00 < 01
Memory & 12 Bd ) s o1
WD 2 A3 Register Z 4 —

@) p— \\/D3 File U

2 2

o )

CLK 317 r—ﬁ—’ ImmExt
Data
Resylt




Main FSM: beg

 Need to calculate:
e Branch Target Address
e rs1-rs2 (to see if equal)
e ALU isn’t being used in Decode stage
e Use it to calculate Target Address (PC + imm)




Main FSM: Decode Revisited

Reset

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSIcB =10
ALUOp = 00
ResultSrc = 10

RPCUpd

op = 0000011 ( 1w)
OR
op = 0100011 ( sw

S2: MemAdr
ALUSrcA=10
ALUSIrcB = 01
ALUOp = 00

op = op =
0000011 0100011
(lw (sw)

S4: MemWB
ResultSrc = 01

S6: ExecuteR
ALUSrcA =10
ALUSrcB = 00

ALUOp =10

S3: MemRead S5: MemWrite
ResultSrc = 00 ResultSrc = 00
AdrSrc =1 AdrSrc =1

MemWrite

O|
0110011
(R-type)

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

Read Registers and

Calculate Target Address (PC+

S7: ALUWB
ResultSrc = 00
RegWrite

imm)

RegWrite



Main FSM: Decode (Target Address

Read Registers and
Calculate Target Address (PC+imm)

| ResultSrc 10
Al UControl
Al USreB 10
op Al USIcA 10
funct3  |immsre 10

funct? s | Regwrite

S1: Decode

PCNex

S1: Decode
ALUSrcA =01
ALUSrcB =01

-

ALUOp = 00

PCWrite
AdrSre lcontrol
MemWrite Unit
IRWrite
6.0

1412

30

| I IData

K

7

ImmExt

0 varies 01 000
Zero
r_/
Zera
oK
Oldb e
e cue ]
WE 10-15 Rsl A bl
RD qtnete |
A %P
u ) o
Instr | Data - RA LA =2 g 00
Memory 1) 1.7 Rd § oT
WD g T 4 —_mJ
|w) v
D D
|_ ) &

XX

CLK
—
00
01

Result




Main FSM:

Reset

op = 0100011 ( sw

S2: MemAdr
ALUSrcA =10
ALUSrcB =01
ALUOp =00

op= op=
0000011 0100011
(lw (sw)

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite

beo

S0: Fetch

PCUpdate
op = 0000011 ( 1w)
OR

AdrSrc =0 S1: Decode
IRWrite ALUSIrcA =01
ALUSrcA =00 ALUSrcB =01
ALUSIcB =10 ALUOp = 00
ALUOp = 00
ResultSrc = 10

o
0110011
(R-type)

S6: ExecuteR
ALUSrcA=10
ALUSrcB =00

ALUOp = 10

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S7: ALUWB
ResultSrc = 00
RegWrite

1100011
Deq

S10: BEQ
ALUSIcA =10
ALUSIcB = 00

ALUOp =01
ResultSrc = 00

Branch




Main FSM: beqg Datapath

S10: BEQ
ALUSrcA=10

A

Compare registers and

Data

00

=g

ALUSKCR = 0 s Send Target PC (ALUOut) to PCNext
— Control
ResultSrc = 00 MemWrite | Unit
Branch IRWrite | ResiiltSre 10
Al UContral 20
Al USreB 10
rs op Al USIcA 10
funct3 | \mmsre 10
30
funct7 s RegWrite
s10: BEQ f[1iftaken |X 0 0 r Zero 0 10 10 |00 001
—
7
CLK
00
CLK CLK CLK CLK o
PCNex WE 105 Rs1| o1 WE3 rD1 H . —
0 A RD
) ~
Instr | Data 2 B2 A2 RD2 T
Memory & 17 Rd . 2 01
WD 2 A3 Register = 4 —
|_ o) wD3 File o
2 2
5 15
CLK /
_ﬁ 317 { Extend ImmExt

Resylt
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Main FSM: |-Type ALU Execute

Reset

S0: Fetch

AdrSrc =0 S1: Decode

IRWrite ALUSIrcA =01
ALUSIrcA = 00 ALUSIcB = 01
ALUSrcB =10 ALUOp =00

ALUOp = 00
ResultSrc = 10
PCUpdate

op =
0110011

op = 0000011 ( 1w) op = op =
OR 0010011 100011

op = 0100011 ( sw (R-type) (I-type ALU) heq
S2: MemAdr S6: ExecuteR S8: Executel S10: BEQ
ALUSIcA = 10 ALUSIcA = 10 ALUSIrcA = 10 ALUSIcA = 10
ALUSIcB = 01 ALUSIcB = 00 ALUSIrcB = 01 ALUSIcB = 00
ALUOp = 00 ALUOp = 10 ALUOp = 10 RALUIOSp = 0(1)0
esultSrc =

