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Course Overview

15t Half Semester 2"d Half Semester

Fixed & Floating Point
Building Blocks

* Logic Levels

* Number Systems
CMOS Transistors
* Power Consumption

C Programming

Assembly Language
* Combinational Logic Design

. . _ Machine Language
* Finite State Machines

. Microarchitecture
* Timing

* Verilog
* Arithmetic Circuits
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First Half Semester

* See midterm review

* Make sure you can:
* Design a finite state machine
* Analyze its timing
* Expressitin Verilog
* Estimate static and dynamic power
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Fixed and Floating Point

Express -5.625 as 4.4 fixed point and float

Fixed:
5.625 =
-5.625 =
Float:
-5.625 =(-1)(1.01101)(22)
Sign = , biased exp = , fract =
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Building Blocks

Symbol Implementation
Counters oLk
Q=
Re‘set
. . Symbol: Implementation:
Shift Registers —, CLKWTE 9
- Sin cee Sout
1S, S .
Q0 Q1 Qz QN-1
CLK

WE3
A1 RD1

Memories . el

O3
M

7N |

N

T A3 Array
T WD3
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FPGA Logic Elements

Each logic element has a 4-input LUT and one flop
Compute any function of up to 4 inputs
Ex:
yv=a+b | (c”d)
7-input AND
4-bit shift register
3:8 decoder

FSM 3 bits state, 1 in, 2 out
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C Programming

* Write basic programs in C
e Data types & sizes (char, short, int, long, float, double)
If/else
For, while
Structures
Arrays
Pointers
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Structure Example

typedef struct materialProps {
double youngModulus;
double hardness;
double density;
int color(3];
char name|[36];
} materialProps; //size=8+ 8+ 8+ 3*4 +36*1=72

materialProps myMaterials[100]; // base address 2000

double *dp = &myMaterials[2].density; //
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RISC-V Assembly & Machine Language

Architectural State:
32 registers (x0 is 0)
32-bit program counter (PC)
Up to 232 bytes of memory
32-bit instructions: 6 formats

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
funct7 | rs2 | rs1 |funct3 | rd op | R-Type
immy1. rs1 |funct3 rd op | I-Type

immyys | rs2 | rs1 |funct3 | immso | op | S-Type

immip 05| rs2 | rs1 [funct3 |imms.114 op | B-Type
immasq.12 rd op U'Type

iMM2o,10:1,11,19:12 rd op |J-Type
20 bits 5 bits 7 bits
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RISC-V Instructions

-M

D~ x -

- ® @ @ W ® W C ™ X X DD XWX XIXWIXVD®IDD®LWLwnC — —

=

rd, imm(rs1)
lh rd, imm(rs1)
Iw rd, imm(rs1)
lbu rd, imm(rs1)
lhu rd, imm(rs1)
addi rd, rs1,imm
slli rd, rs1, shamt
slti rd, rs1, imm
sltiurd, rs1, imm
xori rd, rs1,imm
srli rd, rs1, shamt
srai rd, rsl, shamt
ori rd, rsl,imm
andi rd, rs1,imm
auipc rd, imm
sb  rs2,imm(rs1)
sh  rs2, imm(rs1)
sw  rs2, imm(rs1)
add rd, rsi, rs2
sub rd, rs1,rs2
sl rd, rs1, rs2
slt rd, rs1,rs2
sltu rd, rs1, rs2
xor rd, rsl,rs2
srl rd, rs1,rs2
sra rd, rsl,rs2
or rd, rsl,rs2
and rd, rsi,rs2
lui rd, imm
beq rs1, rs2, label
bne rs1, rs2, label
blt rs1, rs2, label
bge rsi,rs2, label
bltu rs1, rs2, label
bgeu rs1, rs2, label
jalr rd, rs1, imm

jal rd, label

load byte

load half

load word

load byte unsigned

load half unsigned

add immediate

shift left logical immediate
set less than immediate
set less than immediate unsigned
xor immediate

shift right logical immediate
shift right arithmetic immediate
or immediate

and immediate

add upper immediate to PC
store byte

store half

store word

add

sub

shift left logical

set less than

set less than unsigned

xor

shift right logical

shift right arithmetic

or

and

load upper immediate
branch if =

branch if I=

branch if <

branch if >

branch if < unsigned

branch if > unsigned

jump and link register
jump and link

rd = SignExt([Address]70)

