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—— RD_CTRL
— WR_CTRL DOUT
ADDR

DI

N
Data memory

00000000 ="

if_wr_en
alu_a_sel
alu_b_sel
aly_cti
dm_rd_ctri
T, ougo A310] DB1O] inst  dm_wr_ctrl
) IMI if_wr_sel
comp_ctrl
do_branch a
do_jump b taken
] controller comp
branch
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B ZEEEEES (Multiplexor/Mux)

B SRR R EURGESNIEIRR. 2
HBEIREEIRER, B RIEREEHE
PUEE—ERIGEHSRAYEBES, USSR
R, BMMSRIERESESESRX

B ZIEREL:

C= (A-/S) + (B-9S)

m Verilog3CH]

module mux2(A,B,S,C);
input AB,S;
output C;
assignC=S?B:A;

endmodule

_______

4
AEIEIRERBRETE

A —

10
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B WZE. PLA

HENZIEERRILASRL "#-530" &E&F "5-3" iR~
5-5z( (productofsums) E=@+B+C) (A+C+B)-(B+C+4)
5-8z (sum of products) E=(4-B-C)+(A-C-B)+(B-C-A)
S5-3I N FrImEZiEEs (PLA) BYE RS

PLA: Programmable Logic Array

Inputs {

AND gates

A 1 5 | c | o | £ | F |
Producnemsl | | I | | | |

OR gates

B|rlr|rlolojolo
B |rlo|olr|rolo

klo|r|olr|o|r|o

NN

o|r|r|olr|ojolo
»|o|lo|o|olo|ole

} Outputs

1
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| outputs |
B FBIE. PLA e e
m f5: FAPLASCHIE(ER
T HEIARIEE S
Inputs
A
B
C

JUODUOL

F 12




A.3 ‘HE1ZiERBER

B FZEE. PLA A
m l: FAPLASRSCHU FAIBIERE I_>
=AB +AC B I;Z
F,=ABC+AB C+AB C L> 3
F;=A B +ABC € :
F,=ABC +AB |_>n
. Fl
i s
I -3
5l .
F,




A.3 HEZIEHIE

® ROM
B Read-Only Memory, RiZfFfifes
n —MELUKEBRFEENFiEES, BB EERIUASRFINES
, FEIEETERT R oSSR, MAREEA\EEE
n ERTELNESBERISEENEERNES—HR

— FeMear g
= " T I D 10 " D 0110
&, ==, < 1
1 sel
ihkt{A,_D.,.LD '“:% q = ) = :
A
- iR R |
#  Cs— > L s hn — ¢ >
L= i [ Uislviviv]v]v]v]
= \ D_Yﬂ
L = 7 Ar btk Y >—x E’J:H
> 1o
Na» HY2L Wik . .
Yo Y; Y, Y, ¥ 1 D— :‘7 @
28 (b) ROME& My 53— Rb 2R IB R

(a> #¥2478< AROM JUBEHS 14



A.3 HEZIEHIE

B FTKIN
B /I NTCR IR oK IR
B RIS ZERHAINHUEREE
m URR:
Consider a logic function with inputs A, B, and C defined as follows:
m If A or Cis true, then output D is true, whatever the value of B.
m If A or Bis true, then output E is true, whatever the value of C.

m Output Fis true if exactly one of the inputs is true, although we don't care
about the value of F, whenever D and E are both true.

b
(9}

ek rlrelolo
olo|o|r|olr|r|lo B

RIR(krRrOOCIO|O
k= k=l =ikl

I

PRIO(Rr|O|Rr|ORr|O

15
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B EHITTRIVLE

W FEXRIN

A 1 6 | c | o | £ | _r_ |

B BATTRIULE

|+ [ s | c [ o 1 ¢ [ F |




A.3 HEi 2R
B PIEETTIEY, Bk res—( ‘
B HRGEN R EFENENGET (32bit u - 063
or 64bit) WHTRME, RILFEEMWESER [ | «
TobEF, NFREEE, bus \__/
B PSREBATIEREESESRIZRE
HEHEIEES NS
m Verilog3CER: M
module mux64( colect : _ cé2
input [63:0] A,B, B62 —-—u :
input S, ) 84 :
output [63:0] C); oY " les . 1
assign C=S?B:A; NN A
endmodule u —=Co
X
BO —\

17
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Parity is a function in which the output depends on the number of 1s in the input.
For an even parity function, the output is 1 if the input has an even number of ones.
Suppose a ROM is used to implement an even parity function with a 4-bit input.
Which of A, B, C, or D represents the contents of the ROM?

| Adaress | A | 8 | ¢ | D |

0

W(N[O |0 B W[

©

[N
o

[N
5N

5N
N

[N
w

N
B
Plr|r|r|r|r|r|r|ojolo|o|o|olo|o

o|lo|o|o|o|olo|o|r|r |k kr|k|r|kr|~
R|o|r|lo|r|olr|o|r|olkr|o|r|olr|o
o|lr|olr|o|r|o|lr|olr|o|r|o|r|o|r

[
o

u]
8
I
l
!



A4 (EREHERIES

B FEHEAMES

B VerilogHHEUELEFHEIE
B HREAHHEREL: wire . reg
B ENEIEAE: reg [31:0] x; wire [63:0] y;
B ENEIREA: reg [31:0] regfile[0:31];
B reg. wirefSSAIRERIBMER: 0. 1. X Z
m EEEALUEEN2,8,10,161# %J*Sz

m 4°b0100 specifies a 4-bit binary constant with the value 4, as does 4" d4.

B —8°h4 specifies an 8-bit constant with the value —4 (in two's complement
representation)

Values can also be concatenated by placing them within { } separated by commas.
The notation {x{bitfield}} replicatesbitfield x times. For example:

B {32{2 b01}} createsa 64-bit value with the pattern 0101 ... 01.

m {A[31:16],B[15:01} creates a value whose upper 16 bits come from A
and whose lower 16 bits come from B. 19



A4 [EREHERES

Check Which of the following define exactly the same value?
Yourself 1. 8"bimoooo
. 8°hFO
. 87d240
A t4{1°b1}},{4{1°b0}}}

. {4°b1,4°b0)

20



A4 [EREHERES

B VerilogfEFRI4EH

m initial constructs, which can initialize reg variables

m Continuous assignments, which define only combinational logic

m always constructs, which can define either sequential or combinational
logic

m Instances of other modules, which are used to implement the module being
defined

B VerilogEZYEEZENFRR

|| aSS|gn module half_adder (A,B,Sum,Carry);
input A,B; //two 1-bit inputs
output Sum, Carry; //two 1-bit outputs
assign Sum = A ~ B; //sum is A xor B
assign Carry = A & B; //Carry is A and B
endmodule

B always
mEEWE: ATEASEE, B =" &=
mIFREME: BTHIFEE B "<=" &x

21



A4 (&

*

g

RES

m Verilog&ZrASEEIIRT

B always

module RISCVALU (ALUctl,

input [3:0] ALUctl;
input [63:0] A,B;
output reg [63:0]1 ALUOut;
output Zero;

assign Zero = (ALUOut==0); //Zero is true if ALUOut is 0;

always @(ALUctT,

cas

e

o N = O

(ALUctT)

: ALUOut
: ALUOut
: ALUOut
: ALUOut
7:
12: ALUQut <=
default:

ALUQut

endcase

endmodule

<
<
<
<
<

A,

> > > > >

A, B, ALUOut, Zero);

B) //reevaluate if these change
& B
| B:
+ B
- B

<B 7?7 1:0;
~(A | B); // result is nor

goes anywhere

ALUOut <= 0; //default to 0, should not happen;

22



A.4 {EFEBE(4

o=

e

Check Assuming all values are initially zero, what are the values of A and B after executing
Yourself this Verilog code inside an always block?

C=1;
A <= C;
B-=2C;

BEZEMH{E 1 -

always@(posedge clk)
begin

0O oW
1

1;
a;
b.

end

AR fEH

FFREZEMH (BB
always@(posedge clk)
begin
a<=1,
b <=a;
C <=b;
end
B

23



A.5 HEBEFRHZIEHETT

m BEPIEHIT: Arithmetic Logical Unit, EFRALU, =E28
B RV32IMHIRAIEN32bit, EILBEHE32bItEAIALU
B 551 bitBEALU
m 1{ZALU
B S 5. IE=MBEIER
. [ wputs |  outputs |
ly | a | b [ camym | camyout [ sum | commen

0+0+0=00y,
0+0+1=01y,
0+1+0=0Lyo
0+1+1=10ty,
1+0+0=01,
1+0+1=104y,
1+1+0=10tyo
1+1+1=1%y,

+ — Sum

1

CarryOut

r|lr|lr|r|olo|olo
rlkr|o|lo|lkr|lr| oo
r|lo|r|o|r|lo|r|o
rlr|kr|lo|lr|lolo|lo
| o|lo|r|olr|r|lo

CarryOut = (b - CarryIn) + (a - CarryIn) + (a - b)

Sum = (a-b- CarryIn) + (a - b - CarryIn) + (7 - b- CarryIn) + (a - b - Carryln)
24



A5 1SRRI RHNZIEHTT

QOperation

m 1{iALU
B TS, Bl INE=MEEEE

CarryIn

Operation

a0 Carryln
a b0 ALUO Result0
CarryOut

b

L
H Result
) -t 17
al Carryln

B 644JALU b1 | ALUT Result!

CarryOut
B 56471 1bit ALURORRER '
W EINRGARE. BARERME 22| Camyin

ALU2 Result2
CarryQOut

. |
— ) l j

a63 Carryln
[ Result63
b6 ALUB3

25
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A5 1SEER AR ZIFHTT

mEEE:

B _HiR64bit ALUESTIEINE.

s
i

invert

k. 5. 8. 3k Bk 53EE
BF, ERESIBEEIEERF?

a‘glo
1
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A5 SRR AT ELBIRE

47T

m {EXALULLERRISC-V
B EIVNFEMIES (slt, set less than)
B fNRa<b, WiEH1, FUHEHO

CarryOut

Ainvel

Binvert
|

Carryln

Operation

H=—all ]

a0—» Camyln |[——— = Result0
b0 —| ALUO
Less
Carryout
al—»| Camyln [——————» Result!
b1 —» ALU1
0 —| Less
CarryOut
a2—»| Camyln |—————» Result2
b2 —| ALU2
00— Less
CarryOut
: : Carryln
i
ab3—»| Carryln Result63
b63—| ALU63 Set
00— Less Overflow

27



A.5 HEBEFRHZIEHETT

B {EALULUERNRISC-V
B MBS HIEGBIE (beqisd, HHENIBEE)

ALU operation Bnegate Operation
Ainvert
’ .
IER!
a—»| a0—» Carryln
b0—>  ALUO Result0
| zero Less
ALU | Result CarryOut
[— Overflow 1
[R] l l
b —» al—» Carryln R
bl—»  ALU1 esult
00— Less T—>
Zero
CarryOut :
CarryOut l
AN
ALU control lines Function 2 S| Resulz
00— Less
0000 AND oot
0001 OR T
0010 add i | : l Cfm/ln ;
0110 subtract seso G| Resul3 S‘
0111 set less than b63—=  ALUG3 Set
00— Less Overflow
1100 NOR

28
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module ALUControl (ALUOp, FuncCode, ALUCt1);

m FHVerilogieXRISC-V ALU input [1:0] ALUGp:

input [5:0] FuncCode;

| | éEEZHé“iE$EEE% output [3:0] reg ALUCtT;

always case (FuncCode)

m RISCVALU: E#iZiEHTT 32: ALUOp<=2; // add
B ALUControl: =4S4 Sl aobe e

37: ALUOp<=1; // or
39: ALUOp<=12; // nor
42: ALUOp<=7; // slt
default: ALUOp<=15; // should not happen
endcase
endmodule

module RISCVALU (ALUctl, A, B, ALUQut, Zero);
input [3:0] ALUctl;
input [63:0]1 A,B;
output reg [63:0] ALUOut;
output Zero;
assign Zero = (ALUQut==0); //Zero is true if ALUQut is O
always @(ALUctl, A, B) begin //reevaluate if these change
case (ALUctl)
0: ALUOut

<
1: ALUOut <
2: ALUQut <
<

<

[—

6: ALUOut
7: ALUOuUt 71 0
12: ALUQut <= ~(A | B); // result is nor
default: ALUOut <= 0:
endcase
end
endmodule

Il
> > > > >
W ™o ®

<
(
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A.6 RENNE: R

m B3, Bg
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A.7 Bd5h

B EX: BT EBEERBHNNMEEENES
m A clock is simply a free-running signal with a fixed cycle
time
B SEPMEXAISE: B, SR, S==th. IKEeE. Bian.
e
—RREE IR ER: BiRER. TRER. SRS
m ERA:
B https://www.bilibili.com/video/BV1yS4y1k7EE?from=search&seid
=10604632539372921070&spm_id from=333.337.0.0

Falling edge

A

Clock period Rising edge

N
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B [ iERE R R B ME SRR E TS
m EEANE: $lifFEs
m EAR: MRS

B RERS: ELERSERFETPNSHIBERS
m ERBIE (RERRSRS? )
m RFEEIE: YUFRREES (7)) . RUREERRES (7))

B DGR AFBEREIAR
m @, HFTE
m LIRS (BHHAm? )
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A.8 FfTclt: &=, WNF=RHISFER

m B8] > RSHifFes> Dillifzss> Dikzs~> Hi7as

m RSHiifFE8 jﬂﬁ .'?5’11'

33



A.8 FfTclt: &=, WNF=RHISFER

i sCIN
- Verllog*ﬂ“ module DFF(clock,D,0,Qbar);
input clock, D;
output reg Q;
output QObar:

assign Qbar= ~ Q:
always @(posedge clock)
0=D;
endmodule

W N A AN RIF AT

b Setup time \ Hold time |

| —/1

34



A.8 FfTclt: &=, WNF=RHISFER

m 77384 (Register File)
B ECPUEIREIRhEXEENE

*’j Read register
number 1
u E _Zﬂﬁrﬁgzﬁﬁz TL)\ ]_'ﬁ' Register 0
FRmES I TESEE Register 1 y _
S u — Read data 1
. _ﬂlﬁﬁgﬂlﬁlﬁﬁ D *n _ZH—% ﬁ#"ﬂ_ D Register n—2 X
Register n— 1
Read register )
rumber Read e
I
Read register data 1 N
number 2
i Register file M
7 Write Read - — u — Read data 2
register data 2 B
Write
data Write

35



A.

8 T=fifiyoit: Ab&ss,

itz

S==a

m SiFEaXy

5

m VerilogsCHj

module registerfile (Readl

,Read?,WriteReg,WriteData,RegWrite,

Datal,Data2,clock);

to

input [5:0] Readl,Read?,WriteReg; // the register numbers
read or write
input [63:0] WriteData; // data to write
input RegWrite, // the write control

clock; // the clock to trigger write
output [63:0] Datal, Data2; // the register values read
reg [63:0] RF [31:0]; // 32 registers each 32 bits long

RF[Readl];
RF[Read2];

assign Datal =
assign Data2 =

always begin
// write the register with new value if Regwrite is

high

@(posedge clock) if (RegWrite) RF[WriteReg] <=

WriteData;

end

endmodule

Write
c
0
1 Register 0
D
t0-20
Register number —}+| dgc‘(‘)’ di[ :
c
n-2 Register 1
n-1 D
:Di c
[ Register n—2
D
SR
Register n—1
Register data o
Read register
number 1 Read
Read register data 1
number 2
Register file
Write Read
register dataz[
Write
data Write

T
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A.8 FfEiTciH: finkss. PifF=mRfIS==E

In the Verilog for the register file in Figure A.8.11, the output ports correspondingto  Check
the registers being read are assigned using a continuous assignment, but the register  Yourself
being written is assigned in an always block. Which of the following is the reason?

a. There is no special reason. It was simply convenient.
b. Because Datal and Data2 are output ports and WriteData is an input port.
c. Because reading is a combinational event, while writing is a sequential event.

module registerfile (Readl,Read?,WriteReg,WriteData,RegWrite
Datal,Data2,clock);

input [5:0] Readl,Read2,WriteReg; // the register numbers
read or write
input [63:0] WriteData; // data to write
input RegWrite, // the write control

clock; // the clock to trigger write
output [63:0] Datal, Data2; // the register values read
reg [63:0] RF [31:0]; // 32 registers each 32 bits long

t

o

assign Datal = RF[Readl];
assign Data?2 = RF[Read?];

always begin
// write the register with new value if Regwrite is
high
@(posedge clock) if (RegWrite) RF[WriteReg]l <=
WriteData;
end
endmodule
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A.9 =it : SRAMFIDRAM

m {FHETT

B SERNSEEENGR S R85, AS. EREMR
B ABELIEFHEEMFASRAM (822) . DRAM (B1X)
B SRAM: static random access memories
B ERIZEEIREE AR T
B SRAM{FERHZ=HHEA SN

Address 2y—]

Chip select ———}
Output enable ———}

Write enable ——

Din[15-0] 2}

SRAM
2M x 16

16.
—\— Dout[15-0]

Select 0 Enable
Data o In out

Select 1 Enable
Data 1 In out |

Select 2 Enable
Data2 &

In Out
Select 3 Enable
In Out

Data 3

+—— Output

@6@@




A.9 =it : SRAMFIDRAM

B SRAM: static random access memories
B BIEAFENRITHER T ERUEERR S K
B (PARABEARNFILETIAEFTE
X [FRRERES

4K x aK x 4K % aK x 4K x 4K % 4K x 4K %
1024 1024 1024 1024 1024 1024 1024 1024
SRAM SRAM SRAM SRAM SRAM SRAM SRAM SRAM
12 4006
Address to \
] .
[21-10] 4096 v
decoder
s L L L e —
Address ~io24
[2-0]
H Mux ) Mux Mux H Mux H Muwx ) Mux H Mux
Dout? Douté Douts Doutd Dout3 Dout2 Dout1 Doutd

B [FSRAM: SSRAM, fEk(EH, HESSEE



A.9 =it : SRAMFIDRAM

SRAMATfif H.7T

m DRAM: Dynamic Random Access Memory L.
B iR FESHEInEEERS E%
SRAMEUERTF: WISSHIE (4~61EIKE/bit)

B DRAMEGIEIRAF: BA(INGEE/I) e
m (i M. RAEE, EMEES
BN EERE, SEENRE (D)
m SDRAM N
n RS AEES PR
® Synchronous DRAM
m DDR SDRAM JER) N S
B TESIRERSDRAM T -
B Double Data Rate SDRAM o100 _ l“h

40



A.9 =it : SRAMFIDRAM

B EHTEIRDDR SDRAMABXSEL

B SN WHIERRRFiEER Dual-Inline-Memory-Modules, &
R DIMM

B S AEh1600MHz, #3E3200MHz
m A58 128G
B N1 £9305T/GB ((B#E&ZR)

Lo uwmmumn Of
T T e

{871 (SK hynix) DDR4 ECC RDIMM REG T {Eiif [RSS5BAIEES LMKJ
128G DDR4 3200 REG EE,,E%WI%

A ; i Sharc -2 .
#8#1 DDRA-RD) | IR (BORIBN- B SRR s ! MALAGLTVRN i
2
=% ¥ 7999.00 menEm -
0 & %

£+H§ (Kingston) 128GB USB3.2 Gen 1 U DTX Wisigit 2I5(HE
[&tiiETlER) EERSITEE, £RSEETEE, E5Kingston. FuryEsBRSRER

S WEH, | Les, BRbE

| EREE

x4 ¥ 14.90 BnEa
¥69.90 sEE, DERLE 1



A.9 =it : SRAMFIDRAM

m SEHRIZIE
B KRBT EEUERIA T s
B [ERRIGARRH TIENEASIE
B SEREE (RN, BIE) - &8, REeNESRER
B ECC: error correction codes, X#RiXBERZ//ERERE/Hamming code
B RIERIGMAIEUE, TLAIEREHE, LAIREER

sl

Encoded data bits dl | p4
pl | X X X X X X
Party p2 X | X X | X X | X
w\g‘@ p4 X [ X [ x| x
p8 X [ x| X |X
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A.10 BIRIAS

B BRIRZEH: FSM, Finite-State Machines

B —FPEFRIBIERREL, @Eﬁ—*ﬂﬁ)\ T N S ETIR A SR T
BREJEIFIRSEI T —IRSEREL, LIRS R SFImE N BRETE]
—ABERGH AR III%&Z F’ "
EERE: BERET SRS, AFET @

mOKHIE: SHEETSERSSREA, RSB
m LI R EE T

Next
tate
s ~\\ .
Clock LAY
Input: o
[
y .-{
— Outputs ( /- 1
43




A.10 BIRIAS

EWcar
m il 35T § )
m AANGES: ’ - ’

mEWcar: HREAEEE
m NScar: FELLAEE N
B HHES Ewar ij
mEWlite: ZRESENT, 104KT, 0J9£LKT
mNSlite: EgILFSENT, 18547, 0794147
n FRE
u EWgreen: KPS FIEST LTS
mNSgreen: EEILSTET

initial state=0; //set initial state

N
| | g;}? . //following two assignments set the output, which is based

N . only on the state variable )
W E30REIH RIS BMESRIT g oL e
[} @l}{ FSM\\/EH_EX—C'%'; ilvu«s):sﬁ;zusecge clock) // all state updates on a positive
. %%Verllogoj$e%56ﬁ Casg:(z:t:): EWCar; //change state only if EWCar

1: state = ~ NSCar; // change state only if NSCar

endcase
endmodule
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m g
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m 3|5

B BRSPS NMEREAE
B EFRFEZT

B FEEERIEY

B QMEESFOFMESIEROR

m 4EE

m INEES

B BEET: NEREMIEESMZAN SRR
m L5 EIntel Core i7

m RS

B RE/NG



1.1 5|8

B ER: HFREE BET. HEIREZR

m e EEFRER (E: Alan Mathison Turing,
19126 523H—1954F6H7H) , REMZFZKR. &
EYR, WIONTENREIL, ATEEZR.
131 FERNIFAFE TS, SRS
MEMRAFBOSE Ay, F IR RIS EE]
Iy, EEMSELEEFEERNEREERSEngma
. FEENEREERUE T EAIRER,

m 19526, BERAFYEINEEENEER, MEE
SERse (ERETs) . 195456878,
R TEFEMUMRERTSET, FF41%5, 2013
5128240, ERER)EAEAEYISEROERT
. REZEFRITHIE _HREAERMR 725K 5E.