Branch
op = op =
0000011 0100011
(lw (sw)
S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc = 00 ResultSrc = 00 ResultSrc = 00
AdrSrc =1 AdrSrc =1 RegWrite
MemWrite

S4: MemWB
ResultSrc = 01
RegWrite




Main FSM: I-Type ALU Exec. Datapath

S8: Executel
ALUSIrcA =10
ALUSrcB =01

ALUOp =10

S8: Executel 0

CLK
PCNex

A

—
00

01

PCWrite
AdrSrc_lcontrol
i Unit
IRWrite | ResultSre 1.0
Al UControl 20
Al USrcB 10
R op Al USICA 10
funct3  |immsre 10
30
funct?7 s RegWrite
X 0 0 0 XX 10 |01 varies
Zero
r_/
Zera
CLK
pC
e —
CLrK C]_K CLK 00
0
: CLK
WE ’19.15 Rs1 Al WE3 ro1 H
ﬂ.m. . RD
. ~
Instr | Data - 2420 Rs21 a2 rRD2 H z 00
Memory @ 1.7 Rd i < oT
WD 2 A3 Register = 4 — J.DJ
|_ o] wD3 File O
2 2
@ &
317 1 Extend ImmExt
Data

Result




Main FSM:

Reset

op = 0000011 ( 1w)
OR
op = 0100011 ( sw

S2: MemAdr
ALUSIcA =10
ALUSrcB = 01

ALUOp = 00

op =
0100011
(sw)

op =

0000011
(lw
S3: MemRead

ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10

CUpd.

ALUOp = 10

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S6: ExecuteR
ALUSIcA =10
ALUSIrcB = 00

S1: Decode

ALUSrcA = 01

ALUSrcB = 01
ALUOp = 00

op =
01111
jal)

op=
0010011
(I-type ALU)

S8: Executel
ALUSIcA = 10
ALUSIrcB = 01

ALUOp =10

S9: JAL
ALUSrcA=01
ALUSrcB = 10
ALUOp =00
ResultSrc = 00
PCUpdate

S7: ALUWB
ResultSrc = 00
RegWrite

op=

100011

heq

S10: BEQ
ALUSrcA =10
ALUSIrcB = 00

ALUOp =01
ResultSrc = 00

Branch

RegWrite




Calculate PC + 4 and

Data

00

-

S9: JAL CLK
ALUSTcA =01 Send Target Address (ALUOut) to PCNext
res = PCWrite
ALUOPp = 00
ResultSrc = 00 AdrSre_icontrol
IRWrite ResultSrc 10
Al UControl 20
. Al USICR 10
s | OP Al USreA 10
funct3 | immsre 1.0
30
funct7 s RegWrite
S9: JAL |1 X 0 0 rzero 0 11 01 |10 000
Zera
CLK
00
.y cix cix cix Gn N
PCNex WE 1915 Rs1 AL WE3 RD1 A
g, = -
Instr | Data 220 RS2 a2 RD2 00
Memory Y 17 Rd . g 0
WD 2 A3 Register 7 [ —
|_ o] wD3 File o}
1 S
Q Q
C K 17 /
: 1 Extend ImmExt

Resli




Main FSM:

Reset

PC+4is
written to rd
in S7: ALUWB

op = 0000011 ( lw)
OR
op = 0100011 ( sw

S2: MemAdr
ALUSrcA=10
ALUSrcB =01
ALUOp = 00

op=
0100011
(sw)

op=
0000011

(lw
S3: MemRead

ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp
ResultSrc = 10

RCUpdate

=00

ALUSIcA = 10
ALUOp = 10

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S6: ExecuteR
ALUSrcB = 00

S1: Decode

ALUSrcA =01

ALUSrcB = 01
ALUOp =00

op = -
0010011 op =
(I-type ALU)