rd = SignExt([Address]1s:0)

rd = [Address]

rd = ZeroExt([Address]7:0)

rd = ZeroExt([Address]1s:0)

rd = rs1 + SignExt(imm)

rd = rs1 << shamt
= (rs1 < SignExt(imm))
= (rs1 < SignExt(imm))

rd = rs1 A SignExt(imm)

rd = rs1 >> shamt

rd = rs1 >>> shamt

rd = rs1 | SignExt(imm)

rd = rs1 & SignExt(imm)

rd = {imma1:12, 12’b0} + PC

[Address]7:0 = rs27:0

[Address]is:0 = rs21s:0

[Address] = rs2

rd =rsl+rs2

rd =rsl-rs2

rd = rs1 << rs24:0
=(rsl<rs2)
=(rsl<rs2)

rd=rs1Ars2

rd =rs1>> rs2

rd = rs1 >>>rs2

rd=rsl | rs2

rd=rs1 &rs2

rd = {imma1:12, 12'b0}

if (rs1==rs2) PC = BTA

if (rs1!=rs2) PC = BTA

if (rs1< rs2) PC = BTA

if (rs1>=rs2) PC = BTA

if (rs1< rs2) PC = BTA

if (rs1>=rs2) PC = BTA

rd = PC + 4, PC = rs1 + SignExt(imm)

rd =PC+4,PC=JTA
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7 bits 5bits  5bits 3 bits 5 bits 7 bits
funct7 | rs2 | rs1 |funct3 rd op
immy1. rs1 |funct3 rd op
immqqs | rs2 | rs1 |funct3 | immgo op
imm12,1o;5 rs2 rs1 |funct3 imm4;1,11 op
immgzq.12 rd op
imMao,10:1,11,19:12 rd op
20 bits 5bits 7 bits

Lecture 11 <10>

ELSEVIER

R-Type
I-Type

S-Type
B-Type
U-Type
J-Type




Assembly Language Programming

vold dotproduct (int v1[], 1int v2[], 1nt len) {
int 1, sum = 0O;
for (1=0; i<len; i++)
sum += v1[1i] * v2[i];
return sum;

volid main (void) {

int a[3] = {1, 2, 3};
int b[3] = {4, 6, ©6};
int d;

d = dotproduct(a, b, 3);

Digital Design and Computer Architecture: ARM® Edition © 2019 Lecture 11 <11>

ELSEVIER



// vl in ao0,
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v2 in al,

len in a?

// 1 in s0, sum in sl
dotproduct
addi sp, sp, -8
sw s0, 0(sp)
sw sl, 4 (sp)
addi sl1l, =zero, O
addi s0, =zero, O
for
b?e sO, a2, done
slli t0, s0, 2
add tl1, sO0, tO
Iw tl1, 0(tl)
add t2, s0, tO
lw t2, 0(t2)
mul t3, tl, t2
add s1, sl1, t3
addi s0, s0, 1
7 for
done
mv a0, sl
1w s0, 0 (sp)
1w s1, 4 (sp)
addi sp, sp, 8
Jjr ra

SO N N
N N S NN

Assembly Language Programming

room to save registers on stack
save s0

save sl

sum = 0

i = 0;

i < len?

i * 4

address of v1[1i]
v1[i]

address of v2[1]
v2[1]
vi[i] * v2]
sum += v1[1i
1++

repeat for loop

1]
]

* v2[1]

return sum
restore s0
restore sl
restore stack pointer
and go back to caller
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Assembly to Machine Language

7bits  5bits 5bits 3bits  5bits 7 bits
XO0r X 3 / X 8 /4 X 9 funct7 ‘ rs2 | rs1 |funct3| rd op | R-Type
imm41.0 rs1 |funct3 | rd op |I-Type
immqys | rs2 | rs1 |funct3 | immyo | op | S-Type
. immyz 05| rs2 | rs1 |funct3 [imms.q41] op | B-Type
funct/ = .
immay.12 rd op | U-Type
— iMMz0,10:1,11,19:12 rd op J-Type
rs 2 20 bits 5bits 7 bits
rsl

funct3 =
rd =
op =
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Machine to Assembly Language

O0x00A5A823
Based on the bottom 7 bits, op = 35 (S-type)