" ERWTATESNREEESAN, BT AT
AENsEREaERrARDE, BERNE, 85
EEIAMICE, b, ERIEHERERAEE
AMGHENRBIETESEE 7 &6l

B https://www.bilibili.com/video/BV1tx411V7yQ/?sp
m_id_from=333.788.recommend_more_video.3

I




1.1 5|8

m ERHL
®m ERH (Turing Machine) REIR7E19365F.4%AT "On Computable
Numbers, with an Application to the Entscheidungsproblem” ( (i8]
THEHREEFERRE FRONA) ) FEHAVSFER, BIARHF R
. ERFAIFNEIAES, MERSHN—MEE. ANETERERTER
E—VA, FERIERAY, REERMAILAESER, MAILABRERMEATTERE

1
1]
B B3R5
m ER5HEM (Turing Completeness) ZirX—EEHRREMNIMSHMES
. BURBEMNELAR—IREIES, B URITENEERITI TaES
&, LXEMNELCHE RVIEEELERINEERT, MReEBR R
%, BEE—RR, BREEUMERSR—TERENERA, SELRRE.
if/else 1Z=%7. while f83K..... BBATIMER R5e& T15?
B https://blog.csdn.net/a493823882/article/details/109149332
B https://www.bilibili.com/video/BV1br4y1N762/?spm_id from=

333.788.recommend_more_video.5




11515

B ABC , 19425, E—EBFITEN
m Atanasoff-Berry computer
m fEERERR- BT A
W EEMNIIKE EETiEE O T
AT sTRA - L = s
SS9 e
m IFER5T

ey

*
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m ENIAC 19465, S—aEAEFIEN
m Electronic Numerical Integrator and Computer
m TR R R
B =Y EFRIARFR/IRER:
WA 100/535T
mIf#E: 150kw/h
W5 170m?
mizHEE: 50000%/F
L NGIE 7
B +HEFTHE
B TAE R ETNEE
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m EDVAC,1944~1952,
W Electronic Discrete Variable Automatic Computer
m B EHEEEMTEN
m 1MHz
m T HE
W T
m IFiERE
L BRI
m EDVACIREBHFE—HESR

v ONLER A A ki R HE

v BAFRERE AR R Y

v OFEBLE A Rl A7
fitiaw A BEHLA iy HH AR LS
AT LR




1.1 5|8

m iphone13 pro max,2021
m 50 3GHz
B R~ 16cm*8cm*0.8cm
mIgEE: 1~4W
WA 2000%E5T
mERE:. BF15.8/{ZRITE
mERRE: 1501280 E

Apple iPhone 13 Pro Max (A2644) 1TB imlfi e STFSELERE56 WENEFH

BiENERNE EREGD. MTERS, BEaRESiETEAR ERRaEReTE0wRtL BE
z4 ¥ 12999.00 mimEm ¥9799.00 ¥11399.00
Apple iPhone 13 Pro Max (A B Apple iPhene 13 Pro Max
i i uE:": . 1 .-.- . ISR SHSHEAEEE(E6 ISR TS
¥219.00
anDisk)256GB USB3.0

& EEIS0MB/s £S5




1.1 5|8

L %‘Fﬁ%mﬁﬁiﬁ

i vs i
R P = o o
term Abbreviation Value term % Larger
kilobyte kibibyte 2%
megabyte MB 109 mebibyte MiB 220 5%
gigabyte GB 10° gibibyte GiB 230 7%
terabyte B 102 tebibyte TiB 240 10%
petabyte PB 10t pebibyte PiB 250 13%
exabyte EB 10 exbibyte EiB 20 15%
zettabyte ZB 102 zebibyte ZiB 27 18%
yottabyte YB 1024 yobibyte YiB 2680 21%

FIGURE 1.1 The 2* vs. 10" bytes ambiguity was resolved by adding a binary notation for
all the common size terms. In the last column we note how much larger the binary term is than its
corresponding decimal term, which is compounded as we head down the chart. These prefixes work for bits
as well as bytes, so gigabit (Gb) is 10° bits while gibibits (Gib) is 2% bits.
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B ERITENDE
m MNAIHEH (PC)
m R55EE
m AT E
B SPCR
m NABEIRE

) 1400
B =itE .
m ARHBARSS SaaS 1200 —__/ . Cell phone (not
m Software as a Service 1000 fncluding smart phone)
2 800
g 600 // Smart phone sales
400 “ PC (not including
200 / tablet)
—_— Tablet
0

2007 2008 2009 2010 2011 2012 10
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B ENRREFRFEIHA
How programs are translated into the
machine language
And how the hardware executes them

The hardware/software interface
What determines program performance
And how it can be improved

How hardware designers improve
performance

What is parallel processing
11



1.1 5|8

B Understanding Performance

Hardware or software Where Is this
component How this component affects performance | topic covered?

Algorithm Determines both the number of source-level Other books!
statements and the number of I/0 operations
executed
Programming language, Determines the number of computer instructions | Chapters 2 and 3
compiler, and architecture | for each source-level statement
Processor and memory Determines how fast instructions can be Chapters 4, 5, and 6
system executed
1/0 system (hardware and | Determines how fast I/0 operations may he Chapters 4, 5, and 6
operating system) executed

u]

8
I
i

!
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Check
Yourself

Check Yourself sections are designed to help readers assess whether they
comprehend the major concepts introduced in a chapter and understand the
implications of those concepts. Some Check Yourself questions have simple answers;
others are for discussion among a group. Answers to the specific questions can
be found at the end of the chapter. Check Yourself questions appear only at the
end of a section, making it easy to skip them if you are sure you understand the
material.

1. The number of embedded processors sold every year greatly outnumbers
the number of PC and even post-PC processors. Can you confirm or deny
this insight based on your own experience? Try to count the number of
embedded processors in your home. How does it compare with the number
of conventional computers in your home?

2. Asmentioned earlier, both the software and hardware affect the performance
of a program. Can you think of examples where each of the following is the
right place to look for a performance bottleneck?

B 'The algorithm chosen

The programming language or compiler

The operating system

The processor

The I/O system and devices

13



1.2 it BB REEPRIMEXEE

Design for Moore’ s Law

Use abstraction to simplify design
Make the common case fast
Performance via parallelism
Performance via pipelining
Performance via prediction

Hierarchy of memories

Dependability via redundancy

14



1.2 i1 EINEFREEHRRI8MEKRELE

m 1 HRERER
B SEEROIAAZ —XE B/RIIEIR 2K, EOREN: SIS LR
DBSMHRAEHBEANESET 181 BESIEIN—E

2,000,000,000 —
1,000,000,000 —

100,000,000 —|

10,000,000 —

1,000,000 —

100,000 —

10,000 —

2300 «

e .
A
P{l" @ Bartor Py
8w
Curve shows ‘Moare's Law': .
transistar count doubling R
eviery two years e
- Weersum
T
55 @
E T
wioes
&
oo g M 05
1980 1990 2000 2008

1971
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1.2 i1 EINEFREEHRRI8MEKRELE

m 2 (FRMREIRLT
B SEERRET, NSRRI ER SRR

N = = mm&%l
ry
E et | .

| e | | e }# ........ :

..............................
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1.2 it BB REEPRIMEXEE

m 3 RS EMSEN
m BT RN R

B ERE: "=FEZE, HiEAR! EF=FANL, WK, =ZER8A
&, R, |BRENR, $EBTT, whiESCK, #iAER. 1 FH:
BXME, &K\, T4LF? " BH: "R " "@RUAZ! KEFZ
[E¥e, BEARH, BFRFR, BAA R, SFAt. Sz, WaZ!

mERH, FH: "FIAMCB! FEEF, ARRTREZIR. X=F
2%, RFZBE®Rt, FUE=FZETHRGF! "
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1.2 i1 EINEFREEHRRI8MEKRELE

m 4 BEFHTIREMRE
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REMEPRISMEXR

1.2 it&EHF
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1.2 i1 EINEFREEHRRI8MEKRELE

B 6 BUFTURE MRS

BZ "HEs" =R
E#WE%E

<= —M R
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1.2 it B REEPRISMEXEE

m 7 FERIX




1.2 i1 EINEFREEHRRI8MEKRELE

m 8 B ARIREU RN
.
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1.3 EFRRZT

m AR
W GG

m FEf

ABI

Libraries

System|  Calls
TR

Applications

Operating ‘* *‘ *‘

System

ISA

System ISA

Hardware

User ISA

Application software
Written in high-level language
System software
Compiler: translates HLL code to
machine code
Operating System: service code
Handling input/output

Managing memory and storage
Scheduling tasks & sharing resources

Hardware
Processor, memory, 1/0 controllers

— application programming interface
ABI — application binary interface
ISA — instruction set architecture

23



1.3 EFRRZT

High-level swap(int v[], int k)
—_ I i .
u }‘}\I_JQ&I'E' §IJEE{¢1|:H=| I:rr;%lr;:rie Mn%ﬁmz,vgk]:]
(in v = v[k+11;
High-level language e e

Level of abstraction closer

to problem domain Ccampter )

Provides for productivity

and portability i TP k6. 11, 3
rogram add x6, x10, x6
Assembly Ianguage ?forgRISC-V) 1d x5, 0(x6)
1d x7, 8(x6)
Textual representation of W 806
instructions Jalr 0 00
Hardware representation
Binary digits (bits)
EnCOded InStrUCtlons and Binary machine  00000000001101011001001100010011
data language 00000000011001010000001100110011
program 00000000000000110011001010000011
(for RISC-V) 00000000100000110011001110000011

00000000011100110011000000100011
00000000010100110011010000100011 94
00000000000000001000000001100111



1.4 fEASRRTEH

B MANIRE: Bin. #&

m RS Eoes

m TF{EES: . NF

m zflEs: AR —ERD
m ZEER kﬂ%%ﬂ’b: i)
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1.4 fEASRRTEH

B Eras

mLCD: Liquid Crystal Display

B SRRV TIERIE, 2° 43"

m https://www.bilibili.com/video/BV12s411a76M?from=search&seid
=12997120343234421829&spm_id_from=333.337.0.0

B LCDFERHITFREREHFN, 77 207

m https://www.bilibili.com/video/BV1Sb411W7Zf?from=search&seid
=12997120343234421829&spm_id_from=333.337.0.0

B SR EAGIERLRRBEN TFRE, 11° 38"

W https://www.bilibili.com/video/BV11W411H7Bo/?spm_id from=au
toNext Frame buffer

Raster scan CRT display

ty

\ \
Xo X Xo X 26




1.4 fEASRRTEH

m e
m iR RIS FE AT ER B2 IT(Fr9.8" 36"

B https://www.bilibili.com/video/BV1ub4y1n77d?from=search&seid
=2525695103839340289&spm_id_from=333.337.0.0

W 2
B iR FES R RE, 5 57"

® https://www.bilibili.com/video/BV14T4y127A1/?spm_id_from=333.
788.recommend_more_video.-1

27



1.4 fEASRRTEH

m TR (HF157%)

/ Capacitive multitouch LCD screen
/ 3.8V, 25 Watt-hour battery

Computer board

28



1.4 fEASRRTEH

m iERE
B SRS SRR
5. EE NES
m ISR EEAUEREL
B E52. Flash, @25

29



1.4 fEASRRTEH

Check m Semiconductor DRAM memory, flash memory, and disk storage differ
Yourself significantly. For each technology, list its volatility, approximate relative
access time, and approximate relative cost compared to DRAM.

30



1.4 fEASRRTEH

%%
® Communication, resource sharing, nonlocal access
B Local area network (LAN): Ethernet
B Wide area network (WAN): the Internet
B Wireless network: WiFi, Bluetooth
m
B KRB 2R — RS R EEIR AR L R ERIT R
m https://www.zhihu.com/question/20548494/answer/9896938997ut
m_source=qq

IEfEER




1.5 &b

Rt ERISHEIA

m fE: Silicon, HEFFSSI

RS
B BB, ALUEER
B SR

[ BiGICJUN

X (AERISESELL)

10,000,000
1,000,000

5 100000

3

g

§& 10000

8

* 1000

100

10 +
1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
Year of introduction

Year | Technology Relative performance/cost
1951 | Vacuum tube 1
1965 | Transistor 35
1975 | Integrated circuit (IC) 900
1995 | Very large scale IC (VLSI) 2,400,000
2013 | Ultralarge scale IC 250,000,000,000

32



1.5 LIBZEFNFERISHIA

B ingot > wafer > die > chip
m R yield, SIETHEEAGHEIIES

Blank
Silicon ingot wafers

CD— o — Q) — e
processing steps

Tested dies Tested Patterned wafers

oo wafer TN

Bond die t m%xmljmlxm Waf ( A

ond die to . afer 1A
package OoOoxXOoo Dicer | tH X110 tester ) )
oooo Nlilnlg { )

oo I\
N
Packaged dies Tested packaged dies

Ship to

_» Part | _»
tester customers




1.5 &b

S ER T CEER S

e vs IEE

o
Ia 18
1

5

- A | IVA | VA |[VIA |VIA | 5
] =
1008 13 |14 |15 |16 |17 4.003

3 4 5 6 7 8 9 10

Li Be B c N o F Ne
2= % wll# ||®|® | & &
6.941 9.012 10.81)| 12.01 |j14.01 | 16.00 | 19.00 |20.18

11 12 13 14 15 16 17 18

3| ve |UIB |[IVB| VB |VIB |VIB Vi IB |[IIB | 4 si || » s o | ar
n ] =] #||# | ® | K ::
2299 24 3 4 5 6 7 8 ? 10 11 12 26.98]| 28.09 |B0.97 | 32.06 [ 3545 |39.95

19 20 21 22 23 24 25 26 27 28 29 30 31 3. 33 34 35 36

K Ca Sc T v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

4| & a1 #l ® | # % 1 &® i " # B L # i i} W ol
39.10 40,08 |44.96 (47.8 (50.94 | 52.00 | 54.94 | 55.85 58.93 | 58.69 |63.55 |65.41 [69.72 | 72.64 | 74.92 | 78.96 | 79.90 | 83.80

T

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag cd In Sn Sh Te 1 Xe

5 ol # A |’ 8 i i H e R’ w i o) # & " 8
85.47 8762 | 8891 |91.2 |92.9]1 |9594 | 98 [10L1 102.9 106.4 | 107.9 | 1124 |114.8 | 118.7 | 121.8 | 127.6 | 126.9 | 131.3

55 56 57-71 |72 73 T4 75 76 7 3 79 80 81 82 83 84 35 86

& Cs Ba La-Lu | Hf Ta W Re Os Ir Pt An Hg Tl Pb Bi Po At Rn
ki a WR | #® # |8 % k] & 8 & F ¥ ki | & #® S
1329 137.3 178. [180.9 | 183.8 | 186.2 | 190.2 192.2 | 195.1 197.0 | 200.6 [204.4 | 207.2 | 209.0 | 209 (210 222

34



1.5 LIBZEFNFERISHIA

B Intel Core i78[F
®300mmg&[&E, 280chip, 32nmIZ
m chipR<: 20.7 * 10.5mm




1.5 QB IFfEFIERA

W EERKFERRAYRA
B SERMEERHAZEMRR
A1 HiESY
N2 IEL
B N3 AT

Cost per wafer
Diesper wafer x Yield

Costper die=

Diesper wafer ~ Wafer area/Die area

Yield = 1

(1+ (Defects per areaxDie area/2))?

36



1.5 41

BRI F HEhIHSHIA

Check A key factor in determining the cost of an integrated circuit is volume. Which of

Yourself the following are reasons why a chip made in high volume should cost less?

1.

With high volumes, the manufacturing process can be tuned to a particular
design, increasing the yield.

It is less work to design a high-volume part than a low-volume part.

The masks used to make the chip are expensive, so the cost per chip is lower
for higher volumes.

Engineering development costs are high and largely independent of volume;
thus, the development cost per die is lower with high-volume parts.

High-volume parts usually have smaller die sizes than low-volume parts and
therefore, have higher yield per wafer.

37



1.6 14%8E

m HARMRE, MALLE?
mLUEIAR, NEER. VR R REBTESHELR

Passenger | Cruising range | Cruising speed | Passenger throughput
Airplane capacity (miles) (m.p.h ) (passengers x m.p.h.)

Boeing 777 4630 228,750
Boeing 747 470 4150 610 286,700
BAC/Sud Concorde 132 4000 1350 178,200
Douglas DC-8-50 146 8720 544 79,424

FIGURE 1.14 The capacity, range, and speed for a number of commercial airplanes. The last
column shows the rate at which the airplane transports passengers, which is the capacity times the cruising
speed (ignoring range and takeoff and landing times).

38



1.6 T#RE

m KHLMEREELEL

Boeing 777 ‘ Boeing 777
Boeing 747 ] Boeing 747
BAC/Sud | BAC/Sud |
Concorde C rd; |
Douglas Douglas DC-
bC-8-50 8-50 _l—l_l—l_l
[} 100 200 300 400 500 [} 2000 4000 6000 8000 10000
O Passenger Capadty O Cruising Range (miles)
Boeing 777 Boeing 777
Boeing 747 Boeing 747
BAC/Sud BAC/Sud 4‘—‘
c rd c d
Douglas ] Douglas DC-
DC-8-50 :‘,] ss0  |—1
0 500 1000 1500 0 100000 200000 300000 400000
DCr g Speed (mph) O Passengers X mph
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1.6 T#RE

W (AzATE]

®m How long it takes to do a task

m AR (FE)
m Total work done per unit time

m SN AR 1A RE R
W Replacing the processor with a faster version?
m Adding more processors?