S8: Executel S9: JAL

ALUSrcA=10 ALUSrcA=01
ALUSrcB =01 ALUSrcB =10
ALUOp =10 ALUOp =00

ResultSrc = 00

PCUpdate

S7: ALUWB
ResultSrc = 00
RegWrite

00011
Deq

S$10: BE
ALUSrcA=10
ALUSIcB = 00

ALUOp =01
ResultSrc = 00

Branch




Multicycle Processor Main FSM

State Datapath 1, Op
Fetch Instr Mem[BC]; PC PC+4
Decode ALUOut PCTarget Reset

MemAdr ALUOuUt rsl+imm
MemRead Data Mem[ALUOuUt]
MemWB rd Data

S0: Fetch

AdrSrc =0 S1: Decode

MemWrite ~ Mem[ALUOut] rd ALRwte o AuSreA= o1
ExecuteR ALUOut rsl op rs2 ALUSrcB =10 ALUOp = 00
Executel ALUOut rsl op imm RALUIOSP =_0<1JO
ALUWB rd ALUOut e rdae
BEQ ALUResult = rs1-rs2; if Zero, PC  ALUOut
JAL PC ALUOut; ALUOuUt PC+4 op =0000011 ( w) op = op= = op=
OR 0110011 0010011 01111 00011
op = 0100011 ( sw (R-type) (I-type ALU) jal) heq
S2: MemAdr S6: ExecuteR S8: Executel S9: JAL S10: BEQ
ALUSrcA =10 ALUSrcA =10 ALUSrcA =10 ALUSrcA =01 ALUSrcA =10
ALUSIcB = 01 ALUSTcB = 00 ALUSIcB = 01 ALUSTcB = 10 ALUSIcB = 00
ALUOp = 00 ALUOp = 10 ALUOp = 10 ALUOp = 00 ALUOp = 01
ResultSrc = 00 ResultSrc = 00
PCUpdate Branch

op = op =
0000011 0100011
(lw (sw)

S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc = 00 ResultSrc = 00 ResultSrc = 00
AdrSrc =1 AdrSrc = 1 RegWrite
MemWrite

S4: MemWB
ResultSrc = 01

RegWrite
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Multicycle Processor Performance

e Instructions take different number of cycles:

- 3 cycles: beq
- 4 cycles: R-type, addi,sw, jal
- 5cycles: 1w

e CPl is 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




Multicycle Critical Path

o Potential Critical Paths:
pCwiie e Calculate PC+4or

AdrSrc |control

Mem\WWrite Unit L] Read Memory

IRWrite ResultSrc 1.0
Al UControl 20

Al USrcB 10

I ALUSICA 10

funct3 | }mmare 10
funct7 s RegWrite

30

Zero
F;/
Zero
=
Qldpc
CLK CLrK C’_K CLK
PCNex < WE i Ineir 19:15 Rs1 AL WE3 ro1 H A
Instr | Data 2420 Rs2 A2 RD2 I
Memory 2y 7 Rd , z
WD 2 A3 Register T
|_ S wD3  File O
=8 2
5 o
CLK 31.7
f Extend ImmExt
Data




Multicycle Processor Performance

Multicycle critical path:

e Assumptions:
e RFis faster than memory
 Writing memory is faster than reading memory

Tc_multi =lpcqg T ldec T 2t qux + max(t ALU » tmem) T L setup
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Element

Parameter

Delay (ps

Register clock-to-Q focg_pC 40
Register setup et 50
Multiplexer s 30
AND-OR gate tAND.OR 20
ALU EAL L] 120
Decoder (Control Unit) fdec 25
Extend unit taec 35
Memory read foem 200
Register file read tREread 100
Register file setup {REsetup 60

Tc_multi =lpca T lgec T 2t mux T max(t ALU » tmem) + tsetup

Digital Design & Computer Architecture

Microarchitecture




For a program with 100 billion instructions
executing on a multicycle RISC-V processor

- CPI = 4.12 cycles/instruction
- Clock cycle time: T . ,ui = 375 ps

Execution Time = (# instructions)  x CPI x T,

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

100 Digital Design & Computer Architecture Microarchitecture
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Pipelined RISC-V Processor

e Temporal parallelism

e Divide single-cycle processor into 5 stages:
- Fetch
- Decode
- Execute
- Memory
- Writeback

e Add pipeline registers between stages




le-Cvycle vs. Pipelined Processor

Single-Cycle

0 10.0 290 390 490 5(.)0 6(?0 7(?0 8CI)O 990 10|00 1190 12.00 1390 14.00 159‘

I
Inst .
nstr Dec Time (ps)
1 Fetch Read Execute Memory Wr
Instruction Reg ALU Read / Write |Reg
2 Fetch RDe(:\Ei Execute Memory Wr
Instruction Reg ALU Read / Write |Reg
[ J [ )
- Pipelined
1 Fetch Rl?e(:\(c:j Execute Memory Wr
Instruction Reg ALU Read / Write |Reg
2 Fetch R?eeafj Execute Memory Wr
Instruction Reg ALU Read / Write |Reg
3 Fetch Rl:t)ei\fj Execute Memory Wr
v Instruction Reg ALU Read / Write |Reg