Interpret the other bits according to S-type
0000000 01010 01011 010 10000 0100011

Immy,.5 =
) Tbits  5bits 5bits 3bits  S5bits 7 bits
rs? = funct7 ‘ rs2 | rs1 |funct3 | rd op | R-Type
immy1o rs1 |funct3 | rd op |I-Type
rs 1 — immqys | rs2 | rs1 |funct3 | immy | op | S-Type
_ imMiz105| rs2 | rs1 |funct3 |immgq4| op | B-Type
funct3 = ' ‘
imms1.12 rd op U'Type
Imm4 .0 = immM2o,10:1,11,19:12 rd op J-Type
: 20 bits 5bits 7 bits
op =
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Microarchitecture

* Three Microarchitectures
* Single-cycle
* Multicycle
* Pipelined
* Be able to add new features, such as new instructions
* Examples in the book/lecture and homework
* Determine cycle time and performance

* Don’t need to memorize diagrams or tables
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Single Cycle Processor

)
PCSrc
ResultSrcy.g
MemWrite
funct7s | ALUControl,.
funct3 |ALUSIc

op ImmSrc,.
rZero | RegWrite

Control
Unit

30

14:12

6:0

———

CLK CLK

CLK | |
. WE3

-I"chCNext|$|pC oo pnstr [ A1 RD! Srch

W LT

Zero WE
ALUResult RD
Data

Instruction 24:20 r~
Memory " 22 RD2 (1) SrcB y
WriteData emory

WD3 Reg_lster WD
File

= +
ImmExt
7 Extend

ReadData

\AMJ II
>

PCTarget

PCPlus4
=+

Result
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Single Cycle Controller

Zero  PCSrc

4 \J;a”c’h | ALUOp | funct3 | op.funct7. | ALUControl [ Instruction |

X XX 010 (add) Iw, sw

— ResultS@«o X XX 110 (subtract) beq

Main [—— MemWrite 000 00, 01, 10 010 (add) add

0Ps:0 Decoder—— ALUSrc 000 11 110 (subtract) sub
' 5 010 XX 111 (set less than) slt
Imer(?1;0 110 XX 001 (or) or

RegWrite 111 XX 000 (and) and

| ImmSrc [ImmExt [ Type | Description |
I {{20{Instr[31]}}, Instr[31:20]} 12-bit signed immediate

[
ALUContro MECERE {{20{Instr[31]}}, Instr[31:25], Instr[11:7]} S 12-bit signed immediate
P {{20{Instr[31]}}, Instr[7], Instr[30:25], Instr[11:8], 1’b0} B 13-bit signed immediate

J

{{12{Instr[311}}, Instr[19:12], Instr[20], Instr[30:21], 1’b0} 21-bit signed immediate

_Instruction | Opcode | RegWrite | ImmSrc_[ ALUSrc | MemWrite | ResultSrc [ Branch_| ALUOp | Jump |

funct32;o

funct7s

I 0000011 1 00 1 0 01 0 00 0
BT 0100011 0 01 1 1 XX 0 00 0
0110011 1 XX 0 0 00 0 10 0
L 1100011 0 10 0 0 XX 1 01 0
ELEI 0010011 1 00 0 0 00 0 10 0
FE 1101111 1 11 X 0 10 0 XX 1
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Multicycle Processor

CLK

—

PCWrite

AdrSrc

Control

MemWrite

Unit

IRWrite

RBSU|tSI’C1;0

ALUControly.o
ALUSIrcB1
ALUSIrcA
ImmSrci.o
RegWrite

30

funct7s
funct3
op

Zero
T;/

14:12

6:0

Zero

CLK
OldPC

CLK CLK

|
WE3 A o1 ISrcA J

A1 RD1 H 10

CLK
\

CLK

F5| ALUOuU
L

WE
RD

1 :
Instr / Data

Memory
WD

Rs1

19:15

PCNext | Instr

D |ALUResult
p—
<

EN -

24:20 Rs2

|

A2 RD2 H SrcB

11:7 Rd

A3
WD3

Register
File

elegpesy
ejegsiim

——

CLK

317
ImmExt

Data

Result
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Multicycle Controller