LR b= SE vl R 1=)]
m fRSSEE: EXRERME

40



1.6 T46E

m PEEE = 1/H4TRIIE

B XAHITEREZYRINE
mEBE, / MERE, = HUTHTE), / $VTRTE, = n
B <5 FERFREITHYE
B EHAGTRERER, EE10/
B i EHBIETR—ER, TE158
RS, / MR, = HVTRTIE), / HUTEE, = 155/10s = 1.5

m I EHARIMERERBRYT.5E

4



1.6 T#RE

m MERERIEE: RYiE)

m j=17HY[E): Elapsed time
W XFRIESPATE). MmRATIE
m CPURJ/E)(ECPUI{TAYIE])
B HUTE—(FSS, FECPU_LRTEZRRIRTE)
B AEIEIORE. ETHEEERIIAE
m CPURY[E] = FBFCPURYE + ZZCPURY A
m FFCPURYE: FERFASHE#ERICPURTE
B ZFCPURTIE: TR B TR ER S ERORTE)

B REREFZCPUMBEMR SRR

42



1.6 T46E

m CPURY$H/ CPU clock
W ASEhERR, 40: 10ns
W SRR, 4 4GHz

Clock (cycles)

Data transfer

and computation

Update state

43



1.6 T#RE

B I CPURTAIRIIER S5
m A/ DR
m SRR

W BRI S R R T ERAN T i AR (B

CPUTime = CPUClock Cycles x Clock Cycle Time

_ CPUClIock Cycles
Clock Rate

44



1.6 T#RE

m CPURTEIEF)

B EREFER AR A2GHZATENA EEiTHE108, S
RIHTENB, BiaiThitagEEael, BRTHRRNES, i
SEHBRES T EAART.262, XL BAYRT =R

Clock Rate,, = Clock Cycles, _ 1.2xClock Cycles,

CPUTime, 6s
Clock Cycles,, = CPUTime , xClock Rate ,

=10sx2GHz =20x10°

1.2x20x10° B 24x10°
6s 6s

=4GHz

Clock Rate, =

45



1.6 T#RE

m CPI: Clock Pre Instruction

B 2FEE<S#0 (Instruction Count) BYE2IEEZER
2R, ISA. Jmi¥ss

B 1 ESRIFIAT AR
m HCPURYREGHEDIRTE
B INRAEIESHEARERICPI, NEEEEFIICPI

Clock Cycles =Instructio n Count x Cycles per Instructio n

CPU Time =Instructio n Count x CPIx Clock Cycle Time

3 Instructio n Count x CPI
Clock Rate

46



1.6 T#RE

m ETNERFYCPI

Clock Cycles = Z(CPIi xInstructio n Count )

i=1

Clock Cycles ( cPl Instruction Count, ]

~ Instruction Count - o - Instruction Count

_/

—
‘ Relative frequency ‘

47



1.6 T#RE

m CPI%51:
m 54 A: Cycle Time = 250ps, CPI = 2.0
m 1841 B: Cycle Time = 500ps, CPI = 1.2
m fHERYISA
B AIRTRIESE, WaItBEER? RED?
CPU TimeA =Instruction Count><CPIA x Cycle TimeA

=1x2.0x250ps =1x500ps «— [ Ais faster... |

CPU TimeB =Instruction Count x CPIB xCycle TimeB
=I1x1.2x500ps =1x600ps
CPUTimeg _ 1x600ps

- 12 [—byis mch]
CPUTime ,  x500ps

48



1.6 T#RE

m CPIEXPIR, BEEHH

Instructio ns y Clock cycles  Seconds

CPUTime = _ X
Program Instruction  Clock cycle

Performance depends on
Algorithm: affects IC, possibly CPI
Programming language: affects IC, CPI
Compiler: affects IC, CPI
Instruction set architecture: affects IC, CPI, T,

49



1.7 INFEIS

B CMOST Z&REBISHIIHFE
mEAINEE: SREER, 5TI2Ex

———————————————————————————

channel length

m IR Stk BE. MEEX

Power = Capacitive load x Voltage® x Frequency

‘[ eI

50



1.7 JIFElE

W GN{aIpE{RTNFE?
B {RIT—HEHICPU
m A ARSRAN85%
m B8 IR O BRIk 85 %
P.. Cuyx0.85x(V,, x0.85)? xF,, x0.85

new

Poid Coia X Vold2 X Fog

B YR
B A EIRERE, BEREESEIRERIEA
B AR EFR

B EH— RSB tRE?

=0.85*=0.52
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1.7 JIFElE

Clock Rate (MHz)

2000 00 2667 3w0 00T 120
o + 100
Clock Rate 290 180 &
66 > §
160
12.5 Power T 40 §
[
a3 420
— T ; | : : : | | 0
— — = . = P =BT P
85 8% 2% 52 55 ifcciscicigsgss
g2 B2 Z¢ T8 22 5E% 24§ 28 §5E3 543
= - - &= §37 3 228 St 0S8 o =2
o o S ggpfog=Pg =
of d o x =

ERRIRHSAERE? ST H— P SIZE

14 EE

AR ‘

RiE

AMDERRIEH &R, 20042HK, SRTENDENDAZF. E—NAMDBERZRERX2 3
600+, intelf—sRAIZEFEDS20(FAVE— BN RIHERARNE) . WMREEER,
ARMT1, 9SMERFESHEATASEIEAICPU, HNEETINI6FHHRA T ARMINIZIIESE,
TEEFCPUAET, e, I EHEFNETGICPUN, HERFNEIRUZAIARM A9
HINVIDIA tegra 27h288, 52



1

R: Byl =k

\

. MAERAMIRES

SEER NS

Performance (vs. VAX-11/780)

100,
Intel Xeon 4 cores 36 GHz (Boost to 4.0)
Intel Cora i7 4 coras 3.4 GHz (boos
6 coros, 3.3 GHz (boos
Intel Xeon 4 cores, 3.3 GHz (boost to 3.6 GH
Intal Cora i7 Extreme 4 cores 3.2 GHz (boost to 3.5 GH;
Intal Cora Duo Extrama 2 coras, 3.0 GHz
Intel Coro 2 Extrome 2 cores, 2.0 GHz_gy 820
10,000 -+ - AMD Athlon 64, 2.8 GHZ 7865
AMD Athion, 2.6 GHz. i
Intel Xaon EE 3.2 GHz
Intel D8SOEMVR motherboard (3.06 GHz, Pentium 4 with Hy dis iz 581
1BM Powerd, 1.3 GHz gz~ 4195
Intel VC820 motherboard, 1.0 GHz Pentium Iil processor, '773-0‘5
Professional Workstation X P1000, 667 MHz 21264A
1000 P £
AlphaServer 4000 /600, 600 MHz 21164 640
Digital Alphastation 5/500, 500 MHz «.',;;
Digital Alphastation §/300, 300 MHZ 85 "
Digital Alphastation 4266, 265 Mz @ {22 22%/year
100 1BM PONERStation 100, 150 MHz @-i17
Digital 3000 AXP/S00, 150 MHz ¥ 50
HP 00001750, 66 MHz g «*
[+ 51
1BM RSG000/540, 30 MHZ, 404 52%lyear
MIPS M2000, 25 MHz g*77
MIPS W120, 167 MHz g7,
109 SUn-4i280, 767 Wiz %
VAX 8700, 22 MHz g%
AX-11/780, 5 MHZ
/.- 25%lyear @7 s vax-11785
1 T T T T T T T T T T T T T T T T T
1078 1980 1982 1084 1086 1088 1000 1002 1904 1996 1008 2000 2002 2004 2 2008 2010 2012 2014

memory latency

Constrained by power, instruction-level parallelism,
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1.8 iB8E3E: MNEBEIEzE

SEER NS

Lfia%
BNORBEZ MO
gm__t#ﬂ'—ﬁ*z
B S5 RFHTHR
B EH—RIITERIES
B XITERE R R5E
W N
B S EemE
m G
B (LBEFIED
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1.9 SCfll: MiFEIntel Core i7

m g
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1.10 EiR5FaEH

m 2R (B RRIHTENEEERDS

m B2 EEMEEANRITFIEREERRNRITT EEAMERRIB R

m [ERH . ESUHTENAIREANSER, BIERMRERRE SHuH
R/NBRIEEE

m [EpH2: AtRERT R — N FEREEREEMRE

T,

affected

B AmdahlE®E: T : +
improvement factor

improv ed =

unaffected

m MIPS: S¥EHRIESE
Instructio n count
Execution time x10°
Instructio n count Clock rate
~ Instructio n count ><CPI><106 " CPIx10°
Clock rate 56

MIPS =




1.11 FENE

m 3 MBEREE

m ISA

B RN ESREFAITRIEARE
m CPI

m MIPS

m CPURYE = FAFCPURTE + RZCPURYE
m CPURTE = 18548 * CPI * IS EHIKE
B AmdahlE&E
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i

m 3|5

m T EEMERIERCE

m AR FEY

m SRSHSTHEH

B EVFRIESRT

m ZIEER(E

B BTFRERAES

m I EEMARSII AT
m AfxZE

W X AIZBEPEIRIRISC-VIRIEAIS AL
m ESSHTH: RL

B BEH SR



i

m LICHEFRER AARS LR EEE

B HF5igs

B BREM: HmRECGESHERIAVAES
m sCf5l: MIPSIES

m S5 x8615<

m sC5): RISC-VIESRFHIRIRIBY

B ZiRSPEMH

B RE/NE



515

m i5§<: Instruction , HAEES
B i5$E: Instruction Set
B {55554 Instruction-Set Architecture, ISA
mi5$
m I5SEERRD
m EARFUERE
m ENRIESE
B x86:intel,amd

B mips: Lty

marm: 3ER, A %\/,\

] rlsc—\{: COD ;@{3
u FR 74
[ Ri-i238d Bt
LICIE/
LS




2.1 5

i}

RISC-V assembly language

add x5, x6, x7 x5 = x6 + x7 Three register operands; add
[ | RV32I Arithmetic | Subtract sub x5, xb, x7__ | x5 = x6 - x1 Three register operands; subtract
Add immediate addi x5, x6, 20 [ x5 = x6 + 20 Used to add constants
kS Load doubleword 1d x5, 40(x6) x5 = Memory[x6 + 40] Doubleword from memory to register
u %7'( Store doubleword sd x5, 40(x6) Memory[x6 + 40] = x5 Doubleword from register to memory
N Load word Tw x5, 40(x6) x5 = Memory[x6 + 40] Word from memory to register
. -LETI_ Load word, unsigned Twu x5, 40(x6) x5 = Memory[x6 + 40] Unsigned word from memory to register|
Store word sw x5, 40(x6) Memory[x6 + 40] = x5 Word from register to memory
] EEE Load halfword Th x5, 40(x6) x5 = Memory[x6 + 40] Halfword from memory to register
Load halfword, Thu x5, 40(x6) | x5 = Memory[x6 + 40] Unsigned halfword from memory
e Data transfer| | signed to register
. *z{l[ Store halfword sh x5, 40(x6) Memory[xé + 40] = x5 Halfword from register to memory
Load byte 1b x5, 40(x6) x5 = Memory[x6 + 40] Byte from memory to register
ﬁj\i Load byte, unsigned Tbu x5, 40(x6) X5 = Memory[x6 + 40] Byte unsigned from memory to register
Store byte sb x5, 40(x6) Memory[x6 + 401 = x5 Byte from register to memory
[} E;Isig Load reserved Ir.d x5, (x6) X5 = Memory[x6] Load; 1st half of atomic swap
Store conditional sc.d x7, x5, (x6)|Memory[x6] = x5; x7 — 0/1 |Store; 2nd half of atomic swap
— Load upper Tui x5, 0x12345 | x5 = 0x12345000 Loads 20-bit constant shifted left
| H immediate 12 bits
And and x5, x6, x7 x5 = x6 & x7 Three reg. operands; bitby-bit AND
Inclusive or or x5, x6, xB X5 = x6 | x8 Three reg. operands; bitbybit OR
Exclusive or xor x5, x6, x9 | x5 = x6 * x9 Three reg. operands; bitby-bit XOR
togieal And immediate andi x5, x6, 20 | x5 = x6 & 20 Bitby-bit AND reg. with constant
Inclusive or immediate | ori x5. x6. 20 | x5 = x6 | 20 Bit-by-bit OR reg. with constant
Exclusive or immediate | xori x5, x6, 20 | x5 = x6 * 20 Bit-by-bit XOR reg. with constant
Shift left logical s11 x5, x6, X7 | x5 = x6 < xT Shift left by register
Shift right logical srl xb, x6, x7__ | x5 = x6 >> x7 Shift right by register
Shift right arithmetic sra x5, x6, X7 | x5 = x6 >> x7 Arithmetic shift right by register
Shift left logical s11i x5, x6, 3 [ x5 = x6 << 3 Shift left by immediate
Shift immediate
Shift right logical sr1i x5, x6, 3 x5 = x6>> 3 Shift right by immediate
immediate
Shift right arithmetic srai x5, x6, 3 [x5 = x6 >> 3 Arithmetic shift right by immediate
immediate




2.1

515

Conditional
branch

Branch if equal beq x5, x6, 100 if (x5 == x6) go to PC+100 |PC-relative branch if registers equal

Branch if not equal bne x5, x6, 100 if (x5 != x6) go to PC+100 |PC-relative branch if registers not equal

Branch if less than blt x5, x6, 100 if (x5 < x6) go to PC+100 |PC-relative branch if registers less

Branch if greater or bge x5, x6, 100 if (x5 >= x6) go to PC+100 |PC-relative branch if registers greater

equal or equal

Branch if less, unsigned | b1tu x5, x6, 100 | if (x5 < x6) go to PC+100 |PCrelative branch if registers less,
unsigned

Branch if greater or bgeu x5, x
equal, unsigned

6, 100 | if (x5 >= x6) go to PC+100 |PCrelative branch if registers greater
or equal, unsigned

Unconditional
branch

Jump and link jal x1, 10

0 x1 = PC+4; go to PC+100 PC-relative procedure call

Jump and link register jalr x1, 1

00(x5) | x1 = PC+H4; go to x5+100 Procedure return; indirect call

B ESEFMNEIBESEBXNI, riscv.org
m RVOARTIRIEEL (6441) , RV324932(1

mm e

RISC-V operands

32 registers

x0-x31

Fast locations for data. In RISC-V, data must be in registers to perform arithmetic.
Register x0 always equals 0.

261 memory
words

Memory[0], Memory[8], ...,
Memory[18,446,744,073,709,551,
608]

Accessed only by data transfer instructions. RISC-V uses byte addresses, so
sequential doubleword accesses differ by 8. Memory holds data structures,

arrays, and spilled registers.




2.1 5]

Tt

m RV32liES
m 474
B RAFREFESFIFIB74

i

i EI%\

31 254 1018 121
imm[31:12] d Thi 31 019 n
imm[31:12] d T auipe a
mm(2010:111119:12] d Tl ]
mm11:0] sl 000 d Tjalr d
imm[1210:5] 000 | immi4:111] Bhey d
imm[1210:5] 001 | imm{4111] Bbme d
imm[1210:5] 100 | immi4101] Bt a
imm[1210:5] 101 | immi401] Bbze ]
110 | imm{4111] B bim d
11| immi401] Bhzen a
000 d b ]
001 d Tih d
1o d Iiw d
100 d Tl d
101 d Tl 0000 pred 00000
000 immf4:0] Ssh 00000
001 imm(4:0] Ssh 00000
1o immf4:0] S sw 00000
000 d Taddi or d
010 d s cr rd
o1l d Tslun cor ]
100 d Txor or rd
110 d Tori cr 110 rd
111 d Tandi cor 111 ]

sl
Ish
Temmi
Radd
R sub
Rl
Rslt
Bslm
R3or
R
Rz
Ror
Rand
1 fence
Ifences
Tecall
Tebrask
Tcsow
Tesms
Icsmc
Tcsmwi
Tesarsi
Icsmod

7



2.2 it EHNEEFRRIE

m 0E/
B ARGES: ANBETZA (ACGRR) ?
mEKES: C=A+B
miC4RES: add C, A, B //A+BERENCH
mBHES: BAES NMTHFIES: 010101....0101010
m TR AR R AIX TR
B EEANASEIN? SN ERRTINEAMAISEEL?

W RIHRNT: BRI
m SR 2R
m (AT LA SRR A SC A O MERE



2.2 it EHNEEFRRIE

mEf: f=C(0+h -G+ 3);

B RISC-ViCZR{ES
add t0, g, h // temp t0 =
add t1, 1, jJ // temp tl = 1
sub f, t0, t1 // f = t0 - tl

B _ERCRBREEEERT? NtA



2.3 1T EEFRHRIEEY

B {7, bit: &/NE{]
B =75, Byte: 8bit, JwiltAYER/NPE(I
¥=, Halfword, 16bit, 20NF, FEAREERES
=, word, 32bit, RV32HIEARIE/EEATT
YW=, double word, 64bit, RV64RIEARETT
Hires
B EARCEIRM N EERR
m 5324, 32bit (RV32) =& 64bit (RV64)
B3R x0~x31
m A ABREI 324N
B RIHRN2: E/DNER
B EFHE: AGHFE2NFT

10



2.3 1T EEFRHRIEEY

» SEAE
m x0: the constant value 0
W x1: return address
W x2: stack pointer
m x3: global pointer
m x4: thread pointer
W x5 — x7, x28 — x31: temporaries
m x8: frame pointer
W x9, x18 — x27: saved registers
m x10 — x11: function arguments/results
B x12 — x17: function arguments

1



2.3 1T EEFRHRIEEY

_ IR
mcfiB f=(C+h -G+ 3);
mf, ., j in x19, x20, .., x23

B RISC-ViCZR{B
add x5, x20, x21
add x6, x22, x23
sub x19, x5, x6

B _ERCRIBREEEIEERT? NftA

12



2.3 1T EEFRHRIEEY

B FAESSERMEE
B BFFES SR
W EH,. SR, SSEUE
m EREANZEHIER
B 0% Load, BENAFINEEISFER
B 7FfE: Store, KBERNTFRFHEEINGF
B L IFHABRMH TR (BRIREA)
W A/ N )RR
® Big Endian
H Little Endian
B RISC-VREA/NHED,
L PSpatlallil
B —PFHAMNFT, RELMIEET
B REITHELLEH, RISC-VAERMIIRIST



2.3 1T EEFRHRIEEY

m f:
m ChS
A[12] = h + A[8];
m h7EEX2 L
B AR E I RIEX22
B JFEEHRISC-VIL/RLHE
1d X9, 64(x22)
add x9, x21, x9
sd x9, 96(x22)

B RVOANEARRTTANE, SAMNED
m 3SR RIBHELIE 64

14



2.3 1T EEFRHRIEEY

B SFRSEiEsRaItR
B SEERnEEFERR R

B iR ER IR FREMEALoad, SstorelffF
m BEIESA9ES

B SFrsar LR =145

 FEENARIAS SR RS
B (VA KERNEZEFREIRFT
B SEFSRIREEE!

15



2.3 1T EEFRHRIEEY

m B (SZBIE) #BEE
B IESHIEERI R 2R
B addi x22, x22, 4

m EREEMSEG
mNEEHRER
m 7R FEE R INEAE <

16



2.4 BRSHSEHFTSH

B T EAFEREEEBH ZHEIE R
B THEIEL: XEARGL, LRAEEER, (FAERNEARRT
B S (n-bit) AYEEF

X=X 2" +X 2" 4+ X, 2" +%,2°

m MSB, most significant bit, HEEXUI
m LSB, least significant bit, KGRI
m 7

m 0000 0000 ... 0000 1011,

=0+ ...+ 1x23+0%x22+1x21 +1x20
=0+...+8+0+2+1=11,

m SEE: 0~2n-1
B 64bitEUEEE
W0 to +18,446,774,073,709,551,615

17



2.4 BEHSHSERHSH

W YRR EL?

B RISFR: ARIE—itRERRIER
m RS AT ARIE?
m EEAEES, WMTREFS
m OHFRE RS

B THFFMERR
B ST HTRS#IE: MSB
i EAE
L B =WL (]
m—ILL

18



2.4 BEHSHSERHSH

NG
B A n-bitfO

n-1 n-2 1 0
X=X, 42 4+X, .2 "4+ X2 +X,2
W SEE: 2" to +271 - 1
m f:
m 11111111 ... 1111 11002

~1x231 + 1%x230 + ... + 1x22 +0x21 +0x20
~2,147,483,648 + 2,147,483,644 = -410

B 64bitEHEEE
m -9,223,372,036,854,775,808
to 9,223,372,036,854,775,807

19



2.4 BEHSHSERHSH

B SRFSEHER
m RV EU A0
mRER: 10,0~ 1

X+x=1111..111, =-1
X+1=—X

B N2B9 I - 289 B MER R
m +2 = 0000 0000 ... 0010two

m-2=11111111..1101two + 1
=1111 1111 ... 1110two

20



2.4 BEHSHSERHSH

m e R
S — B SHAESHIbItRRHE
m i EMSBEHIFHEFRIEIRERIAN

m 7~f5l: 8-bit to 16-bit
m +2: 0000 0010 => 0000 0000 0000 0010
m-2:1111 1110 => 1111 11111111 1110

B |n RISC-V instruction set
m |b: sign-extend loaded byte
m |bu: zero-extend loaded byte

21



Check
Yourself

What is the decimal value of this 64-bit two’s complement number?