Pipelined Processor Abstraction

1 2 3 4 5 6 7 8 9 10

o

Time (cycles)

w sz, ao(s0)  [wp{ WrETea | E—rlovh]

add s3, s9, s10 j:.— o |

sub s4, t1, s8 -S“b“j:.— DM

and s5, s11, tO -mj:.—

sw s6, 20(t4) P}’—M— RF
Gt et 83— v ]

or s7, t2, t3




Signals in
Pipelined
Processor are
appended with

PCD, PCE).

aK Single-Cycle K
19:15 AL WE3 RD1 SICAE ero WE
A RD |——inst—o ) - E-
Instruction £ RD2 - = AlUResult A RD ReadData @
Memory 117 Data
A3 | wii Memory
wpz Regist Lol WD
I + PCTarget
4 lomExt
317 Extend
PCPlus4
Result
Pipelined
CLK CLK ‘ § B CLK
7] 1o WE3 HEE SicAF WE
A RD - Al RDl 3 Al UResyltM ReadData\W
Instruction jeszo | RD2 RD2E 5 bTe A RD [ @
Memory - A3 | Mgr:t:ry
Regi riteData WriteDataM
WD3 F ":'Ile \\iteDataE WD
PCD DPCE I E +|
! -
ﬁ rst Iette r Of 4 m ImmExiD ImmEXiE
H PCPlus4F PCPlus4D PCPlusAE PCPlus4M
stage (i.e., PCF, S 1] o] | o e L EL |
ResultW.
Fetch Decode Execute Memory Writeback
Digital Design & Computer Architecture Microarchitecture
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CLK (;"; CLK CLK
. RD1E
0 , bCE | CILH WE3 RD1 SreAE WE
A RD 3 L_ALUResUIV ReadDataW
Instruction 20204 55 RD2 RD2E ) = A RD 1
Memory A3 MData
f ) " emory
WriteDataM
WD3 Register \riteDataF, riteDatal WD
File
BCD P +
1.7 RdD RAE RdM RdW
4 — lomExtD lomExtE
. Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
o PCTargetE PCPIlus4W

Rd must arrive at same time as Result
Register file written on falling edge of CLK

Digital Design & Computer Architecture

Microarchitecture
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PCSICE @ ZeroE
ol o o
)
RegWriteD RegWriteE RegWriteM RegWriteW
COUnt_I'tOI ResultSrcD 10 | ResultSrcE 10 | ResultSrcM 10 ResultSrcW 10
nt MemWriteD MemWriteE MemWriteM
JumpD JumpE
5.0 BranchD BranchE
1210 | OP ALUControlD 2o ALUCONIOIE 20
| funct3 ALUSICD ALUSICE
funct?s | | \nmsieD vo L
CLK CLK | CLK
CLK é | L
; WE3 RD1E SrcAE WE
0 : PCE | | psrp  PEE A1 RD1 =
A RD 2 A rp H |ReadRataw o
Instruction 2220 1, RD2 RD2E 'B =
Memory A3 MData
. ) ) emory
Y WriteDataM
WD3 Reg:ls‘:er LteDatal e 1 WD
PCD PCE | P_'_l
117 RdD RdE RdM | RdW
4 —] lmExiD lmmEXIE
317 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
— — — — PCPlus4W
PCTargetE

ResultW

e Same control unit as single-cycle processor

e Control signals travel with the instruction (drop off when used)
107 Digital Design & Computer Architecture Microarchitecture
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Pipelined Hazards

e When an instruction depends on result from
instruction that hasn’t completed

e Types:

— Data hazard: register value not yet written back to
register file

— Control hazard: next instruction not decided yet
(caused by branch)




Data Hazard

add

sub

or

and

s8,

s2,

s9,

s7,

s4,

s8,

t6,

s8,

S5

s3

s8

t2

8

o
Time (cycles)




Handling Data Hazards

Stall the processor at run time




Handling Data Hazards

e Insert enough nops for result to be ready
e Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

add s8, s4, s5 I'E : j:-_
nop "'ilﬁﬁl

nop

Time (cycles)

sub s2, s8, s3

or s9, t6, s8

and s7, s8, t2




Data Forwarding

add

sub

or

and

e Data is available on internal busses before it is written
back to the register file (RF).

e Forward data from internal busses to Execute stage.

s8,

s2,

s9,

s7,

s4,

s8,

t6,

s8,

S5

S3

s8

t2

1 2

4

5 6 7 8
-

>
-..IIE

[ e

n gy .