Reset
S1: Decode
ALUSIcA = 01
Zero ALUSIcA = 00 ALUSTCB = 01
ALUSrcB =10
Branch PCSrc ALUOp = 00
ResultSrc = 10
.\ PCUpdate
Jump op = 0000011 (1w) op= op =
OR 0010011 P 100011
op = 0100011 (sw] (Itype ALU)
PCU pdate $2: MemAdr $6: ExecuteR §8: Executel $10: BEQ
. ALUSICA = 10 ALUSTICA = 10 ALUSICA = 10 ALUSTICA = 01 ALUSTICA = 10
— Regerte ALUSIcB = 01 ALUSIcB = 00 ALUSIcB = 01 ALUSIcB = 10 ALUSIcB = 00
ALUOp = 00 ALUOp = 10 ALUOp = 10 ALUOPp =00 ALUOp =01
. ResultSrc = 00 ResultSrc = 00
Main — Memerte PCUpdate Branch
. op =
FSM |[—— IRWrite 0000011
—— ResultSrcq.
S7: ALUWB
. e . ResultSrc = 00 ResultSrc = 00 ResultSrc = 00
O p6-0 5 AL U S rCB1 0 AdrSrc =1 AdrSrc =1 RegWrite
MemWrite
—— ALUSrcA;
—— AdrSrc
ALUOp1;o S4: MemWB
ResultSrc = 01
QWi
AL U State Datapath pOp
Fetch Instr —Mem[PC]; PC « PC+4
funct32;0 Decoder ALUCOHtI’O|2;0 Decode ALUOut — PCTarget
MemAdr ALUOUL « rs1 +imm
funct7s — MemRead Data — Mem[ALUOU]
MemWB rd « Data
MemWrite Mem[ALUOut] « rd
ExecuteR  ALUOut < rs1 op rs2
( \ Executel  ALUOut < rs1 op imm
Instr ALUWB  rd — ALUOUt
OPes:0 D der— ImmSrci.o BEQ ALUResult = rs1-rs2; if Zero, PC = ALUOu
ecoaer JAL PC = ALUOUt; ALUOUt = PC+4
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Pipelined Processor

PCSreE @ ZeroE
CLK CLK CLK
Control RegWriteD % RegWriteE % RegWriteM %7 RegWriteW
Ol
Unit ResultSrcD1.o ResultSrcE+j ResultSrcMy Result$rcWi.o
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
0 funct7s BranchD BranchE
14:12
|— funct3 ALUControlDy.q ALUControls
6:0
op ALUSrcD ALUSIcE
ImmSrcD |
CLK CLK CLK
- - = w
WE3 RD1E WE
A RD instd = A1 RD1 5o
] __L% Aresutd | | oo || |Resdpataw -'Eg
Instruction 2 Y RD2 RD2E M bt
Memory
A3 i —t1
WD3 Reg_lster WriteDataE WriteDataM WD
File
PCD PCE | '\l
+
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE RdM | RdW
4 ExtimmD xtirpm|
317 Extend
PCPlus4F e PCPlus4D| o PCPlus4E PCPlus4M
-~ L L L PCPlus4W
PCTargetE
Resultw
w | w
<| o
a w 2l
w [=] = =
= 3 ] @ E E
> AN z gl
Hazard Unit
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Pipeline Hazards

* Data hazards
* Instruction depends on result of previous instruction
* Handled by forwarding
* Most data hazards have zero latency
e 1-cycle stall between load and use

* Control hazards
* What instruction to fetch after branch
* Predict branch not taken, keep fetching from PC+4
* Flush two instructions if branch is actually taken
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Data Hazards

1 2 3 4 5 6 7 8 9
L
Time (cycles)
s5
1w sl, 40(s5) IM lLljl-[ RF [0 RF

and s8, sl, t3 M s

DM = {RF
56
t2
o EHE

sl
s3
sub s3, sl, s7 M Sub]{ RF |57 DM RF

or t2, s6, sl
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Control Hazards

20

24

28

2C

58

Ll:

beqg

sub

or

add
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sl,

s8,

s9,

s7,

s2,

tl,

to,

s3,

L1

s3

s5

s4

4 5 6 7 8 9 10

RF

sl

s2

sub

RF

tl

53\

or

>

Time (cycles)

— e e e e - e o —— —— —— —— —— —— —— —— —— —— — — — — —

A s3
add] RF |32

|E:)—||-|-DM—H—S7 RF
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