11111111 11111111 11111111 11111111 11111111 11111111 11111111 11111000,

N -4,

2) -8,

3) -l6,,

4) 18,446,744,073,709,551,609

22



2.5 iTEHNPNIESERT

B EBFRLLCHESAIURBIFFERIES
B I EPEIES U AFIEER I TEMER
m 12858, machine code

m RISC-ViES
W 32bitRR, EERIRETHEE

B YD AENFR
B BFERETRERE. RS SER
m Rf:
B add x9, x20, x21
WS [ 0 [ 21 [ 20 [ o | 9 [ 51 |
W TS [oocoooo [ 10101 | 10100 | 000 | 01001 | 0110011 ]
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

m+7SHAFIRIS A



2.5 11 EHN Y

EOHT

B THFIRETOK. SR

B A HIER AR

B 1 6HFIFR NI EID
0 |0000 |4 |0100 |8 |1000 |c |1100
1 |o001 |5 [0101 |9 1001 |d [1101
2 0010 |6 |0110 |a |1010 |e [1110
3 0011 |7 (o111 |b |1011 |f |1111

m Rfl:

m "#%l: 1110 1100 1010 1000 0110 0100 0010 0000

B ;58] eca8 6420

B HEED, BEEGFSEE

24



2.5 HEHBIIESHR

m i8S, RISC-VIESEBRE32bitHy

H R-type add

H |-type addi, Iw/Id
B S-type : sw

H B-type

u J-type

m U-type

RISC-V assembly language

Add add x5, x6, x7 x5 = x6 + x7 Three register operands; add
Arithmetic Subtract sub x5, x6, x7 x5 = x6 - x7 Three register operands; subtract

Add immediate addi x5, x6, 20 x5 = x6 + 20 Used to add constants

Load doubleword 1d x5, 40(x6) x5 = Memory[x6 + 40] Doubleword from memory to register

Store doubleword sd x5, 40(x6) Memory[x6 + 40] = x5 Doubleword from register to memory

Load word Tw x5, 40(x6) x5 = Memory[x6 + 40] Word from memory to register

Load word, unsigned M x5 40(x6) x5 = Hgmgr! xﬁ + 401 Unsigned word from memory to register

Store word sw x5, 40(x6) Memory[x6 + 40] = x5 'Word from register to memory

Load halfword Th x5, 40(x6) x5 = Memory[x6 + 40] Halfword from memory to register
Data transfer h?l::ig::‘ljhnord, Thu x5, 40(x6) x5 = Memory[x6 + 40] an:se'ti?;glhalﬁwrd from memory




2.5 iTEHNPNIESERT

‘ funct? ‘ rs2 ‘ rs1 ‘ funct3 ‘ rd

opcode

7 bits 5 bits 5 bits 3 bits 5 bits

B R-type: FHFERE, 6MESFR
Wopcode: E{FIRFER
mrd: BRNSESRFER
m funct3: FEINAYIRIEID=FER
mrs1: E—NERIESEERTR
mrs2: EENRRIESESERTR
m funct7: FYNINASIR(ERD=ER

m EE
mBERBFRATAESFF
B ARIINSEEFR
B SEEFER A ARESbIt

7 bits



2.5 TENHRESERT

‘ funct? ‘ rs2 ‘ rs1 ‘ funct3 ‘ rd opcode

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

mC4RES: add x9,x20,x21

| o | 21 | 20 | o | o [ 51 |

| 0000000 | 10101 | 10100 | 000 | 01001 | 0110011 |

B AR
m 0000 0001 0101 1010 0000 0100 1011 0011

two

B WAV il 7
m015A04B3,,



2.5 iTEHNPNIESERT

‘ funct? ‘ rs2 ‘ rs1 ‘ funct3 ‘ rd

opcode

7 bits 5 bits 5 bits 3 bits 5 bits
B NEFES,

B d x9, 64(x22)

G NTERIIE A [x22] + 64 BRI EIXOZT a5
B G EAR-typetgSt&TsEI, WHMIRRERFIE?

B SR EIHRESFE

B 5ER2: IENERAE S

mRIRN3: AFERRITEETT

7 bits



2.5 iTEHNPNIESERT

‘ funct? ‘ rs2 ‘ rs1 ‘ funct3 ‘ rd ‘ opcode |
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
‘ immediate | rsl ‘ funct3 ‘ rd | opcode |
12 bits 5 bits 3 bits 5 bits 7 bits
|

S EPEUEEFIINEIES (I-type)
B |lw X9, 64(x22)
B addi x9,x22,64
B 5R-typefBtt
B Z 7S RIEIFEL
BT —ANrsFE

BRI FE AT
m funct7 (7bit) + rs2 (5bit) > immediate=E& ( 12bit)



2.5 S EHSIE S R

funct7 rsl funct3 rd opcode |
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
immediate | rsl ‘ funct3 ‘ rd | opcode |
12 bits 5 bits 3 bits 5 bits 7 bits
immediate[11:5] ‘ rs2 | rsi | funct3 immediate[4:0] ‘ opcode |
7 bits 5 bits b bits 3 bits 5 bits 7 bits

m 7FiEE<S (S-type)

B sw x9, 64(x22)

B EX9FFes PRI R it 9 [x22] + 6489AI B
B ESOHT

B mNRES A TR

B —NZEPEFER

m R EEFER
B (RfFrs1, rs2, opcodeFRAIBAZE



2.5 itEHHRY

B SRERIESRREL
B R-type

=EC£ .m0

YO = =]
u |-type
B S-type
e | e [ = ST e ]

add (add) 0000000 | 00011 | 00010 00001 | 0110011 add x1, x2, x3
sub (sub) 0100000 | 00011 | 00010 000 00001 | 0110011 sub x1, x2, x3

ttype nstrctions | _immediate_| rs1 [ rncts | ra [ opeode | _xampie |

addi (add immediate) 001111101000 | 00010 000 00001 | 0010011

1d (load doubleword) 001111101000 | 00010 00001

0000011

addi x1, x2, 1000
Id x1, 1000 (x2)
e - ol Rl
-iate -iate
‘ sd (store doubleword) ‘0011111‘ 00001 ‘00010‘

‘ 01000 ‘ 0100011 ‘ sd x1, 1000(x2) ‘




2.5 itBHNPEIHES

72 1

m 2 NIES

31 2524 010 1514 Bn
w1 a Ui 3 N 019 514 2u 75
smmf31:12] w Uamipe 2000000 001 rd 00
m[2010:1111812] m T3l 0000000 101 4 001
000 m Tjair 0100000 101 w 001
000 | w4111 Bbeg 0000000 0% ) [
001 | immiai1n) Blae 0100000 000 m 011
10 | wmmpeiin Bx 2000000 01 w o1
100 | i Bhbze 0000000 010 m 011
10| emepaiin Bbin 0000000 011 w 011
101 | iy Bz 0000000 100 m [
000 m s 0000000 101 m [
001 wa Ik 0100000 101 rd o1
010 m T 0000000 110 m o1
100 wd Tibe 0000000 11 w
101 Il 0000 | pred 000 00000
mm{115] 000 s wo0 | oow 001 00000
i 115] 001 Sa 000000000000 o0 00000
115 010 Sow 000000000000 000 00000
nm] 000 Taddi o 001 w
i) 010 Isl o 1 010 m
P 011 m Lskin o 1 011 m
P 100 w o o s 101 =
inmr 110 m Tori o e 110 wd
inm e m Tani o e 111 w




Translating RISC-V Assembly Language into Machine Language

We can now take an example all the way from what the programmer writes

to what the computer executes. If x10 has the base of the array A and x21

— corresponds to h, the assignment statement

A[30] = h + A[30] + 1;

is compiled into

1d
add
addi
sd

What is the RISC-V machine

x9, 240(x10)
x9, x21, x9
x9, x9, 1

x9, 240(x10)

// Temporary reg x9 gets A[30]

// Temporary reg x9 gets h+A[30]
// Temporary reg x9 gets h+A[30]+1
// Stores h+A[30]+1 back into A[30]

language code for these three instructions?

3 3 019 1514

imm[31:12] i oo U 3L 2524 2018 1514 1u 76
imm[31:12] a 0010111 | U amipe 0000000 shamr 1 o1 d 010011
fm[2010:1111119:12] n noun | sjal 0000000 shamr 1 101 r 0010011
imm[11:0] 51 000 w 10011 | rjar 0100000 shamt 1 101 w 0010011
i 12010:5] =2 =1 000 | imm[+111] | 1100011 |Bbeg 0000000 =2 =1 000 i ol10011
imm[1210:5] m 1 001 | imma111) | 11000m | Bbme 0100000 m 1 000 ra 110011
imm[12]10:5] = 1 100 | wmmpainn | 100011 | B 0000000 = 1 o1 d ol10011
imm[12]10:5] =2 1 101 | mmpinn | 100011 | Bbee 0000000 =2 1 010 r ol10011
=2 51 10 | wopinn | 10001 |Bbim 0000000 =2 1 i w 110011
=2 =1 11 | iy | 1200011 | Bbz 0000000 =2 =1 100 i ol10011
imm[11:0] =1 000 © 000011 |1 0000000 2 =l 101 m 0110011
imm[11:0] sl o1 i 0000011 | T1h 0100000 ) 1 101 a 0110011
imm[11:0] 1 010 n 0000011 | Tiw 0000000 =2 1 110 r ol10011
imm[11:0] 1 100 w 0000011 | Tlbu 0000000 =2 1 T r 0110011
imm[11:0] 51 101 w 0000011 | Iibw pred succ 00000 000 00000 0001111
immf11:5] [ = =1 000 immp+0] | 0100011 |5 w000 | o000 0000 00000 01 00000 0001111
immf11:5] [ = sl o1 immf0] | 0100011 |Seh 000000000000 00000 [ 00000 1110011
imm[11:5] [ = 1 010 imm[+0] | 0100011 [Ssw 000000000000 00000 000 00000 1110011
imm[11:0] 1 000 w 0010011 | Taddi ot 51 o1 r 1110011
imm[11:0] 51 010 w 0010011 | Isls o 1 a0 ] 110011
imm[11:0] =1 o1l w 0010011 | Isldu = sl ou i 1110011
imm[11:0] sl 100 i 0010011 | Txori car Zimm 101 rd 1110011
imm[11:0] 1 110 a 0010011 | Tori st Zimm 110 i 1110011
imm[11:0] 1 11 n 0010011 | Tandi ot zimm 11 r 1110011
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2.5 iTEHNPNIESERT

e
m xR

1d  x9, 240(x10) // Temporary reg x9 gets A[30]

add x9, x21, x9 // Temporary reg x9 gets h+A[30]
addi x9, x9, 1 // Temporary reg x9 gets h+A[30]+1
sd x9, 240(x10) // Stores h+A[30]+1 back into A[30]

| immediate \ rsi | funct3 \ rd \ opcode \
000011110000 01010 011 01001 0000011
funct? | rs2 | rst | funct3 | rd | opcode
0000000 01001 10101 000 01001 0110011
immediate | rsi funct3 rd opcode
000000000001 01001 000 01001 0010011
| immediate[11:5] [ rs2 | rs1 | funct3 [ immediate[4:0] | opcode |
0000111 01001 01010 011 10000 0100011
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2.5 TENHRESERT

B S ETER TR RERN
B 5 HEF AR

B IS SHIEIE— R FEFER I TIES I____l‘"_‘f[“?["____,l

B 5| HEFEAERTS | machine cod |
B THGFRSM | Editor program |
m SR I AT | _(machine code) _ |

B (RS EESAL | C compiler :
mx86, ARM Processor | || _ (machine code) |

i Payroll data i

i Book text i

" Source code G|

| for editor program :




2.5 iTEHNPNIESERT

m 5E

What RISC-V instruction does this represent? Choose from one of the four options Check
below. Yourself

funct7 rs2 rsl funct3 rd opcode
\ 32 | 9 | 10 | o000 | 11 | 51 |

1. sub x9, x10, x11
2. add x11, x9, x10
3. sub x11, x10, x9
4. sub x11, x9, x10
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2.6 ZIEIE(F

B SHRNTENRIEFHITIRE
B SCEERIAFARNBENES MO TR L E

m ERNZERRE

Shift left sil, sl1li
Shift right >> > srl, srli
Shift right arithmetic >> >> sra, srai
Bit-by-bit AND & & and, andi
Bit-by-bit OR | | or, ori
Bit-by-bit XOR n ~ Xor, xori
Bit-by-bit NOT ~ ~ xori

Useful for extracting and inserting
groups of bits in a word



2.6 ZiEIE

HME

m PBALRME

BN EERaTRIEEE, WL/anl—EuE
mIEFEE: KA, 15O, ERIET?
B YESEREEIRIbItE: ZB0E, AR FEE?

_ AN
lsIIi x11,x19,4

//reg x11 = reg x19 << 4bit

= T\%@?E‘.ﬁ AIFE B
I [ O N T T T
add (add) 0000000 | 00011 | 00010 00001 | 0110011 add x1, x2, x3
sub (sub) 0100000| 00011 | 00010 000 00001 | 0110011 sub x1, x2, x3
oo matrutons | immedate | i | tncta|_ra | ovcode | _xampi |
addi (add immediate) 001111101000 | 00010 000 00001 | 0010011 | addi x1, x2, 1000
(load doubleword) 001111101000 | 00010 00001 | 0000011 | Id x1, 1000 (x2)

S-type Instructions immed immed| opcode Example
-iate -iate

sd (store doubleword) ‘0011111‘ 00001 |ooo1o‘

‘ 01000 ‘ 0100011 ‘ sdxl, 1000(x2)




2.6 iZIEIRE

m S7RIEEEARE: slli
W [N, RN
W B, FRRLA2!
m ZREBIEGRE: srli
B AL, BALE0
B ARBINL, TR, (TS
B 7RIEEARGFE: srai
B AR, BUSHFS
m |-type

‘ 0 | immediate | rsi ‘ funct3

rd

| opcode

7 bits 5 bits 5 bits 3 bits

T T T T T

5 bits

7 bits

addi (add immediate) 001111101000 | 00010

00001

0010011

addi x1, x2, 1000

1d (load doubleword) 001111101000 | 00010 011

00001

0000011

Id x1, 1000 (x2)
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2.6 1ZiEIE(E

m 5EME
mand x9, x10,x11 //reg[x9] = reg[x10] & reg[x11]
B EATErdSFREPRELDbItE R0
mENRE: BIERE

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 00001101 11000000 |

x11 | 00000000 00000000 00000000 00000000 00000000 00000000 00111100 00000000 |

X9 | 00000000 00000000 00000000 00000000 00000000 00000000 00001100 00000000 |

40



2.6 1ZiEIE(E

W EERE
morx9, x10x11  //reg[x9] = reg[x10] | reg[x11]
B EATErdSFREPRELDbItE R0
mENRE: BIERE

x10 ’ 00000000 00000000 00000000 00000000 00000000 00000000 00001101 11000000 ‘

x11 ’ 00000000 00000000 00000000 00000000 00000000 00000000 00111100 00000000 ‘

e ’ 00000000 00000000 00000000 00000000 00000000 00000000 00111101 11000000 ‘

41



2.6 1ZiEIE(E

m SEGR(E
mxor x9, x10,x11  //reg[x9] = reg[x10] * reg[x11]
B Ra el LARSRSCINEURIEIE (NOT)
B RISC-VHEBEIIHNEKR (NOT) 8<%

x10 ’ 00000000 00000000 00000000 00000000 00000000 00000000 00001101 11000000 ‘

x12 ’11111111 11111111 11211121 11121171 11122111 211122111 11112211 121171211 ‘

X9 ’11111111 11111111 11211121 11221171 11122111 11122111 11110010 00111111‘

42



2.6 ZIEIE(F

LSt
B 3RBADZIEIRFES
3KRBIEEEIES
B _EiR{E<SERA]-typeIR-typefiFfZzl
B |-type B R-type
mslli msl|
W srli W srl
W srai Esra
m R-type m |-type
Hand B andi
Hor Hori

B xor W xori

43



2.6 1ZigIE

m EFNANES

3 252 2019 1514 1211 76
imm31:17] o om0l | Ui 31 2524 2019 1514 121 7
imm[31:17] d 0010111 | U smipe D0000DD shami =l 001 ]
imm{20/10:11119:12] m o | Jjal 0000000 shamt 1 101 ]
imm(11:0] 151 000 d 1100111 | Tjalr 0100000 shamt 1 101 rd
imm[12]10:5] 2 sl 000 | imm#111] | 1100011 | Bbeq 0000000 2 sl 000 a
imm[1210:5] 2 151 001 | imm[4111] | 1100011 | Bbme 0100000 2 sl 000 rd
immf1210:5] 2 151 100 | imw4111] | 1100011 | Bl 0000000 2 51 001 d
mmf1210:5] =2 151 101 | imf#111) | 1100011 | Bbge 0000000 2 1 010 ]
mm[1210:5] 2 151 110 | mw#111] | 1100011 | Bbim 0000000 2 sl o1l ]
imm[12]10:5] 2 sl 11 [ imm#201] | 1100011 | Bbeen 0000000 2 sl 100 a
imm(11:0] 151 000 d 0000011 | 116 0000000 2 sl 101 ]
imm(11:0] 151 001 d 0000011 | Tih 0100000 2 51 101 d
imm{11:0) 151 010 d 0000011 | Thw 0000000 2 1 110 ]
imm{11:0] 151 100 d 0000011 | Tleu 0000000 2 sl 111 d
imm(11:0] sl 101 d 0000011 | Tt 0000 | pred suce 00000 000 00000
immy11:5] 2 151 000 imm4:0) 0100011 | Ssh o000 | oooo 0000 00000 001 00000
immf11:5 12 151 001 immf4:0] 0100011 | Ssh 000000000000 00000 00 00000
imm{11:5 12 151 010 imm(3.0] 0100011 _| 5 5w 000000000000 00000 000 00000
imm11:0) 151 000 d 0010011 _| Taddi cr sl 001 d
imm(11:0] 11 010 d 0010011 | Tsls T sl 010 a
imm(11:0] 151 011 d 0010011 | 1sitn T 1 o11 d
imm(11:0] 151 100 d 0010011 | Txeri or zimm 101 o]
imm(11:0] 151 110 m 0010011 |Ten cr zimm 110 o]
imm(11:0] 151 111 d 0010011 | Tandi cr zimm 111 ]

sl
Ish

R sub
Rsll
Rilt
Ralm
R xor
Rl
Rsm
Ror
Rand

I fence
Ifencei
Tecall

I ebreak
Iesmw
Tesms
Tesme
Icsmwa
Icsars
Iesma
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2.6 ZIEIE(F

Check
Yourself

Which operations can isolate a field in a doubleword?
1. AND
2. A shift left followed by a shift right
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2.7 HFRHBRES

B AN SERITEENIXE]
m EEERREKRE
B RIERMA GBI BERE, PITAERMES
B CGESHEXXEF
mif..else
B case/switch
B RISC-VILERIES
W beqrs1, rs2, L1
B bne rs1, rs2, L1
W beq. bnefRAFKMEDIES
B XN IES
m—&IES, Sll—ME, AERIECNER, RrasdsHingBss
FERFFAI— NETHBIE



2.7 HFRHBRES

m if..else
mif(i==j)f=g+h;elsef=g-h;
mf,g.hijSIRTE, DAIFMAEXT19~x235 7+
B RISC-ViCZR{HS

bne x22, x23, Else
add x19, x20, x21
beq x0,x0,Exit // unconditional

Else: sub x19, x20, x21
EXit: .. = 0 i)
B FRESHISCRRIE R JResitE fee
u Xj-tt f=g+h f=g-h

mCES: RN
wiCoR: SERRIBkEE

Exit: \

47



2.7 HFRHBRES

m {EIR
B while (save[i] == k)i +=1;
Hiin x22, k in x24, address of save in x25
m RISC-ViCZRILHB
Loop: s11i x10, x22, 3
add x10, x10, x25
1d x9, 0(x10)
bne x9, x24, Exit
addi x22, x22, 1
beq x0, x0, Loop
Exit: ..

48



2.7 HFRHBRES

m B
B —NREDXAHESFY (ERAAILE) |, BEiREDXBEREN
& (EiRiteILs)
® No embedded branches (except at end)
B No branch targets (except at beginning)

B JRIFRRAVE TE —ERBRER IO NEARR
B SRAVMIERE AT ARG B AR TN

H how?