]

o

Time (cycles)

g

D

]

[ foss:

DM

e —{ o e {Rr ]
1’ o] {]a o]




Data Forwarding

add

sub

or

and

e Check if source register in Execute stage matches
destination register of instruction in Memory or
Writeback stage.

e |f so, forward result.

s8,

s2,

s9,

s7,

s4,

s8,

t6,

s8,

S5

S3

s8

t2

1 2 3 4 5 6 7 8
e
Time (cycles)
IIE 4 l:.i DM j8
[wfee] JrE]Se] iﬁti
k(W el (= ]
v|E - |- leM I-sJ_-




Data Forwarding: Hazard Unit

PCSICE @ ZeroE
— ax ax a
RegWriteD RegWriteE RegWriteM RegWriteW
C%nt_rtol | | ResultSrcD 1.0 | ResultSIcE 10 | ResultSrcM 10 | ResultSreW 10
it | MemwriteD MemWriteE MemWriteM
JumpD JumpE
6.0 BranchD BranchE
110 | P ALUControlD 2o | ALUCONtrolE 29
o |unct3 | | Al ysren ALUSICE
funct7 s ImmSreD 1o ]
cix oK cLx B Cix
: RD1E
1 1915 { WE3 RD1 WE
A RD Em— Al UResiItM ReadDataw =00
Instruction 2020 { 1o RD2 RD2E A RD
Memory A3 MData
. ) emory
WriteDataM
w3 Register  WriteDatal WD
File
PCD PCE |
19:15 Rs1D RsS1E
24:20 Rs2D Rs2
17 RdD RdE RdM | RdW
/
ExtimmD | ExtinimE|
3L7 Extend
PCPlus4F PCPlus4D PCPIus4 PCPlus4M
— — — — PCPlus4W
PCTargetE GPlusa
ResultW
wl| w
<| o
S| =
HE
o o
LL LL
[ Hazard Unit ]




e Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

» Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
e Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) AND RegWriteM) // Case 1
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3

ForwardBE equations are similar (replace Rs1E with Rs2E)

116 Digital Design & Computer Architecture Microarchitecture



e Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

» Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
e Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E !=0) // Case 1
ForwardAE = 10

else if ((Rs1E == RAW) AND RegWriteW) AND (Rs1E !'=0) // Case 2
ForwardAE =01

else ForwardAE = 00 // Case 3

ForwardBE equations are similar (replace Rs1E with Rs2E)
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lw s7,
and s8,
or t2,

sub s3,

40(s5)
s7, t3
s6, s7

s7, s2

[ 4 | 4




lw s7,
and s8,
or t2,

sub s3,

40(s5)
s7, t3
s6, s7

s7, s2




Stalling Logic

e |s either source register in the Decode stage the
same as the destination register in the Execute
stage?

AND
e |sthe instruction in the Execute stage a Tw?

IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE 0
StallF = StallD = FlushE = IwStall

(Stall the Fetch and Decode stages, and flush the Execute stage.)




PCSIcE @
— o &
|| RegWriteD RegWriteE RegWriteM
C?Jnt_rtOI || ResultSreD 19 | ResultSrcE 1.0 | ResultSrcM 1.0 cW 10
n MemWriteD | MemWriteE ° MemWriteM
JumpD JumpE
60 BranchD BranchE
110 | OP ALUControlD 20 ALUControlE
funct3
30 ALUSrcD ALUSICE
funct7s ImmSrcD 1.0
—
Cé( CLK CHK
9 WE3 RD1E WE
| wan 4 AL RD1
A RD AL UResuItM A RD taw 8?
Instruction 22204 ) RD2 RD2E
Memory A3 MData
. ) emory
\WriteDataM
WD3 Register D WD
File I\I
BCD [oce | .
1915 Rs1D Rs1E |J
24:20 Rs2D Rs2
17 RdD dE RdM
— | ExtlmmD XtloumEl
: Extend
PCPlus4F > PCPlus4D CPlus4g L PCPlus4Mm
L
Plus4w
ol PCTargete u
ResultW
4 9l
w B 2
w =] < S
T e 3 £l g g
(7] ] [ [l s o
Hazard Unit
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Control Hazards

* beg:
— Branch not determined until the Execute stage of
pipeline
— Instructions after branch fetched before branch
occurs

— These 2 instructions must be flushed if branch
happens




Control Hazards

1 2 3 4 5 6 7 8 9 10

o
Time (cycles)