49



2.7 HFRHBRES

B BEZRURKIES

m bltrs1, rs2, L1
W if (rs1 < rs2) branch to instruction labeled L1

B bge rsl, rs2, L1
| if (rs1 >= rs2) branch to instruction labeled L1

=
mif(a>b)a+=1;
Hainx22, binx23
bge x23,x22, Exit  //branchifb >=a
addi x22, x22, 1
Exit:

50



2.7 HFRHBRES

B 5RSHR
meg: blt, bge
B TRSHR
meg: bltu, bgeu
m A5
mx22=1111 111111111111 1111 1111 1111 1111
mx23 = 0000 0000 0000 0000 0000 0000 0000 0001
W x22 < x23 // signed
m-1< +1
W x22 > x23 // unsigned
W +4,294,967,295 > +1

51



2.7 BFRERIES

B case/switchiEa)
B {EESCH A if.. elseif ... else if ...
B EEMEILMAR: o3
B G IBPIREXT MBI —NEE
B FREEE kRIS SSCHL: jalr
meg: FIAER

52



2.7 HFRHBRES

B MIPSIESEZEN
m Sokbis
m IR RS R T ST

m R SEOREUEN
B ARMISSELR
m SRS/ AR R

B RISC-ViE<EERH
LR EIRES

53



2.7 AFREIIES

m EFNANES

31 2524 2019 1514 121 76 0
mm[31:17] d 0110111 | Ula 31 2524 019 1514 1211 76
imm[31:12] d 0010111 | U suipc 000000 shamt sl 001 md 0010011
mm20110:1]11/18:12] d 1101111 | Tjal D00000D shamt sl 101 d 0010011
imm(11:0] sl 000 d 1100111 _| Tjale 100000 shamt sl 101 xd 0010011
imm[12[10: =2 sl o imm[+111] | 1100011 | Bbeg 0000000 =2 sl 000 d 0110011
2 sl 001 imm[4:111] | 1100011 | Bbme 0100000 2 sl 000 1d 0110011
2 sl 100 imm[4:111] | 1100011 | Bbi 000000 2 sl 001 md 0110011
12 sl 101 imm[4:111] | 1100011 | Bhze 0000000 2 sl 010 d 0110011
12 sl 110 imm[4:111] [ 1100011 | Bbim 000D0D 2 sl 011 xd 0110011
2 sl 111 imm[4:111] | 1100011 | B bgen 000000 2 sl 100 d 0110011
sl [ d 0000011 | ITo 0000000 2 sl 101 md 0110011
sl 001 rd 0000011 | IIn 2100000 2 sl 101 md 0110011
sl 010 d 0000011 || Thw 0000000 2 sl 110 d 0110011
s 100 d 0000011 | TTbu 000000 152 151 111 xd 0110011
sl 101 d 0000011 | Il 0000 | pred suec 00000 000 00000 0001111
2 sl ] imm4:0] 0100011 | Ssb o000 | o000 0000 00000 001 00000 0001111
2 sl 001 imm{4:0] 0100011 | 5sh 00000 i) 00000 1110011
152 sl 010 0100011 || 5 5w 00000 000 00000 1110011
551 000 d 0010011 || Taddi et sl 201 xd 1110011
sl 010 d 0010011 _|Islu st sl 010 d 1110011
sl (24 d 0010011 | Isktm et sl 011 md 1110011
sl 100 rd 0010011 | Txori ot zimm 101 md 1110011
sl 110 rd 0010011 | Tori e zimm. 110 d 1110011
151 111 1d 0010011 | Tandi [T Zionm m xd 1110011




2.7

HFRRRIIES

I. C has many statements for decisions and loops, while RISC-V has few. Check
Which of the following does or does not explain this imbalance? Why?

More decision statements make code easier to read and understand.

Fewer decision statements simplify the task of the underlying layer that is
responsible for execution.

More decision statements mean fewer lines of code, which generally
reduces coding time.

More decision statements mean fewer lines of code, which generally
results in the execution of fewer operations.

II. Why does C provide two sets of operators for AND (& and &&) and two sets
of operators for OR (| and ||), while RISC-V doesn’t?

L.

Logical operations AND and ORR implement & and |, while conditional
branches implement &&and ||.

The previous statement has it backwards: && and || correspond to logical
operations, while & and | map to conditional branches.

They are redundant and mean the same thing: && and || are simply
inherited from the programming language B, the predecessor of C.

Yourself
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mURE: —MRBRGESH, WMIREESHNEFHINTIER
m ST REVEFMIT SR
B BEEFR—RARTTESH—ED
B FUTISRERTRI NP
m SSHHRITLUBIDEIONE (x10~x17)
SIEHEERAITRE, FRNCESEIIE: jal x1,foo
m RIS AT BT AR
m R TRTABHOESS
SRR BRI LIRS
mSSHIRERIAS (1)
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m FEE, caller
B SRR, FHEHVESKENER
B {FEFEE, callee
nRIEARESRHNSE, T —RIEFEIESHITE, AEEEH
BORIRLATERE

W f2FITE48s, program counter, PC
B — M RERFFPIEERITIE SR RIS 7S
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m EE
B TFIRAR, E2EaLIARERTHRIB-typetgSsLI?
meg: beq x0, x0, ProcedureAddress
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B JERREXES
mjal : jump and link
mjalr: jump and link register

m jol: —BRAFIEEA
mjal x1, ProcedureLabel
m Address of following instruction put in x1
m Jumps to target address

B jalr: — AT IERRERGEHNIRE]
mjalr x0, 0(x1)
W Like jal, but jumps to 0 + address in x1
m Use x0 as rd (xO cannot be changed)
m Can also be used for computed jumps

W eg: case/switchiEa
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m JAL
mC4RIEL: jal rd, offset
m{TA: x[rd] = pc + 4; pc += sext(offset)
R, 1ZIES TSR
B BT —FKIESRUE (RV32J9pc+4, RV64J9pc+8) {RIFEIrdeh
B BpcREAHEIEINLAFST Efoffset
B RISC-VARAEEIAFERXEArdFRUR EHIE
B8 (J-type, RV32IFIE—HI—5R)
m 2{FrY
m BEFES, rd
B {RiZEoffset (IZBPEN)
W ZRPEEE2045, offset[20:1], i&&bit0, BIRFEHTEL
31 12 11 76 0
| offset[20[10:1]11]19:12] | 1onl
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m JALR
mCYmiBi%: jalrrd, offset (rs1)
B 1T/ rd=pc+4; pc=(x[rs1]+sext(offset))&~1
R, 1ZIES TSR
B BT—&ESHMIE (RV328pc+4, RV649pc+8) {RiFEIrdh
® BpcREAX[rs 1IN LRFSY EiYoffset, HEAIZEO
B RISC-VALEBIAERXTEArdZHuR Bl
B8R (I-type)
m 2{FrY
m BR95FES
B R SRR
m 37ENE)

31 2019 1514 1211 76 0
offset[11:0] | w1 | o0 | 1100111
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zsﬁ%mﬁ#Wt

T=AY3ZHT

&}b/\~

=
ICN

31 2524 2018 1514 1211 76 0

imm[31:17] d 0110111 | Ulu 31 2524 2019 1514 1211 76
imm(31:12] rd 0010111 | U amipc 0000000 shamt rsl [ d 0010011
m[20010:1/1119:12] rd 1101111 | Tjal 0000000 shamt sl 101 d 0010011
rsl 000 rd 1100111 | Ijalr 0100000 shamr rsl 101 rd 0010011
2 rsl 000 imm[4:1111] [ 1100011 | Bbeg 000000 2 rsl 000 d 0110011
2 sl [ imom[4:1111] [ 1100011 | Bbme 0100000 2 rsl 000 d 0110011
=2 sl 100 mmi4111] | 1100011 | Bl 0000000 2 rsl 001 d 0110011
2 sl 101 mm{41111] | 1100011 | Bbge 0000000 =2 sl 010 d 0110011
2 sl 110 immf41111] | 1100011 | Bbin 0000000 =2 sl 011 d 0110011
imm[12[10:5] rs2 rsl 111 imm{4:1111] | 1100011 | B bzen 000000 2 rsl 100 d 0110011
imm[11:0] sl 000 d 0000011 | 11b 00DODOD 12 rsl 101 d 0110011
imm(11:0] sl 001 rd 0000011 |11 0100000 =2 sl 101 d 0110011
immf11:0] rsl 010 rd 0000011 | Ilw 0000000 =2 sl 10 d 0110011
imm[11:0] sl 100 rd 0000011 | Ilbw 0000000 2 rsl 111 rd 0110011
imm[11:0] rsl 101 rd 0000011 | I1bm 0000 | pred suce 00000 000 00000 0001111
imm11:5] 2 sl 000 inm[4:0] 0100011 [ Ssb 0000 | 0000 3000 00000 081 0000 0001111
immf11:5] rs2 sl 001 imml+:0] 0100011 [ Ssh 000000000000 00000 00 00000 1110011
imm]11:5 rs2 rsl 010 immf4:0) 0100011 | 55w 00000 ] 00000 1110011
immf11:0] rsl 000 rd 0010011 | Iaddi ot sl oo1 rd 1110011
imm11:0] sl 010 rd 0010011 | Isid ot rsl 010 d 1110011
imm[11:0] sl 011 d 0010011 | I sliu s sl 011 d 1110011
imm[11:0] sl 100 d 0010011 | Ixon = Zimm 101 d 1110011
imm[11:0] sl 110 rd 0010011 |Iom ot Zimm 10 rd 1110011
immf11:0] rsl 111 rd 0010011 | I andi ot zimm 1 rd 1110011

Islli
Lathi
Tamai

Bosub
Esll
Bl
Bslm
Eoxor
Bl
B
Ror

Ifence
Ifencei
Tecall
Iebraak
Tesmw
Tesms
Tesmc
Icsmwi
Iessmsl
s
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B (FRHEZHEFES
Rur iz B S ST
m EBISHETERERE? SHE TIENE?
» PR AT E LR R E S s?
n SEREE RS IE?
B R ROFMBEASENER
N SEERR ST
Ree e ST
B RRGER: %, stack
W R RS S HAS U T S E a8 R AR
m iS5t stack pointer, FRsp, ERUEFRITOEAIM
B RISC-VARAEE R U RIX2TERSp
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LR EFINEFS TS
W \i%/Et%, push, BEH&PFINTTER
W %58, pop, MIXTFREIRITR

EH ik
Push Pop
Stack Pointer |: Stack Pointer

Stack Pointer
Memory Memory

Memory
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9

Stack B E A EE B

l

BREL A B9t

4L B A9tk

B3] C At

111
/
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m f:
m C code:
long long int leaf_example (
long long int g, long long int h,
long long int i, long long int j) {
long long int f;
f=(g+h-@+))
return f;
}
®Arguments g, ..., j in x10, ..., x13
mfin x20
W temporaries x5, x6
B Need to save x5, x6, x20 on stack
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m RISC-V {C4R{Lre:

Teaf_example:

addi
sd
sd
sd
add
add
sub
addi
1d
1d
1d
addi
jalr

sp,sp,-24
x5,16(sp)
x6,8(sp)
x20,0(sp)
x5,x10,x11
x6,x12,x1
x20,x5,x6
x10,x20,0
x20,0(sp)
x6,8(sp)
x5,16(sp)
sp,sp,24
x0,0(x1)

//save x5, x6, x20 on stack

//X5 =g + h
//X6 =1 + j
//T = x5 - x6

//copy f to return register
//resore x5,x6,x20 from stack

//return to caller
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n J:I 1‘5};"?&{"5 High address
ANyl

SP

SP

B NE: IEA
Faeh, FEERR
B EEEPT  Lowadress
BREF @

Contents of register x5

Contents of register x6

SP — | Contents of register x20

(b) (c)

Preserved Not preserved

Saved registers: x8-x9, x18-x27

Temporary registers: x5-x7, x28-x31

Stack pointer register: x2 (sp)

Argument/result registers: x10-x17

Frame pointer: x8(fp)

Return address: x1(ra)

Stack above the stack pointer

Stack below the stack pointer
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m SEERERNE
W x5 - x7,x28 - x31: |@HIE57FES, temporary registers, TEEARILTE
PAEEERE (callee) RiF

W x8 — x9, x18 — x27: {RFZ1F28, saved registers, EERITERNMA
wWiRFE, —BERERE (callee) £, BWEAEREFHIRE

Register Preserved
1

The constant value O
x1l (ra) 1 Return address (link register) yes
x2 (sp) 2 Stack pointer yes
x3 (gp) 3 Global pointer yes
x4 (tp) 4 Thread pointer yes
x5-x7 5-7 Temporaries no
x8-x9 8-9 Saved yes
x10-x17 10-17 Arguments/results no
x18-x27 18-27 Saved yes
x28-x31 28-31 Temporaries no 69
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REEARE P E XS rasHIRIELIE

FERE ABI% (% | RiEsE WRFRAERKE AT
E#"E?Fﬁ’*%ﬁiﬁ

zero FERE SN 0, SARRRIEAEE
x1 ra FEREEOREE (return address) Caller
x2 sp FRURIESE (stack pointer) Callee
X5~X7, t0~t2, t3~t6  If§EY (temporaries) ZF7F8%, Callee THESFRIXLEFRE, FTIL  Caller
x28~x31 Callee AMRIEXLFFRHPNEERBFBERPRIFAE, XBHK

EXTF Caller k1%, IMRFEMIE, Caller FEBCZEIEA Callee 2
BIRTFIRE F 7P AE.
X8, X9, 50, s1, %77 (saved) FFE, Callee BERIDXLSHFRNEERLURE  Callee
x18~x27  s2~s11 EMAEFREABZAANERE, FrIl—B Callee EECHREF
SRIXEFEFRVNFTEEXTENFERY BHEHTRE .

x10,x11 a0, al S (argument) FEFHE, BTERFAAIEFREE—NME  Caller
S NRERFRERZRIREE,

x12 ~x17 a2 ~ a7 S (argument) FHFH, NRRXFAARNTEEZRELNSEH,  Caller
M AixEEFR, EIRRTERSENFEFRRSRE 8N
(a0 ~ a7) . MREHEZHNSENZEF Bk,

70



2.8 It BB I IERIZ

H+13%2, leaf procedures

= NERHE
RETE,

IRERNERE, FRAMFIERE
Nested Procedures

mEd, Recursive: BEiZaiEBIFARBCHIZRE

REIIFEFCallerffv=E

miERR], RIPREHEE

miEMERT, REATERNSEMIR
miEARE, MEHREIT

BB RE ISR ?

https://www. bilibili. com/video
BV1sV41167zL.2from=search&seid
=14222995537136045147&spm_id f

rom=333. 337. 0.0

FREIRIIGRS &

fIF:

R, 9— M, ERENE. WER, HEEIIT, REBIRINEMNERES 005,

4, WEKI02, FHERRE—S—SEIEM,
BBANEIIMHI R IRRY 5 USRS EIX 10058,
TEETHRE

function walk(step) {
if (step == 0) {
console

1 els
step--
consoTe.TogC L FS{step} )
walk(step)

1

}
walk(100)

71



2.8 It BB I IERIZ

m BRI
m C{{A3
Tong long int fact (long long int n)
{
if (n < 1) return f;
else return n * fact(n - 1);
}
® Argument n in x10
W Result in x10
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m RISC-V;[4R{iB

fact:

L1:

addi
sd
sd
addi
bge
addi
addi
jalr
addi
jal
addi
1d
1d
addi
mul
jalr

sp,sp,-16
x1,8(sp)
x10,0(sp)
x5,x10,-1
x5,x0,L1
x10,x0,1
sp,sp,16
x0,0(x1)
x10,x10,-1
x1, fact
x6,x10,0
x10,0(sp)
x1,8(sp)
sp,sp,16
x10,x10,x6
x0,0(x1)

Tlong Tong int fact (long Tong int n)

if (n < 1) return f;
else return n * fact(n - 1);

Save return address and n on stack

x5=n-1

ifn>=1,gotolLl

Else, set return value to 1

Pop stack, don’t bother restoring values
Return

n=n-1

call fact(n-1)

move result of fact(n - 1) to x6
Restore caller’s n

Restore caller’s return address
Pop stack

return n * fact(n-1)

return
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m — LSRR AT LA A USEER
m AJLARHETTEY, IRRERE

w7l CHRAS
long long int sum (long long int n, long long int acc) {
if (n > 0)
return sum(n — 1, acc + n);

else
return acc;
}
B RS

sum: ble x10, x0, sum_exit // go to sum_exit if n <=0
add x11, x11, x10 // add n to acc
addi x10, x10, -1 // subtract 1 from n
jal x0, sum // jump to sum

sum_exit:
addi x12, x11, 0 // return value acc

jalr x0, 0(x1) // return to caller
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W e AR B A
SRR BARESNCR. MPE AR MRS R R
m ITRIAEOMBA ERMEET (fp) BARE, RISC-VAIEXSTFHLfp
m{EiSiE, fpttspENaRE, AEHE b
m FERIERTGIR, (MEHNFEHISERA VBRESsp, {BsEhR EHAESS

High address

FP— FP—

SP— SP—

FP—~1  saved argument
registers (if any)

Saved return address

Saved saved
registers (if any)

Local arrays and
sp | structures (if any)

Low address
(a) (b) (c)

FIGURE 2.12 Illustration of the stack allocation (a) before, (b) during, and (c) after the
procedure call. 75
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m Wﬁ?ﬁ% SP — 0000 003f ffff fffOp.y StTck
 (REAX I
m fURBER t

u %%?éiéﬂz?%/ @EQ% Dynamic data

W static Static data

B constant arrays and strings 0000 0000 1000 0000pex
B x3/gp/AEILAITIULAIEE pc—~ 0000 0000 0040 0000,,,

Text

B SEIE (M, heap) . Reserved

m C: malloc
Hjava: new
Wi
B ESRKEST, BREF
B ESHAEETK, LIARINAENESHFIA
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Check  which of the following statements about C and Java is generally true?
Yourself - e .
1. C programmers manage data explicitly, while it’s automatic in Java.

2. Cleads to more pointer bugs and memory leak bugs than does Java.
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2.9 Af3ZEH

m ASCIIFS:
®m American Standard Code for Information Interchange
m EE4ES: Unicode, UTF-8, UTF-16%
W https://baike.baidu.com/item/ASCII

Ascll Char- Ascll Char- Ascll Char- Ascll Char- Ascll Char- AscCll Char-
value acter value acter value acter value acter value acter value acter
32 48 64 @ 80 P 96 N 112 p

space 0
33 ! 49 1 65 A 81 Q 97 a 113 q
34 " 50 2 66 B 82 R 98 b 114 r
35 # 51 3 67 C 83 S 99 c 115 s
36 $ 52 4 68 D 84 T 100 d 116 t
37 % 53 5 69 E 85 u 101 e 117 u
38 & 54 6 70 F 86 \ 102 f 118 v
39 ' 55 7 71 G 87 W 103 g 119 w
40 ( 56 8 72 H 88 X 104 h 120 X
41 ) 57 9 73 | 89 Y 105 i 121 y
42 * 58 : 74 J 90 z 106 j 122 z
43 + 59 H 75 K 91 [ 107 k 123 {
44 . 60 < 76 L 92 \ 108 I 124 |
45 - 61 = 7 M 93 ] 109 m 125 }
46 . 62 > 78 N 94 A 110 n 126 ~
47 / 63 ? 79 (o] 95 _ 111 o 127 DEL 78




2 9 A*IL&E 1,000,000,000

DEC  1,000,000,000
OCT 7346 545 000

m =, FASCITBERR0Z s o o1 1 e s
m _HHI7ERE: 0011 1011 1001 1010 1100 1010 0000 0000, 32bit
m ASCIIF&==f%: 31,30,30,30,30,30,30,30,30,30,10MN=F75
m LJASCIE 7161 HIAI101208?

ASCII versus Binary Numbers m

We could represent numbers as strings of ASCII digits instead of as integers.
How much does storage increase if the number 1 billion is represented in
ASCII versus a 32-bit integer?

One billion is 1,000,000,000, so it would take 10 ASCII digits, each 8 bits long.
Thus the storage expansion would be (10 X 8)/32 or 2.5. Beyond the expansion
in storage, the hardware to add, subtract, multiply, and divide such decimal
numbers is difficult and would consume more energy. Such difficulties explain

why computing professionals are raised to believe that binary is natural and
that the occasional decimal computer is bizarre.
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2.9 Af3ZH

B FREES RAEERER?  8bit/=FF
B ASCIRBLAETS ABRALHITFE
B RHFAEESE

n BEIEOH

XFF 11

HATIRIE, Ib.

sbZ&HEXiES

31 2524 019 1514 nn

a3 132] P oot |um 3 2524 018 1514 11 76
o3 1:12) B 0010111 | ¥ mipc 0000000 sham il 001 w 0010011
mm{2010:111/19:12] d 1101111 Ijal 0000000 shamt sl 101 d 0010011
imm{11: sl 000 rd 1100111 | Ijalr 0100000 shamt nl 101 d 0010011
Eam(12110:5] n2 il 000 | imaf4101] 1100011 [ Bbeq 0000000 2 nl 000 d 0110011
imm(12]10:5] 2 sl 001 imm[4:111] 1100011 B boe 0100000 s sl 000 d 0110011
imm{12/10:5] =2 sl 100 imm[4:111) 1100011 Bblt 0000000 sl sl 001 d 0110011
Enm{1210:5] ™ 1 100 | immi#211) | 1100011 | Bbge 0000000 ™ o5l 010 ] 0110011
m{12110:5) o2 ol 100 | mwf#111) | 110001 |Bbim 0000000 2 6l onl w 0110011
mm(12]10.5] 52 Il 111 immf4:111] 1100011 Bbgeu 0000000 152 sl 100 d 0110011
imm{11:0] 3l 000 d 0000011 Ik 0000000 52 151 101 d 0110011
imem[11.0] sl 001 rd 0000011 | I 0100000 n nl 101 d 0110011
imm[11:0] sl 010 rd 0000011 | Ilw 0000000 2 mnl 110 d 0110011
imm[11:0] sl 100 d 0000011 Ilbu 0000000 sl sl 111 d 0110011
immf11:0] sl 101 rd 0000011 | I'lbu 0000 I pred W 00000 000 00000 0001111
mmf11:5) n2 il 000 immnl4.0] 0100011 | Ssb 0000 0000 0000 00000 001 00000 0001111
imm(11:5) 2 sl 001 imm{4.0) 0100011 Ssh 000000000000 00000 00 00000 1110011
imm[11:5) -] sl 010 imm[4.0) 0100011 55w 00000 000 00000 1110011
imen110] 1 000 ] 0010011 _| 1addi e ml 001 ] 1110011
inmnf11:0) ol 010 ™ 0010011 | Isls ar nl 010 i 1110011
imm{11.0] sl o1l d 0010011 Islou s sl o1l d 1110011
imm[11:0] sl 100 d 0010011 Ixen =" omm 101 d 1110011
imm[11.0] nl 110 rd 0010011 |Tor o amm 110 d 1110011
imm[11:0] sl 111 rd 0010011 | Iandi o dmm 111 d 1110011

1ebreak
Tesrrw
Tesms
Tesme
Tesmwi
Tessmsi.
Tesma
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|b rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][7:0])
F i he# (Load Byte). T-type, RV32T and RV641.
UL x[rs 1] + sign-extend(offser) L ~A~F25, ZRFF S0 e )5 5N x[rd]

31 2019 1514 1211 76 0

| offset[11:0] | st | 000 | 0000011

|bU rd, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][7:0]
FFFHm# (Load Byte, Unsigned). I-type, RV32I and RV641.
MHBHE %[5 1] + sign-extend(offset) S —A~ 74, LR IF SN x[rd].

31 2019 1514 1211 76 0

\ offset[11:0] st | 100 | x| oooooll

81



2.9 Af3ZH

Ih rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][15:0])
¥ FA0#, (Load Halfivord). I-type, RV32I and RV641.
MM x[rs1] + sign-extend(offser) P41, 8107 S A e )55 N x[rd].

31 2019 15 14 12 11 76 0

\ offset[11:0] | st | oot | | ooo0o1r |

IhU rd, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][15:0]
5 ¥ FHH (Load Halfword, Unsigned). I-type. RV32I and RV641.
MBI x[r57] + sign-extend(offsety SR AT, L2 FY RIS SN x[rd].

31 2019 15 14 12 11 76 0

| offset[11:0] | st [ 101 [ [ ooo00011
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B RV32IsEAIRIWIIRIAgIwuIES

|W rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][31:0])
Fhe#, (Load Word). T-type, RV32I and RV64L

MHbEE x[rs1] + sign-extend(offsery B P74, SN x[rd]. AT T RV64L, 25 YLEIET
(RN

JEZE KX elwsp rd, offset; c.lw rd, offset(rs1)

=N
7

F

31 2019 1514 1211 76 0
| offset[11:0] | sl | o0 | 0000011
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sb rs2, offset(rs1) M[x[rs1] 4 sext(offset) = x[rs2][7: 0]
3 7 (Store Byte). S-type. RV32I and RV641.
B x[rs 2] AL =05 A F AW AR LE x[rs ] +sign-extend(offset) .

31 2524 2019 1514 1211 76 0

| offset[11:5] | w2 | w1 | 000 | offsetf4:0] | ol00011 |

Sh rs2, offset(rs1) M[x[rs1] + sext(offset) = x[rs2][15: 0]
#E 5 (Store Halfvord). S-type. RV32I and RV64L
K x[rs2]AIREE 2 AP AE NN ATHIEE x[rs 1 +sign-extend(offser) »

31 2524 2019 1514 1211 76 0

| offsef[11:5] | w2 | sl | 001 | offet[4:0] | 0100011 |
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B RV32I89ipFEXIES
B IEFD. ¥F. F: ST E
B b rd, offset(rs1)
m |h rd, offset(rs1)
m lw rd, offset(rs1)
B IEFD. ¥F. F: BT E
H |bu rd, offset(rs1)
® |hu rd, offset(rs1)
B 7FEFT. FF. = Store rightmost 8/16/32 bits
B sb rs2, offset(rs1)
B sh rs2, offset(rs1)
B sw rs2, offset(rs1)
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B RV32IKi$ERIESICR
12 B~ /_/c
31 2524 2019 1514 nu 76
imm(31:12) d 0110111 Uk 31 2524 018 154 121 76 ]
immf31:12) d 0010111 U suipc 0000000 shamt sl 001 d 0010011 | Tslli
Amm{20010:1]11/19:12] rd 1101111 Tjal 0000000 chamr sl 101 d 0010011 Tarli
imm{11:0] sl 000 rd 1100111 | Tjalr 0100000 shamr 51 101 1d 0010011 | Tsrai
m;m[l!\lb.ﬁ] n2 nl 000 iu;m[-i.l 11 1100011 [Bbeq 0000000 n2 sl 000 14 0110011 | Radd
mm(12/10:5) e 13l 001 - 1100011 Bhae 0100000 12 sl 00 d 0110011 Rsub
mm:[ll\lnci] 2 sl 100 | 1100011 Bhblt 0000000 2 sl 001 d 0110011 Rsll
E‘ 12[10:5) nd sl 101 E&.Ill] 1100011 | Bbge 0000000 n 51 010 d 0110011 | Rsht
g{mw.sl n2 il 110 lmi[-i:l 11) 1100011 | B bim 0000000 n2 sl 011 14 0110011 | Relm
mm(12/10:5) 2 15l 111 imm[4:111) 1100011 Bbgeu 0000000 =2 sl 100 d 0110011 Rxor
imm(11:0] sl 000 d 0000011 I 0000000 2 sl 101 d 0110011 Rul
EI 1:0] il 001 d 0000011 Ik 0100000 n2 51 101 d 0110011 R
imm{11:0] nl 010 d 0000011 Ilw 0000000 2 sl 110 d 0110011 | Ror
imm(11:0] sl 100 d 0000011 Iu 0000000 =2 sl 111 d 0110011 Rand
imm(11:0] sl 101 d 0000011 Ilu 0000 pred SUCC 00000 000 00000 0001111 |AI fence
Eli 5] n2 il 000 E-iol 0100011 Ssb 0000 0000 0000 00000 001 00000 0001111 1 fencet
immf11:5] nd sl 001 imm{40) 0100011 Ssh 00000 00 00000 1110011 |1 ecall
n? sl 010 imm{4:0) 0100011 Ssw 00000 000 00000 1110011 |1 ebreak
Euo} il 000 1d 0010011 | Taddi [<'4 sl 001 1 1110011 I csmmw
:ﬂ[ll 0] nl 010 d 0010011 Idd st sl 010 1 1110011 1 csrrs
imm(11:0] sl 011 d 0010011 1sltin st sl 011 d 1110011 T csre.
imm[11:0] sl 100 rd 0010011 Ixori osr Zmm 101 d 1110011 |1 csrrai.
Mlln} nl 110 d 0010011 |Ten o1 Zimm 110 14 1110011 T essrrsi
imm{11:0] 1l 111 d 0010011 | Tandi cg 212 111 1d 1110011 I cemrct
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B FRIEBFHEIIRE
m printf( “Hello World \n" );
B FHESRIGE
B FRBENE—MIBERE, BTFERF;ZRHFERE
B B FRERKENTE
B B—MEHFR AR BRER
m FERAASCIHEAONFRFSZERR, null

X

X

\/
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m R, FREENER
void strcpy (char x[], char y[]){
size ti;
i=0;
while ((x[i] = y[i]) = "\O" ) /* copy & test byte */

i+=1;
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m RISC-V;[4R{iB

strcpy:

L1:

L2:

addi
sd
add
add
Tbu
add
sb
beq
addi
jal
1d
addi
jalr

SpaSP,‘B
x19,0(sp)
x19,x0,x0
x5,x19,x10
X6,0(x5)
x7,x19,x10
X6,0(x7)
x6,x0,L2
x19,x19,1
x0,L1
x19,0(sp)
sp,sp,8
x0,0(x1)

// adjust stack for 1 doubleword

// push x19
// i=0
// x5
// x6 = y[i]

/] X7 addr of x[il]

// x[i] = y[il

// if y[i] == 0 then exit
//1=1+1

// next iteration of Toop

// restore saved x19

// pop 1 doubleword from stack
// and return

addr of y[il]
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. Which of the following statements about characters and strings in C and Check
Java is true? Yourself
1. Astringin C takes about half the memory as the same string in Java.

2. Strings are just an informal name for single-dimension arrays of
characters in C and Java.

3. Stringsin C and Java use null (0) to mark the end of a string.
4. Operations on strings, like length, are faster in C than in Java.
II. Which type of variable that can contain 1,000,000,000 en takes the most
memory space?
1. Tong long intinC
2. stringinC
3. stringin]Java
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2.10 ¥ AK3ZBPEIRY SRt F1S L

B NIRFFRFEA—32bithIEEE?

W load. store(g$

B addi + slliigdHEES

3l 2524 2018 121 76 ]
imm{31:17) d 0110111 | Ulai 31 2524 2018 1514 1211 76 0
immf31:12) 1d 0010111 _| U suipc 0000000 shamt sl 001 rd 0010011 ik
mm20110:111/19:12 d 101111 frja 0000000 shamt sl 101 d 0010011 | Tati
imm(110] nl 000 d 1100111 J1jalr 0100000 aamt sl 101 1d 0010011 JIsmai
[ 1210.5) n2 nl 000 immf4:111) 1100011 JBbeq 0000000 2 sl 000 1d 0110011 JRadd
mm[12/10:5) 2 sl 001 imef4:111) | 1100011 |Bbae 0100000 2 sl 000 d 0110011 | R sub
Em[12110:5) 2 5l 100 | mm#101) | 1100011 |Bbk 0000000 2 1l 001 d o101l |Rsu
Enm[12110:5) nd nl 101 mmf4:111) 1100011 | Bbge 0000000 nl sl 010 d 0110011 JRslt
il 12110:5) nl 1l 110 immf4:111) 1100011 | Bbim 0000000 2 sl o1 d 0110011 | Rl
imm(12]10°5) =2 sl 1 imm{4111) | 1100011 | Bbgen 0000000 =2 sl 100 d 0110011 | ® xor
imm(11:0] 1 000 d 0000011 J116 0000000 ) sl 101 d 0110011 | Rl
immal11.0] l 201 d 0000011 JIlb 0100000 m sl 01 i 010011 JRs
imaaf110] sl o010 d 0000011 f1iw 0000000 sl sl 110 d 0110011 JRor
imm{11-0] sl 100 d 0000011 | ITbu 0000000 ) sl 111 d 0110011 | R and
imna[11:0] nl 10 d 0000011 f1lbu 0000 I pred s|ee 00000 000 00000 0001111 | Tfence
mam(l1:5] n nl 000 immf4-0] 0100011 fSsb 0000 0000 0000 00000 001 00000 0001111 | Ifences
imm{11:5) n2 sl 001 imm{4:0) 0100011 |5sh 000000000000 00000 00 00000 1110011 | Tecall
imm{11:5] 2 sl o1 immi4-0) 0100011 |5 sw 000000000000 00000 000 00000 1110011 | Iebreak
imm{11.0] sl 000 d 0010011 fladdi (34 sl 001 1d 1110011 | Iesmrw
imm(11:0) nl 010 d 0010011 |1l <4 sl 010 4 1110011 | Tesms
imm(11:0) sl ou d 0010011 | Islen st 5l oLl d 1110011 | Iesme
imm[11:0] 51 100 d 0010011 | Txeri st zimm 101 d 1110011 | Tesmrwi
imm11:0] nl 110 d 0010011 JTen ar Zimwm 110 1 1110011 | Tessrrs
imm{110] sl 111 i 0010011 | Taadi <73 ey il id 1110011 | Icsmai
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B RIS R AYES T ERE 2bitaYSZBIEN

HEERNIPC

B JALIBSEI4RL20bitazEER, B

W pc += sext(offset)

3l 2524 019

imm(3112) d ool | Ui 31 2524 2019 1518 121 76
imm{31:12) d 0010111 | U amipc 0000000 shamt sl 001 rd 0010011
nm{20/10:11119:17] d 1101111_|7jal 0000000 shami 1l 101 d 06010011
imm{11:0] sl 000 1100111 T jalr 0100000 shamt sl 101 d 0010011
fnm{1210:5) n2 ol 000 1100011 [Bbeg 0000000 n2 nl 000 d 0110011
imem{12(10:5) n? 1 001 1100011 | B bae 0100000 2 1 000 rd 0110011
imem{12[10:5) n? sl 100 1100011 _|Bbir 0000000 2 sl 001 rd 0110011
Eam(12110:5) nd sl 101 mml4:111] 1100011 | Bbge 0000000 w2 5l 010 ) 0110011
imem{12(10:5) n? sl 10 | mm{s111) | 1100011 |Bbin 0000000 2 sl o1 ) 0110011
imm[12]10:5) 2 sl 111 imm{4:1[11] 1100011 | B bgeu 0000000 2 sl 100 d 0110011
imm(11:0] rsl 000 d 0000011 I 0000000 2 sl 101 rd 0110011
imm{11:0) il 001 ™ 0000011 |1in 0100000 2 nl 101 rd 0110011
imm(11:0] 1 010 P 0000011 [ 11w 0000000 2 nl 110 ) 0110011
mm(11:0] sl 100 d 0000011 |11 0000000 2 1l 111 d 0110011
dmml11:0] sl 101 d 0000011 | Iibu 0000 | pred e 00000 il 00000 0001111
smm11:5] ol sl o0 immal4.0) 0100011 Sk 0000 | 0000 0000 00000 201 00000 0001111
imm{11:5) 52 sl 001 imm{4:0) 0100011 |Ssh 000000000000 00000 00 00000 1110011
imm{11:5] 52 sl 010 imm[4:0) 0100011 |5 sw 000000000000 00000 000 00000 1110011
immi11:0) sl 000 ™ 0010011 | raddi cor nl 001 ra 1110011
imm(11:0] sl 010 ™ oo10011 | 1sta csr nl 010 ra 1110011
mm(11:0] sl o1l d 0010011 | 1sltn csr 1l o1 rd 1110011
imm(11:0] sl 100 d 0010011 | Ixori er zimm 101 rd 1110011
izmm{11:0) ml 110 d 0010011 JIon <14 mm 110 4 1110011
imm(11:0) sl 111 d 0010011 | Iandi (<3 amm 111 1d 1110011

Radd



2.10 X AIZENEIAIdRILFN Sk

m LUIKES, load upper immediate, BX:ZBPES L

|Ui rd, immediate x[rd] = sext(immediate[31:12] << 12)
Az EBP A (Load Upper Inmediate). U-type. RV32I and RV641.

FEFF S AR 20 07 RVEL immediare 1o 12 61, JREHIC 12 B0 %, SN x[d] .
FE4A X cluird, imm

31 1211 76 0
| immediate[31:12] |« | ouomn |

W lui x19, 976 // 0x003DO0 [ 0000 0000 0011 1101 0000 | 0000 0000 0000 |

m addi x19,x19,1280 //0x500  [0000 0000 0011 1101 0000 0101 0000 0000 |
B addiliESFER/ST R, B ZAIEMbit1 1R ER S
B XFFbit1 191893 ZB &R, FEEEFASAANERT

m |i x19, 0x003D0500
B (51E<Q, LiRsasiEizig SRk DIARMFZELACRIES
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B RIS
® bne x10, x11, 2000 #2000 (+##/) = 0111 1101 0000
BiZiIESH, 12bitAIZRPEERAFIARESR
B HEBEIRITEIAEN, BEREINER
B SHEEEl: PC-4096 ~ PC+4094({8Zidtbil)
B Q: FRIEbneiE SEX B H LIRESHI7 A HIEE
bne rs1, rs2, offset if (rs1 # rs2) pc += sext(offset)

T A58 9 X (Branch if Not Equal). B-type, RV32I and RV641.
A Ean x[rsl )T x[rs2[FMETHESE, 18 pe RIE RS EHEN LR M B REZ

offset .

JE 455 K. c.bnez rsl, offset
31 2524 2019 1514 1211 76 0
| offeet[12]10:5] | w2 | wsl | 001 |offsef4:111] | 1100011
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D HRIS L2

m JAL x0, 2000 #2000 (—+i##/=0000 00000111 1101 0000)

BiZIESH, 20bitsZBIECRARFRIVESRT T

m SHEE: PC + 220
B Q: FRiEaESEINEH _ LIAfe a7 ABEIE
Jal rd, offset x[rd] = pc+4; pc += sext(offset)
BeAs I E4E (Jump and Link). I-type, RV32I and RV64L
BT —F18 4 it pe+4), R EIE pe W E AHBFEM L/ 6 R offser.rd Bl A x1.
R4 X: c.joffset; c.jal offset

31 12 11 76 0
| offset[20]10:1]11]19:12] | | womr |
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m PCHEXGSHE

B —FSUEST, HEAPCRIESHRIEEZH

meg: B-type. J-type

W B-type: &40z, +2"1MNFT5, +4KByte

W )-type: TLHRHEDZ, +22090FT5, +1MByte
B KIEEBEE

mi7R: JE/REER

BB EANE SIS

W |ui: load address[31:12] to temp register

W jalr: add address[11:0] and jump to target

lui x19, 976
jalr x0, 1280(x19)
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Showing Branch Offset in Machine Language

The while loop on page 94 was compiled into this RISC-V assembler code:

Loop:s11
add
1d
bne
add
beq

Exit:

i x10, x22,

3

x10, x10, x25
x9, 0(x10)

x9, x24,
i x22, x22,
x0, x0,

Exit

1

Loop

Temp reg x10 = i * 8
address of saveli]
Temp reg x9 = save[i]
go to Exit if savel[i]

x10 =

i=1+1
go to Loop

=k

If we assume we place the loop starting at location 80000 in memory, what is
the RISC-V machine code for this loop?

Address Instruction

80000 0000000 00011 |10110 |001 |01010 |0010011
80004 0000000 11001 {01010 |000 |01010 |0110011
80008 0000000 00000 |01010 |011 |01001 |0000011
80012 0000000 11000 |01001 | 001 |01100 1100011
80016 0000000 00001 |10110 | 000 |10110 |0010011
80020 1111111 00000 | 00000 | 000 |01101 1100011
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Branching Far Away
Given a branch on register x10 being equal to zero,

beq x10, x0, L1

replace it by a pair of instructions that offers a much greater branching distance.

These instructions replace the short-address conditional branch:

bne x10, x0, L2
jal x0, L1

L2:
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B RISC-VSHHE={E 4

1. Immediate addressing

|immediate| rs1 |funct3| rd | op |

2. Register addressing

|funct7| rs2 | rs1 |func13| rd | op | Registers

Register

3. Base addressing

|immediate| rs1 |func13| rd | op | Memory

’ Register ‘ [Byte | Halfword Word Doubleword

4. PC-relative addressing

| imm |r32 | rs1 |funct3|imm| op | Memory

I
| PJ— Word
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3 bits

Comments

R-type funct7 | rs2 rsi funct3 rd opcode Arithmetic instruction format
I-type i diate[11:0] rs1 funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rs1 funct3 | immed[4:0] opcode Stores

SB-type immed[12,10:5] rs2 rs1 funct3 |immed[4:1,11] opcode Conditional branch format
UJ-type immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format
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B A3

Decoding Machine Code

What is the assembly language statement corresponding to this machine
instruction?

00578833,
The first step is converting hexadecimal to binary:
0000 0000 0101 0111 1000 1000 0011 0011

To know how to interpret the bits, we need to determine the instruction
format, and to do that we first need to determine the opcode. The opcode is
the rightmost 7 bits, or 0110011. Searching Figure 2.20 for this value, we see
that the opcode corresponds to the R-type arithmetic instructions. Thus, we
can parse the binary format into fields listed in Figure 2.21:

I funct? [ s2 [ st | functs | | opeode |
0000000 00101 01111 000 10000 0110011

ENETIED

add 0110011 000

sub 0110011 000

s1l 0110011 001

xor 0110011 100
Riype srl 0110011 101

sra 0110011 101

or 0110011 110

and 0110011 111

Ir.d 0110011 011

sc.d 0110011 011

b 0000011 000

Th 0000011 001 2.

Tw 0000011 010 n.a.

1d 0000011 011 na.

Tbu 0000011 100 na.

Thu 0000011 101 na.
1ype Twu 0000011 110 na.

addi 0010011 000 na.