20 beq s1, s2, L1
I o R N
24 sub s8, t1, s3 Flush :
these |
28 or s9, t6, s5 instructions |
_________________________ J
2C
v

58 L1: add s7, s3, s4

Branch misprediction penalty:

The number of instructions flushed when a branch is taken (in
this case, 2 instructions)




e |f branch is taken in execute stage, need to
flush the instructions in the Fetch and
Decode stages

— Do this by clearing Decode and Execute Pipeline
registers using FlushD and FlushE

 Equations:
FlushD = PCSrcE
FlushE = IwStall OR PCSrcE
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PCSrcE @ ZeroE
CLK CLK CLK
YN
RegWriteD RegWriteE RegWriteM RegWriteW
C?Jntrol | | ResuliSreD 10 | ResuItSICE 1. | ResultSrcM 1o | ResultSIcW 1o
nit 1 T yemwiiteD MemWriteE 0 MemWriteM
JumpD JumpE
60 BranchD BranchE
1412 op ALUControlD 2.0 ALUControlE| 2.0
funct3
30 ALUSIrcD ALUSICE
funct7 s ImmsSrcD 1.0 _—
—
CLK CLK CLK
CLK é7 - T
; WE3 RDIE [ v WE
-IT) : éIp | psrp P A1 RD1 0]
z A RD —_LO%_ ALUResuiim | | A rD M ReadDataw = 00
C TI Instruction 200 s RD2 RD2E )
Memory A3 01 MData
. } emory
WriteDataM
WD3 Reg!Ster = WD
File
BCD pce |
19.15 Rs1D Rs1E
24:20 Rs2D Rs2
17 RdD dE RdM RdW
— | ExtimmD fExtiyme| |
. Extend
PCPlus4F =5 PCPlus4D o PCPlus4M
oz — . — PCPIusAW
PCTargetE
ResultW
w w
<| o
a w gl s
L [a] < =
3 5|3 3 5l g
n D] L LL LL LL
[ Hazard Unit
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PCSrcE @ ZeroE
CLK CLK CLK
' N . ’ . -
RegWriteD RegWriteE RegWriteM RegWriteW
C?JntrtOI | | ResultSrcD 10 | ResultSrcE 1, | ResultSrcM 10 | ResultSrcW 10
ni MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
6.0 BranchD BranchE
10 | %P ALUControlD 20 ALUCONtrOlE| 20
funct3
30 ALUSrcD ALUSIcE
funct7 s ImmSrcD 1.0 .
CLK CLK CLK
CLK 2 | L
: WE3 RDIE SICAE WE
.Iu‘ojmélp el o H LELH R RD1 % LC
z 00
L+| i _ _ALUResuitM A RD 8
Instruction 20204 ) RD2 RD2E. o )
Memory 01 Data
A3 A L1 . . Memory
Register A\teDatal L \\riteDaral
WD3 Eile WD
PCD PCE 1 '\+I
1015 Rs1D RsIE l)
24:20 Rs2D Rs2.
107 RdD RdE RdM | RdW
4 ExtimmD | fExtipmE] |
317 Extend
PCPlus4F 5'1. PCPlusap | % PCPlysd PCPlusaN
ST — — — PCPlus4wW
PCTargelE
ResultW
Wl w
<| o
a w IR
- Rk |:
[ B | T [ el e
Hazard Unit
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Summary of Hazard Logic

Data hazard logic (shown for SrcA of ALU):

if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E !'=0) //Case 1
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) AND (Rs1E !=0) // Case 2
ForwardAE =01

else ForwardAE = 00 // Case 3

Load word stall logic:
IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE 0
StallF = StallD = IwStall

Control hazard flush:
FlushD = PCSrcE
FlushE = IwStall OR PCSrcE
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Pipelined Processor Performance Example

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

e Suppose:
- 40% of loads used by next instruction
- 50% of branches mispredicted

e What is the average CPI? (Ideallv it’s 1. but.. )

=1.23




Pipelined processor critical path:
Tc_pipelined = max of

tpcq + tmem T tsetup Fetch

2(t RFread T tsetup ) Decode
tpcq + 4t mux T taw + tanp-or + tsetup Execute
tpcq + tmem tsetup Memory
2(tpcq + tmux + tREwrite ) Writeback