ST 0010011 001 000000

xori 0010011 100 na.

srii 0010011 101 000000

srai 0010011 101 010000

ori 0010011 110 na.

andi 0010011 111 na.

jalr 1100111 000 na.

sb 0100011 000 na.
Stpe sh 0100011 001 na.

s 0100011 010 na.

sd 0100011 111 n.a.

beq 1100111 n.a.

bne 1100111 na.
SBiype blt 1100111 na.

boe 1100111 na.

bltu 1100111 na.

baeu 1100111 na.
Utype Tui 0110111 na.
Ultype ial 1101111 na.
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I. What is the range of byte addresses for conditional branches in RISC-V Check
(K= 1024)? Yourself

IL

1.
2.
3.
4.

Addresses between 0 and 4K — 1
Addresses between 0 and 8K — 1
Addresses up to about 2K before the branch to about 2K after
Addresses up to about 4K before the branch to about 4K after

What is the range of byte addresses for the jump-and-link instruction in
RISC-V (M = 1024K)?

Ll

Addresses between 0 and 512K — 1

Addresses between 0 and IM — 1

Addresses up to about 512K before the branch to about 512K after
Addresses up to about 1M before the branch to about 1M after
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2.11 BSEHITE: B

B ¥{ES%: datarace
B NREER MM RENEENFEEARE—ME, Z208—EE
, EUESEHEL, BRAIXPRIEELIAR T ST
W RRDE: BNt (lock) FOfEEL (unlock) FEIZEEIECIEZRBEN
QMEER (EHTE) FTLARMERIXYS, (tFRERKX)
W EEE E, B R FAHRRIERCI
m RISC-ViBXigS

. again:1r.d x10, (x20) // load-reserved
l{%Eﬁ}]ﬂﬁzﬂﬂ?}Eé\ Ird sc.d x11, x23, (x20) // store-conditional

. bne x11, x0, again // branch if store fails
.%{#ﬁﬁ%xﬂ?;g%‘\ SC,d addi x23, x10, 0 // put loaded value in x23

m 7£Ir.dfflsc.dig S HEIMAR B SRt

addi x12, x0, 1 // copy Tlocked value

again: 1r.d x10, (x20) // load-reserved to read lock
bne x10, x0, again // check if it is 0 yet
sc.d x11, x12, (x20) // attempt to store new value
bne x11, x0, again // branch if store fails

We release the lock just using a regular store to write O into the location:

103

sd x0, 0(x20) // free lock by writing 0



2.11 BSEHITE: B

Check When do you use primitives like load-reserved and store-conditional?

Yourself 1. When cooperating threads of a parallel program need to synchronize to get
proper behavior for reading and writing shared data.

2. When cooperating processes on a uniprocessor need to synchronize for
reading and writing shared data.
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2.12 BRFHRIIER

Many compilers produce

Compiler ‘ B .

L object modules directly

| Assembly language program |

:.':_.._P;ss;amblér_-___'_\.

| Object: Machine language module | | Object: Library routine (machine language) |

<
Linker ) o

N Static linking

| Executable: Machine language program ‘

hY

( Loader
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2.12 BRFHRIIER

e
B SCGESRIRNCRES
BCRES: — MR N RS ESHINSIES
B SRES VS ILRES
m (HSfTHED
B R E
W AT SR
B ARBEtES
m YRR
G TRESIEFERANRESRER (BiR34, object file)
m B LA 2 SHIB MR A—niE<
B (iES: BEHARELMXLIES, ERNESTLAIBEFENNRE
11 x9, 123 —— addi x9, x0, 123

mv x10, x11 ——— addi x10, x11, 0
and x9, x10, 15 — andi x9, x10, 15
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B UNIXRZHIEIR B SR 261580
m EHRSZ4k
m (XEEER
m B SEURRR
m SRS
m FFS%
m EEER
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2.12 BRFHRIIER

W GHERR
B EFRHTOEENEH TENENRERE T TRIRRE
B RSRIFA RS NI
B HHERRIS S MR EMERGH
mEN: hEERER, B— 1 RAER, SIRLRIOESER
ALk, FHETATERENAIRE, REEMATHRITXH
m HESRAITFER
BB EIR R IR T SAFIERARE
W REHIEAFE SR ERIHEIE
m (ZIERERFISMEBS | A
W AR
m —fEEBR S IIIRERER, AR EARETISIA
m JLEESFFSRMFNER, ABNTRTXHREEXEER, FJLL
BERTIIEGENEEMER
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m IR B RIEE
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2.12 BRFHRIIER

W NZEs

B E—NRREF, BEEERE FNEMEFREIRERLUEEIT
B NI TIE

WAV HATIEER,  LABRE S AN ERFIEEERATA /N

W Y IESCGRIEGE B B S5 AU ZS A)

WA T R S TSGR ERIZIRE S

BERRFNSH (NRE) SHEEIR

B IR IERR SRR, FHSHRIEHE RS — P =RAE

m BELEIEGIE, BEUERZISHESFRT, FRBEFNEMRE.

LEGIBRER, EafEETexitRABERLELER
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B ESHERERILR
mRER, ZER
B EHSHER RIS
m EGFERL AR HITRIBI—ES, AFITFEHR. AR
B SINEEFREINFREENREGRE, Eltas bSBRAZTE
meg: linux&E%e, RISC-ViRAECEA/NA1.5MB
B ISHHEE, dynamically linked libraries, DLL
BEN: ERTHREE R IRE PRI E IR
B EREF B EREM
W B RERS RS | SRRV R G K
B EEREGETAYEEhR A
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2.12 BhEHRBHER

Indirection table

Stub: Loads routine ID,
Jump to linker/loader

Linker/loader code

Dynamically
mapped code

Text

JAL

LD
JALR

Data

Hjiic

LA D

T
[Tex |

+| Dynamic linker/loader
Remap DLL routine

JAL
J
L Data/Text E
DLL routine - DLL routine
JALR IIl JALR

(a) First call to DLL routine

(b) Subsequent calls to DLL routine
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B SEJAVARRF

W sunAEHFRI— TERRREES

n RRREN BRI SN RES

n THRRERS TR JAVATHI
B JAVAZ 1D

n ARERIAVARRSTRIHOE S RERMNES
m JAVARERIFL: JVM

m EREIAVASISBHIER:

mJIT: BDESYmiEss
m EIETRTS EREE AT Comple

HE&%‘%%%EE$RJ:E"J$R%§1§%_ ‘ Class files (Java bytecodes) ‘ | Java library routines (machine language)

mln '_I'ime Java Virtual Machine
compiler

‘ Compiled Java methods (machine language) ‘
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Which of the advantages of an interpreter over a translator was the most important Check
for the designers of Java? Yourself

1. Ease of writing an interpreter
2. Better error messages

3. Smaller object code
4

Machine independence
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2.13 LACHEFRIERR AR C S &2 18

mC-oO>LE
M_zO NEIN=—PAX = =S id (1 1 int v[1, size_t k)
.?STIF.%_EPEG%%ﬁEE'%ﬁ%% \;OW swap ong ong 1n v s1ze
B SR R RS lora long int tenp;
YNy A et oTk] = vIkTs
B swapidig [ Vb e

m S, kfERx10, x11{RF

B T Etemp{FEAXSRTF
swap:

B Ev[K]AIHEIEEAXG s119 x6, x11, 3 // reg x6 = k * 8

w dd  x6, x10, x6 // 6=v+ (kK*8)
w5 VK] AIEHEFAXS o xs 006y 11 :23 X8 <t¢vamp> = VK]
sl |

S T ALK d 5, 8(x6)  // vik+l] - 5 (temp)

.)ITJX7E’J§SHET?)\V[I(] §a1r >x<0. O(il) !/ \;eturn toringing fgﬁtine
B EXSAUEHEFEAVIk+1]
mX[A]
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2.13 LACHEFIEF ABIRYC S B2IE

B sortidig

oid sort (long long int v[], size_t int n)
{

size_t i, j;

i+=1) {
J>=0 & v[jl > vlj +11:j -

Saving registers

=1)

sort:

addi sp, sp, -40
sd x1, 32(sp)
sd x22, 24(sp)
sd x21, 16(sp)
sd x20, 8(sp)
sd x19, 0(sp)

# make room on stack for 5 registers
# save return address on stack

# save x22 on stack

# save x21 on stack

# save x20 on stack

# save x19 on stack

and call

jal x1, swap

Procedure body

mv x21, x10 # copy parameter x10 into x21
Move parameters mv x22, x11 # copy parameter x11 into x22

11 x19, 0 #i-0
Outer loop forltst:bge x19, x22, exitl # go to exitl if i >=n

addi x20, x19, -1 #i-i-1

for2tst:b1t x20, x0, exit2 # go to exitz if j <0

s111 x5, x20, 3 #x5=3*8
Inner loop add x5, x21, x5 #x5=v+(j*8)

1d x6, 0(x5) # x6 = v[j]

1d x7, 8(x5) #x7 =v[j+ 1]

ble x6, x7, exit2 # go to exit2 if x6 < x7

mv x10, x21 # first swap parameter is v
Pass parameters mv x11, x20 # second swap parameter is j

# call swap

Inner loop addi x20, x20, -1 j for2tst
j for2tst # go to for2tst
Outer loop exit2: addi x19, x19, 1 Fi-1
j forltst # go to forltst 116




2.13 LACHEFRIERR AR C S &2 18

[} SOrtﬁ*EnE \(low'd sort (long long int v[], size_t int n)
N ize_t i, J;
B )\ FRIEE For T 2T0) 4 <ms i 4= 1)
, for (3 =1 - 15 J>=08& v[jl > vlj+11;j =1 |
m forfEINRFT y SRt
m SFEEA !

myvinx10, ninx11,iin x19,jin x20
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sort: addi sp, sp., -40 # make room on stack for 5 registers
sd x1, 32(sp) # save return address on stack
sd x22, 24(sp) # save x22 on stack
sd x21, 16(sp) # save x21 on stack
sd x20, 8(sp) # save x20 on stack
sd x19, 0(sp) # save x19 on stack
mv x21, x10 # copy parameter x10 into x21
Move parameters mv x22, x11 # copy parameter x11 into x22
1i x19, 0 #i=0
Outer loop forltst:bge x19, x22, exitl # go to exitl if i >=n
addi x20, x19, -1 #i=1-1
for2tst:blt x20, x0, exit2 # go to exitz if j <0
s111 x5, x20, 3 #x5=3*8
Inner loop add x5, x21, x5 #Fx5=v+(j*8)
1d x6, 0(x5) # x6 = v[j]
1d x7, 8(x5) #x7 =v[j + 11
ble x6, x7, exit2 # go to exit2 if x6 < x7
mv x10, x21 # first swap parameter is v
Pass parameters mv x11, x20 # second swap parameter is j
and call jal x1, swap # call swap
Inner loop addi x20, x20, -1 J for2tst
j for2tst # go to for2tst
Outer loop exit2: addi x19, x19, 1 #i+=1
j forltst # go to forltst
exitl: 1d x19, 0(sp) # restore x19 from stack
1d x20, 8(sp) # restore x20 from stack
1d x21, 16(sp) # restore x21 from stack
1d x22, 24(sp) # restore x22 from stack
1d x1, 32(sp) # restore return address from stack
addi sp, sp, 40 # restore stack pointer
‘ jalr x0, 0(x1) # return to calling routine ‘ 118
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2.13 LICHIFIZR A6 C S 2218

‘ Compiled with gcc for Pentium 4 under Linux ‘

3 —| O Relative Performance I— 140000 —| O Instruction count I—

25 120000

2 100000

80000 -
15
60000 -

1 40000 - —
0.5 — 20000 — —

0 T T . 0 . . .

none o1 02 o3 none o1 02 03

180000 ——|  OClockCycles  |—— 2 _| T cPI |—
160000 —
140000 — 15
120000 +—
100000 +— 1] ||
80000 —

60000 —

40000 +— 0.5 1 1
20000 {—

0 T T T o . . .
none o1 02 03 none o1 02 o3
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2.13 LACHEFRERABIRICE

1

25

o Bubbl
!

t Relative Performance li

15

0.5

7]

—

C/none

c/o1

c/02

c/o3

Java/int

4| O Quicksort Relative Performance |7

Java/IIT

[

C/none

c/o1

c/02

c/o3

Java/int

Java/IIT

4| O Quicksort vs. Bubbl

[

C/none

c/o1

c/02

c/03

Java/int

Java/JIT
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2.13 LACHEFRIERR AR C S &2 18

B 5 REFICPIER AR IR A M RERYF RIS
B REUI R AR BN SCHI R S8R
m JAVARESZRiERR (JIT) ELIVMERITIRIRS
B SR LRI I CHURBRIERE
B BENEETAHE
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2.13 LACHEFRIERR AR C S &2 18

B 5 REFICPIER AR IR A M RERYF RIS
B REUI R AR BN SCHI R S8R
m JAVARESZRiERR (JIT) ELIVMERITIRIRS
B SR LRI I CHURBRIERE
B BENEETAHE
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2.14 BB SHEs

B HEAES|
m 35 RSFRATEAN
m N SRt

B fSH RN TR
m LB ERS IS SE
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2.14 A5 Es

mRfl: B EEEEEREE

clearl(int array[], int size) {

clear2(int *array, int size) {

int 1; int *p;
for (1 = 0; 1 < size; i +=1) for (p = &array[0]; p < &array[sizel;
array[i] = 0; p=p+ 1)
= 0;
}
14 x5,0 //i=0 mv x5,x10 // p = address
Toopl: // of array[0]
s11i x6,x5,3 // x6 =1 * 8 s11i x6,x11,3 // x6 = size * 8
add x7,x10,x6 // x7 = address add x7,x10,x6 // x7 = address
// of array[i] // of array[size]
sd x0,0(x7) // array[i] = Toop2:
addi x5,x5,1 //1=1+1 sd x0,0(x5) // Memory[p] =
b1t x5,x11,loopl // if (i<size) addi x5,x5,8 // p=p+ 8
// go to loopl bT1tu x5,x7,Toop2
// if (p<&array[size])
// go to loop2
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2.14 #ESET

B HESIEFRILLR
B HERAERRAYIES "’ 1 "0 #84F, LatEitet
B AR AE K shiftiR B BN
miZEm
mRIETTEAR TR iR
u SEHHEN, B2t
B RIRES AT LA EAT 4 S8R AT AR
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2.14 #ESET

B HESIEFRILLR
B HERAERRAYIES "’ 1 "0 #84F, LatEitet
B AR AE K shiftiR B BN
miZEm
mRIETTEAR TR iR
u SEHHEN, B2t
B RIRES AT LA EAT 4 S8R AT AR
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2.15 MECESHEEREIAVAIES

m g
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2.16 3£fl: MIPS;

S /N

1= k=4

Register-register

3 25 24 20 19 1514 12 11 0
RISC-V | funct7(7) | rs2(5) | rs1(5) | funct3(3) | opcode(7) |

3 26 25 21 20 16 15 0
MIPS \ Op(6) \ Rs1(5) | Rs2(5) | Rd(5) Opx(6) |
Load

31 20 19 1514 12 11 0
RISC-V | immediate(12) \ s1(5) | funct3(3) | opcode(7) |

31 26 25 21 20 16 15 0
MIPS \ Op(6) [ Rs1(5) | Rs2(5) | |
Store

31 25 24 20 19 1514 12 11 0
RISC-V | immediate(7) \ rs2(5) | rs1(5) | funct3(3) | immediate(5) | opcode(7) |

3 26 25 21 20 16 15 0
MIPS \ Op(6) | Rs15) |  Rs25) | |
Branch

31 25 24 20 19 1514 12 11 0
RISCV | immediate(7) \ rs2(5) \ rs1(5) [funct3(3) | immediate(5) | opcode(7) |

31 26 25 21 20 16 15 0
MIPS \ 0Op(6) | Rs1(5 | OpxRs2(5) | |
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2.16 3cfl: MIPSIES

m RISC-V5MIPSHIHEE]
B FiEESEZE32bit{UEE
B 532MNEAEFR, HregOmEiEL /90
mjEdLoad, Storefg<iHiEREF
BB EINEEFES N SERES
B BEETEIEIAS TN SHES
B ESEANSUEERTREFK
m RISC-V5MIPSHIAE
B RESHAFINMIRMDZ: <, <=, >, >=
B RISC-VIIRH D SHES KLLBRN B 1725
B MIPSHILLEIE S AIG S 788805 &1, RISC-V: blt, bge, bltu, bgeu
B MIPSEYUNFLUBIESTFEB R SHIALRISHRA: slt. sltu

B Then use beq, bne to complete the branch
B SEMIPSIES RFIL AT RISC-VERIESEE (RV321: 47%)
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2.17 =£f5ll: x86:

S AN

H<

m Evolution with backward compatibility
m 8080 (1974): 8-bit microprocessor
B Accumulator, plus 3 index-register pairs
m 8086 (1978): 16-bit extension to 8080
®m Complex instruction set computer(CISC)
m 8087 (1980): floating-point coprocessor
m Adds FP instructions and register stack
B 80286 (1982): 24-bit addresses, MMU
®m Segmented memory mapping and protection
m 80386 (1985): 32-bit extension (now |A-32)
m Additional addressing modes and operations
B Paged memory mapping as well as segments
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2.17 =£f5ll: x86:

chip caches and FPU

B Later versions added MMX (Multi-Media eXtension) instructions

m Further evolution...

m 486 (1989): pipelined, on-
®m Compatible competitors: AMD, Cyri, ...

B Pentium (1993): superscalar, 64-bit datapath
B The infamous FDIV bug

B Pentium Pro (1995), Pentium Il (1997)

B New microarchitecture (see Colwell, The Pentium Chronicles)

B Pentium [l (1999)

m Added SSE (Streaming SIMD Extensions) and associated registers

B Pentium 4 (2001)

B New microarchitecture
B Added SSE2 instructions
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S /N

2.17 3cffll: x86I5S

® And further...
B AMDG64 (2003): extended architecture to 64 bits
B EM64T — Extended Memory 64 Technology (2004)

m AMDG64 adopted by Intel (with refinements)
m Added SSE3 instructions

B Intel Core (2006)
m Added SSE4 instructions, virtual machine support

B AMDG64 (announced 2007): SSE5 instructions
m Intel declined to follow, instead...

B Advanced Vector Extension (announced 2008)
B Longer SSE registers, more instructions

m If Intel did not extend with compatibility, its competitors
would!
B Technical elegance # market success
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2.17 =£f5l: x86:

5¢

B x86HJZF1728
m 3 NERSES
B EARMZEEEPNRE—
MEERENATRIRIEEL, X
BRI
B (HA—RIgSEEREE—
MEESEFiERST

EFLAGS

Name Use
31
EAX GPR 0O

ECX GPR 1
EDX GPR 2

GPR3

GPR 4

GPR5
GPR 6

GPR7

Code segment pointer

Stack segment pointer (top of stack)

Data segment pointer 0
Data segment pointer 1
Data segment pointer 2

Data segment pointer 3

Instruction pointer (PC)

Condition codes

u]
8
I
n
it

133
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2.17 £f5ll: x861§S

B B2R. IZEEIEERIES ITHEREERESE
m 37EDEET L 08bit, 16bit, 32bit
B SEELR14ANTEESFRSE (84°32bit, 6/M6bit) FRIEE—
m HE—ER IR F 5SS - FiEssER

Source/dest operand Second source operand
Register Register
Register Immediate
Register Memory
Memory Register
Memory Immediate
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2.17 5cf§l: x8638S

B x86 32bitSFHHEILCE

Register
Description restrictions RISC-V equivalent

where Scale has the value 0, 1, 2, or 3.