» Decode and Writeback stages both use the register file in each cycle
e So each stage gets half of the cycle time (T  ./2) to do their work
e Or, stated a different way, 2x of their work must fit in a cycle (T c)
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pCSIcE @ ZoroE I
— cx i ax
RegWriteD RegWriteE RegWriteM RegWriteW
C?Jm_rtOI ResultSreD 11 | ResultSIcE 1 | ResultSrcM 10 | ResultSrcW 1
ni MemWriteD MemWriteE ° MemWriteM
JumpD JumpE
6.0 BranchD BranchE
1412 op ALUControlD 2.0 ALUControlE| 2:
o | uncts ALUSICD ALUSICE
funct? s ImmSreD 10 ||
CLK CLK CLK
oK = | L
: WE3 RDIE WE
{oNecel Jece O ey P RD1
z A RD M |_ALUResUlM
TI Instruction 220 ] o RD2 RD2E A RD
Memory Data
A3 Redist i Memory
WD3 e'gzzlseer | AiteDatald WD
PCD PCE |
19:15 Rs1D Rs1E
24:20 Rs2D Rs2
1.7 RdD RAE RdM | Rdw
4 —] ExtimmbD | it |
3LT Extend
PCPlus4F - pcPlusan] & PCPlusa Lechiusam
L
2] Lol e L] — PCPIus4W
argel
Resultw/|
w w
<| @
o w gl E
w [a] < =y
= 5| |3 3 5| 8
(%) n LL LL LL LL
Hazard Unit
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Element

Parameter

Delay (ps

Register clock-to-Q focg_pC 40
Register setup et 50
Multiplexer s 30
AND-OR gate tAND.OR 20
ALU EAL L] 120
Decoder (Control Unit) fdec 25
Extend unit taec 35
Memory read foem 200
Register file read tREread 100
Register file setup {REsetup 60

Tc_pipelined =lpca T 4t mux T fAaLUu T lAND-OR T tsetup
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Pipelined Performance Example

Program with 100 billion instructions

Execution Time = (# instructions) x CPIl x T,
(100 x 107)(1.23)(350 x 107%?)
= 43 seconds




Processor Performance Comparison

Execution
Time Speedup
Processor seconds single-cycle as baseline
Single-cycle |75 1
Multicycle 155 0.5
Pipelined 43 1.7




/
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e Deep Pipelining

e Micro-operations

e Branch Prediction

e Superscalar Processors
e Out of Order Processors
e Register Renaming

e SIMD

e Multithreading

e Multiprocessors
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e 10-20 stages typical

e Number of stages limited by:
— Pipeline hazards

— Sequencing overhead

— Power
— Cost

300 a A A
A 4L A A A
250 &
XS
200 * -
® o o —— T
150 *- .
—&— |nstruction
Time

5 6 7 8 9 101112
N: # of pipeline stages




e Decompose complex instructions into series of simple
instructions called micro-operations (micro-ops or p-ops)

e At run-time, complex instructions are decoded into one or
more micro-ops

e Used heavily in CISC (complex instruction set computer)
architectures (e.g., x86)

Complex Op Micro-op Sequence
lw s1, 0(s2), postincr 4 lw sl, 0(s2)
addi s2, s2, 4

Without p-ops, would need 2nd write port on the register file
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e Guess whether branch will be taken
— Backward branches are usually taken (loops)
— Consider history to improve guess

e Good prediction reduces fraction of branches
requiring a flush
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e |deal pipelined processor: CPI =1
 Branch misprediction increases CPI

e Static branch prediction:
— Check direction of branch (forward or backward)
— If backward, predict taken
— Else, predict not taken

 Dynamic branch prediction:
— Keep history of last several hundred (or thousand)

branches in branch target buffer, record:
e Branch destination
 Whether branch was taken
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Dvnamic Branch Prediction

e 1-bit branch predictor
e 2-bit branch predictor




Branch Prediction Example

addi s1, zero, O # s1 = sum
addi sO, zero, 0 # sO = 1
addi tO, zero, 10 # tO = 10
For: # for (1=0; 1<10; 1=i+1)
bge sO, tO, Done
add s1, s1, sO # sum = sum + 1
addi sO, s0, 1 # 1 =1 + 1
j For
Done:




e Remembers whether branch was taken the
last time and does the same thing

e Mispredicts first and last branch of loop

addi s1, zero, © # s1 = sum
addi s@, zero, © # sO = 1
addi tO®, zero, 10 # tO = 10
For: # for (1=0; 1<10; 1=i+1)
bge sO, tO, Done
add s1, s1, sO # sum = sum + 1
addi s0, s0, 1 # 1 =1+ 1
j For
Done:
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Weakly

Strongly Weakly Strongly

Taken Taken Not Taken Not Taken
predict predict predict predict
taken not taken not taken

addi s1, zero, O # s1 = sum
addi sO, zero, 0 # sO = 1
addi tO, zero, 10 # tO = 10
For: # for (1i=0; 1<10; 1i=i+1)
bge sO, tO, Done
add s1, s1, sO # sum = sum + 1
addi s0, s0, 1 # 1 =1+ 1
j For
Done:

Only mispredicts last branch of loop
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e Multiple copies of datapath execute multiple
instructions at once

 Dependencies make it tricky to issue multiple
instructions at once

CLK CLK CLK CLK
CLK
- pC RD Al
A =% RD1 ﬁ' %__
_ > Al RDL
Instruction = %‘g‘ Register % = A2 RD2
Memory File  ppe Data
WB2 — Memory
WD1
WD2
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Superscalar Example

Ideal IPC: 2
Actual IPC: 2

1 2

lw s7, 40(s0)
add s8, t1, t2

sub s9, s1, s3
and s10, s3, t4

4 5 6 7 8
-

Time (cycles)

M

N

i
pli=
r

O
(>
|

K

or sl11, s1, t5
sw s5, 80(s2)




Superscalar with Dependencies

Ideal IPC:
Actual IPC:

lw

s8, 40(s0)

SQ,*{"tl

s8,.. t2, t3

SuU

sll, t5, t6

a
or
SL%

2
6/5=1.2

-

I pal
L S S
Y
w
L+
N
1 <} <} <

L
-
—1

B

—
Py
H+
N
|

Stall

AEWYE -

lw)
<
I < N | 1




e Looks ahead across multiple instructions
e [ssues as many instructions as possible at once

e Issues instructions out of order (as long as no
dependencies)

 Dependencies:
— RAW (read after write): one instruction writes, later
instruction reads a register
— WAR (write after read): one instruction reads, later
instruction writes a register

— WAW (write after write): one instruction writes, later
instruction writes a register
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Out of Order (O0OQO) Processor

» |Instruction level parallelism (ILP): number
of instruction that can be issued
simultaneously (average < 3)

e Scoreboard: table that keeps track of:
— Instructions waiting to issue
— Available functional units
— Dependencies




Out of Order Processor Example

Ideal IPC: 2
Actual IPC: 6/4=1.5

N 0

lw s8, 40(s0) .i H 40

or sii | 5
’ 4 L

sw s7, '8

two cycle latency
between load and
use of s8

add s9,- @ tl

~ WAR
sub @ t2, t3
RAW
and s10, s4, ¢.’

Z1
| | Z1
L N |

n

iy 0

L
a

| -




ojster Renaming

Ideal IPC: 2
Actual IPC: 6/3=2

7

sub ra@
2-cycle RAW

o

Time (cycles)




e Single Instruction Multiple Data (SIMD)

— Single instruction acts on multiple pieces of data at once
— Common application: graphics

— Can apply to short arithmetic operations (also called
packed arithmetic)

 For example, add eight 8-bit elements

63

56 55

48 47

40 39

32 31

24 23

16 15

8

7

0

ar

ae

as

a4

as

az

ai

ao

b7

bs

bs

ba

bs

b2

b1

bo

azr + b7

as + be

as + bs

as + ba

az+ bz

az+ b2

air+ b1

ao+ bo
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Advanced Architecture Techniques

e Multithreading

— Wordprocessor: thread for typing, spell checking,
printing
e Multiprocessors
— Multiple processors (cores) on a single chip




e Process: program running on a computer
— Multiple processes can run at once: e.g., surfing
Web, playing music, writing a paper
e Thread: part of a program

— Each process has multiple threads: e.g., a word
processor may have threads for typing, spell
checking, printing
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Single-core system:
e One thread runs at once

« When one thread stalls (for example, waiting
for memory):
— Architectural state of that thread stored

— Architectural state of waiting thread loaded into
processor and it runs

— Called context switching

e Appears to user like all threads running
simultaneously
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 Multiple copies of architectural state

 Multiple threads active at once:
— When one thread stalls, another runs immediately

— If one thread can’t keep all execution units busy,
another thread can use them

 Does not increase instruction-level parallelism
(ILP) of single thread, but increases
throughput

Intel calls this “hyperthreading”
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e Multiple processors (cores) with a method of
communication between them

e Types:
— Homogeneous: multiple cores with shared main
memory

— Heterogeneous: separate cores for different tasks (for
example, DSP and CPU in cell phone)

— Clusters: each core has own memory system
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Digital Design and Computer Architecture Lecture Notes
© 2021 Sarah Harris and David Harris
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