Register indirect Address is in a register. Not ESP or EBP | 1d x10, 0(x11)
Based mode with 8- or 32-bit | Address is contents of base register plus Not ESP 1d x10, 40(x11)
displacement displacement.
Base plus scaled index The address is Base: any GPR | s117 x12, x12, 3
Base + (254 x Index) Index: not ESP | add x11, x11, x12
where Scale has the value 0, 1, 2, or 3. 1d x10, 0(x11)
Base plus scaled index with . Base:any GPR |s11i x12, x12, 3
The address is
8- or 32-bit displacement Scale R’ Index: not ESP | add x11, x11, x12
Base + (2 % Index) + Displacement Td x10, 40(x11)

Memory addressing modes
= Address in register
= Address = R, + displacement

= Address =
= Address = R, +

Rpoee + Jscale Riqex (scale =0, 1, 2, or 3)
2scale X R, ... + displacement
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2.17 =£f5l: x86:

B ESRKEARS—

B —MEEEL 1byte~15byte
B ERFLIEETUEI

B FISRFTISEORE

mREKE. EE. #iE

a. JE EIP + displacement
8

Displacement

Offset

6 11 8

Displacement

je name if equal(condition code) {EIP=name}; MOV |d tim
EIP-128 <=name < EIP+128 ‘ ‘ M Postoyte ‘

Jjmp name EIP=name d. PUSH EsI

call name SP=SP-4; M[SPI=EIP+5; EIP=name; 53

movw EBX, [EDI+45] |EBX=M[EDI+45]

[ [

EDI=EDI+4; ESI=ESI+4

push EST SP=SP-4; M[SP]=ESI . ADD EAX, #6765
pop EDI EDI=M[SP]; SP=SP+4 4 81 32
‘ ADD |Reg|w‘ Immediate
add EAX, #6765 EAX=EAX+6765
test EDX,fH42 Set condition code (flags) with EDX and 42 £ TEST EDX, #42
movs1 MLEDIJ=M[ESI]; LA 8 2

‘ TEST |w‘ Postbyte ‘

Immediate
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S /N

2.17 3cffll: x86I5S

B SZRIESEFTINTEREME

B R HSIE SR N E B BRAYGURLE
B FHRES: 1-1
SRS -84

B R{LIRISCHIfYS [EE

B AN EEXAEL S AT

m 4EESRISCIEY
B REeRmR s ZniES
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2.18 RISC-V:

BSRAMFIRELS

oo | Name | Fomat | bosciptin

Add upper immediate to PC auipc u Add 20-bit upper immediate to PC; write sum to register
Set if less than sit R Compare registers; write Boolean result to register
Set if less than, unsigned sltu R Compare registers; write Boolean result to register
Set if less than, immediate s1ti | Compare registers; write Boolean result to register
Set if less than immediate, unsigned sitiu | Compare registers; write Boolean result to register
Add word addw R Add 32-bit numbers

Subtract word subw R Subtract 32-bit numbers

Add word immediate addiw | Add constant to 32-bit number

Shift left logical word s1lw R Shift 32-bit number left by register

Shift right logical word sriw R Shift 32-bit number right by register

Shift right arithmetic word sraw R Shift 32-bit number right arithmetically by register
Shift left logical word immedate s11iw | Shift 32-bit number left by immediate

Shift right logical word immediate srliw | Shift 32-bit number right by immediate

Shift right arithmetic word immediate sraiw | Shift 32-bit number right arithmetically by immediate
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2.18 RISC-VIESERAIFIRER S

m RISC-VIESELR $’J“’H§T%19&{UZU
BRV647G: 1843155+ 13K RAIES (BRE)
-gzwr% 5 + I RIKRE

gzw;% £t RV32I/RV64I
BHHGE. BE
lA J?%‘ RE
mF: BEEEYE (B=E)

mD: S(,V#%f;,;ﬁ (B=8)
RISC-V Base and Extensions

NCEEE aaer————m"

| Base architecture

M Integer multiply/divide 13
A Atomic operations 22
F Single-precision floating point 30
D Double-precision floating point 32
C Compressed instructions 36
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2.19 R 56

B BR1 AR B B
m 2R FRRESHEE RS
" B3 ER S SN E R E RIS S R

= e
900

el

: 7
600
500 /ﬁJ
400
- P
100 o=

0+rrrrrrrrr T T T

A0 o SV o> P P P SV o R PPN
O FFFFF P E S F ST LSS

m [ERH . EFTSURITIERT, EER TR IR E A T
m (G2 ERERIENITEI, FEBEtHEEZEE

Number of Instructions
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2.20 FAEE

B FEERTEVRANRE
B IS SHIERSHESEXE
W & ER AR A ee
mZIHEREN
SR
m E/ONERR
B AR EEE LT
B ERLENEE
B R EGROBRR
miRIRE. SCHRee. B
B RISC-VEHARIEEIES LN
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2.20 FAEE

RISC-V Instructions
Add

| s stcions | ame | rome|

add R Shift left logical s11 R
Subtract sub R Shift right logical srl R
Add immediate addi I Shift right arithmetic sra R
Load doubleword 1d I Shift left logical immediate s111 I
Store doubleword sd S Shift right logical immediate srii I
Load word Tw 1 Shift right arithmetic immediate srai I
Load word, unsigned Twu | Branch if equal beg SB
Store word sw s Branch if not equal bne SB
Load halfword 1h 1 Branch if less than b1t SB
Load halfword, unsigned Thu 1 Branch If greater or equal bge SB
Stare halfword sh s Branch If less, unsigned bltu SB
Load byte 1t 1 Branch if greatr/eq, unsigned bageu SB
Load byte, unsigned Thu I Jump and link jal w
Stare byte b 5 Jump and link register jalr I
Load reserved Ir.d R
Store conditional sc.d R
Load upper immediate Tui u
And and R =
Inclusive or or R =
Exclusive or xor R Move my addi
And immediate andi I Load immediate Ti addi
Inclusive or immediate ori | Jump J jal
Exclusive or immediate xori | Load address la lui+addi
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i

m1.3|5

W 2. IEFDRGE

m 3. 3k

m 4 %

W5 Zs8

B 6. FHTMESHENEARN: FFHT

m 7. 5Lf5: x869FHISIMDY BFIERkEEY B
B 8. IIE: FFHITFIREMESERE

m 9. BR5EM

W 10. RE/NEE



3.15|8

W 7E32bithbiEERT, AILARIR2321NEEEY
W TAFSE: 0 ~ 232-1
mERTEE: - 231 ~ 231

B HEHFzanfiRmR?
m QAR NS ESEEY?
m SRIEEFAE T ARTERROM, %A TakE?
 EHIALIRE. RAEE?

m AERE
W SRR
m EARNEX
W RE{HEER



3.2 DNiEFARE

m Rl 7+6=13
mEESINASEAE (HRAS.2)

00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000111,
+ 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000110,

7 ien
6tzr

= 0000000000000000 00000000 00000000 00000000 00000000 00000000 00001101, , = 13,

AN N
(0) \\ (0) \\, (1) \‘-\ (15/\\ (03/\, (Carries)

\
o Lo o |1 1)

o o o |1 11 1 o
L@0 @0 O1 M1 (Mo (0 1
B EERBHFTCERN, SrEEt
B EEE5REMEN, F=iEd
B FNEEHEIN, WMRERFSAA1, NigH

N AN REENN, MEEREAI0, MRE

Operation
Carryln

a0 Carryln
ALUO

Resulto

b0 CarryOut

al s Carryln

b1 ALU1 Result1
CarryOut

a2 —» Carryin

b2 ALU2 Result2
CarryOut

a63. Carryln

ALUG3 Result63



3.2 DNiEFARE

w3 7-6=1
A1 B ERNREERRTTE

00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000111, = 7
~ 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000110, = 6

ten

ten

= 0000000000000000 00000000 00000000 00000000 00000000 00000000 00000001,,; = 1

w52 ATHEAMIkER-6, itH7 + (-6)
00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000111,
+ 1111111111111111111111111111111111111111111111111111111111111010,,

= 00000000 00000000 00000000 000O00000 00000000 0000D0000 00000000 00000001,

Result
Operation Operand A | Operand B indicating overflow

A+B > >

A+B <0 <0 >0
A-B >0 <0 <0
A-B <0 >0 =0




3.2 DNiEFARE

B EGFISEMMRREZEDR8bit, 16bitlIZHE
B (ER64bItIIINERS, FRIPEHASEH TES S E
W SCHI8*8bit, 4*16bit, 2*32bitfIRIERIE
mSIMD: single-instruction, multiple-data

m EANER(E
ST ENEHAT, ERIREARATESRER/INE
meg: WEHERIEH



3.2 DNiEFARE

Some programming languages allow twos complement integer arithmetic on
variables declared byte and half, whereas RISC-V only has integer arithmetic
operations on full words. As we recall from Chapter 2, RISC-V does have data
transfer operations for bytes and halfwords. What RISC-V instructions should be
generated for byte and halfword arithmetic operations?

1. Load with 1b, Th;arithmetic with add, sub, mul, div, usingand to mask
result to 8 or 16 bits after each operation; then store using sb, sh.

2. Load with Tb, Th; arithmetic with add, sub, mul, div; then store using
sb, sh.

Check
Yourself



3.3 3Ri&

m RV32M$g<

B EMTHIERIRVIZM, BENX TEECREREIES, BH8&iES
31 25 24 20 19 15 14 12 11 7 6 0
RV32M 0000001 rs2 rsl 000 rd 0110011 R mul
multiply 0000001 52 rsl 001 rd 0110011 R mulh
0000001 182 sl 010 rd 0110011 R mulhsu
0000001 s2 sl 011 d 0110011 R mulh
multiply high {:;ﬂi;engned} 0000001 isz 11:51 100 ;u 0110011 R:l[;:l/ '
0000001 rs2 sl 101 rd 0110011 R divu
divide X 0000001 182 sl 110 rd 0110011 R rem
{ rema,nde, “S'Q”ed} 0000001 152 51 11 rd OTT00TT | R remu
mR: 8*9 =72 (0x48)
Address Code Basic
Oz 00000000 0x00800293 addr =5, =0, 8 1: 11 +0,8
0x00000004|  0x00900313|addi =6, x0,9 2: 11 1,9
0x00000008| 0x02628533mul x10, x5, x6 3 mul a0, 0, t1




3.3 3Ri&

B ERFSHBERA

N EHSREFITREGEIR N IELIHITITE, REHITHERIT
B RISC-VARJSEE (RV64M)

®mul, 3

mmulh, FEEEEN

B mulhu, ERSFREENEM

®m mulhsu, BFS/EHFERENEM

mul rd, rs1, rs2 x[rd] = x[rs1] x x[rs2]
I (Multiply). R-type, RV32M and RV64M.
IR X[ 2 RBIFEE x[rs]] b, BN x[rd]. BEEEARES.

31 2524 2019 1514 1211 76 0

[ oooooor | w2 [ st [ o0 | x| onoon |

mulhsu v, rs1, rs2 x[rd] = (x[rs1] s X, x[rs2]) >¢ XLEN
BAZA 5~ A5 5 R (Multiply High Signed-Unsigned). R-type, RV32M and RV64M.
TEHFER X2’ BFFRR x[rs1] L, x[rsI]A 2 BIFME, x[s2ATFSE, HRAN &AL
B x[rd]-

31 2524 2019 1514 1211 76 0

| oooo00r | w2 | w1 [ o0 | | ouoonr |




3.3 E/E

W FEREL: multiplicand, SEEEAISE— MRS
B 3EE: multiplier, J/IEAETAIE ZMREIEE
m f3: product, FEEERXAIER

multiplicand \ -—

1000

— Multiplicand
multiplier T. 1001 Shift left

1000 128 bits
0000 1 '
0000 ‘ i
1000 128-bitALU /7 Shift right
—1001000 I 64 bits
Length of product is Product Wiite
the sum of operand -
|engths 128 bits

10



3.3 3Rk

B SRR SN FASCHL, FERTL9200 AT TEEA

m . AN ER (AL

B9, BHEREINEIA L, AEANSFR

m 30, Mpkd

m 2 RIS R o
w3 R R A

-

Multiplicand
Shift left

128 bits
l A
A

128-bit ALU

!

Product

| 128 bits

Write

Multiplier0 = 0

1. Test
Multiplierd
1a. Add multiplicand to product and
place the result in Product register

l

| 2. Shift the Multiplicand register left 1 bit |

—

Multiplier | 3. Shift the Multiplier register right 1 bit |
Shift right

64 bits

No: < 64 repetitions

32nd repetition?

Yes: 64 repetitions

11



3.3 |/E

| ZI_TWUI 2 * 3 (8#&0010 *0011)

Initial values 0014 0000 0010 0000 0000
1 la: 1 = Prod = Prod + Mcand 0011 0000 0010 0000 0010
2: Shift left Multiplicand 0011 0000 0100 0000 0010
3: Shift right Multiplier 0007 0000 0100 0000 0010
2 1a: 1 = Prod = Prod + Mcand 0001 0000 0100 0000 0110
2: Shift left Multiplicand 0001 0000 1000 0000 0110
3: Shift right Multiplier 0000 0000 1000 0000 0110
3 1: 0 = No operation 0000 0000 1000 0000 0110
2: Shift left Multiplicand 0000 0001 0000 0000 0110
3: Shift right Multiplier 0000 0001 0000 0000 0110
4 1: 0 = No operation 0000 0001 0000 0000 0110
2: Shift left Multiplicand 0000 0010 0000 0000 0110
3: Shift right Multiplier 0000 0010 0000 0000 0110

12



3.3 &k

W SRS AR, FBRTZ964- T RITHEER

Y

Multiplicand
64 bits

Y

\/ /
64-bitALU

\ 4 —_—
Product Shift rlg_ht
Write

128 bits

Control
test

A

13



3.3 3Rk

W RESEE, FERTLI6 AT R/ERA
m (EFS MNEES
m i E AR T RN
m FJLUBS R ERAR, FRSTES I TRE

1 bit -

Mplier63 » Mcand Mplier62 « Mcand ~ Mplier61 « Mcand Mplier60 « Mcand

e

L

| l

Mplier3 « Mcand  Mplier2 « Mcand Mplier1 « Mcand Mplier0 « Mcand

I S

~ 1 bit—

64 bits 64 bits

Product127 Product126

Product95..32

64 bits 64 bits
1 bit 1 bit—

Product1 Product0

14



3.4 [Ri%

m #ERE: dividend
m (&% divisor \ o
B & quotient 1000]1001010
B % remainder / —Logo
mfG: 74+-8=9R2 o1
1010
_IRIZEIER -1000
m GERERA0 [ remainder | ——— 10

W 7ERV6AT, TNRRIEEFIINMERIZ 64
m YRR PREED R IESL, ARRAIREBERRIFRA (FTLAA0)
B T ERFSEHIRE

m EFREXIERTITE

B RESEEERIIREAGS

15



3.4 BRi%

Y

1. Subtract the Divisor register from the
Remainder register and place the
result in the Remainder register

Remainder >0 Remainder <0

Test Remainder

Initially divisor

2a. Shift the Quotient register to the left,
setting the new rightmost bit to 1

2b. Restore the original value by adding
the Divisor register to the Remainder
register and placing the sum in the
Remainder register. Also shift the
Quotient register to the left, setting the
new least significant bit to 0

in left half
E—
Divisor
Shift right
128 bits
-
Quotient

128-bit ALU Shift left

64 bits

No: < 65 repetitions

Yes: 65 repetitions

Remainder
Write

128 bits
[Z2e x

Initially dividend

16



3.4 [§i%

B YOHERER
B [ E SRR IALUR 1 2808 J9644
m NS, SANSERAH
B S HE M1 288 1 294

Divisor
64 bits
1 Y
64-bit ALU

b
_ Shift right
Remainder Shift left
Write

| 128 bits

W RERRIE
m TR, M0 SRTRRARA

17



3.5 ZmiEE

RV32 F %*EEI#/\\\*E 7
RV32D: WiEEZFRIES
RISC-ViMIEEE 754- 2008,%“\1‘3/

RV32FDfEEFERIRAY321 FE 7=y
RV32FERFEF=sAIE32(1

Floating-Point Computation Load and Store
add
add Load {ord
£loat <=
s“‘;:'af‘ = {gtore doubleword
multiply
float{ divide {= '“Q'e Conversion
= doubl ingle ~
_‘2”3'9 oot £loat conyert to <=="9 | from _word ”
SO0 ZNZTEZ double i unsigned

maximum float convert to . word {insigned}mm{

smgle}
float Itipl singl .. double
03t { negative ; BUIPIYS J00 tracl double Eloat conyert to . single from _ double

float convert to . double fra}n .single

float move to . single from .x register

Other instructions
£loat move to .x register from . single

float sign injection { Regative { single e}
Comparison exclusive or ) .doubl
egquals

compare £loat { 1ess than
less than or equals)

slngle} float classify |ng\e
double ouble

fo/ fto

fi/ft

f2/ftz

f3/ftz

3/ rty

fs/ fts

16/ ft6

7/ 1t7

18/ fs0

fa/fsL

fio / fao

fu/ fa1

12/ faz

f13/fa3

fig/ fag

115 / fas

16/ fa8

17/ fay

18 / fs2

fg /153

20/ fsq

f21/fs5

f22 /16

23 /157

24 /18

25/ fs9

26/ fsro

f27/ fsu

28/ 1t8

25 / Ttg

f30/ ftao

f31/ ftu

E)

FP Temporary
FP Temporary
FP Temporary
FP Temporary
FP Temporary
FP Temporary
FP Temporary
FP Temporary
FP Saved register
FP Saved register

FP Function argument, refum value

FP Function argument,refum value

‘FP Function argument
FP Function arzament
FP Function argament
FP Function argument
‘FP Function argument
FP Function arzament
FP Saved register

TP Saved register

‘FP Saved register

‘FP Saved register

FP Saved register

TP Saved register

‘FP Saved register

‘FP Saved register

FP Saved register

FP Saved register

‘FP Temporary

‘FP Temporary

FP Temporary

FP Temporary

18



3.5 ZFmiEE

B RV32FEI22653IE<S

B RV32DHEE265IES

(EH)

1 27 26 2524 2019 14 nu 76 0

imm([11:0] 151 010 rd 000011
imm[11:5] 152 151 010 | imm[4:0] | 010011
153 00 152 151 m d 100001
153 00 152 151 m rd 100011
153 00 152 151 m rd 100101
153 00 152 151 m rd 100111
0000000 152 151 m rd 101001
0000100 152 151 m rd 101001
0001000 152 151 m rd 101001
0001100 152 151 m rd 101001
0001100 00000 151 m rd 101001
0010000 152 151 000 rd 101001
0010000 152 151 001 rd 101001
0010000 152 151 010 rd 101001
0010100 152 151 000 rd 101001
0010100 152 1s1 001 rd 101001
1100000 00000 151 m rd 101001
1100000 00001 151 m rd 101001
1110000 00000 151 000 rd 101001
1010000 152 15l 010 rd 101001
1010000 152 151 001 rd 101001
1010000 152 151 000 rd 101001
1110000 00000 151 001 rd 101001
1101000 00000 151 m rd 101001
1101000 00001 151 m rd 101001
1111000 00000 151 000 rd 101001

(BE)

Iflw

S fsw

R4

R4

R4

R4

R fadd.s
R fsub.s
R fmuls
R fdiv.s
R fsqrts
R fsgnj.s
R fsgnjn.s
R fsenjx.s
R fmin.s
R fimax.s
R feviw.s
R

R fmv.x.w
R feq.s
RAilts
Riles

R fclass.s
R fevtsw

R fmv.w.x

27 26 2524 2019 1514 121 76
sl 011 rd 000011

imm[11:5] 181 011 imm[4:0] | 010011
153 01 151 m rd 100001
183 01 151 m rd 100011
183 01 sl m rd 100101
153 01 sl m rd 100111
0000001 151 rm rd 101001

0000101 15l m rd 101001

0001001 sl m rd 101001

0001101 sl m rd 101001

0001101 00000 151 m rd 101001

0010001 152 181 000 rd 101001

0010001 152 151 001 rd 101001

0010001 152 sl 010 rd 101001

0010101 152 sl 000 rd 101001

0010101 152 15l 001 rd 101001

0100000 00001 sl m rd 101001

0100001 00000 sl m rd 101001

1010001 Rs2 151 010 rd 101001

1010001 152 151 001 rd 101001

1010001 152 151 000 rd 101001

1110001 00000 151 001 rd 101001

1100001 00000 sl m rd 101001

1100001 00001 sl m rd 101001

1101001 00000 15l m rd 101001

1101001 00001 sl m rd 101001

1fld

S fsd

R4

R4

R4

R4

R fadd.d
R fsub.d
R fmul.d
R fdiv.d
R fsart.d
R fsgnj.d
R fsgnjn.d
R fsgnjx.d
R fmin.d
R fmax.d
Rfevesd
Rfevids
R feq.d
Rfltd

R fle.d

R felass.d
R fevtw.d

R
R fv.d.w
R

19



3.5 ZmiEE

B LRI A AR AR T HISCEM(IEEE 754%5AE)

BT XXXXXXX, X 2YWYY

m SYRFCIESFAIfoat (SUEE) Fldouble (WAEE) 27

X =(—1)° x (1+Fraction) x 2&®enent-8as)

single: 8 bits single: 23 bits
double: 11 bits double: 52 bits
S| Exponent Fraction
mS: 5z, OHIE, 139f

mF: 2H, BEE2
mE: {58, BSES

37, XUBES2(I, TS
I, SBE110I, THFE

W Bias: {RIE(E, FREN127, WEEH1023

3

e

30‘29‘28|27|26‘25‘24|23

22|2l‘20‘19‘18|17|16|15‘14‘13|12|11‘10‘9|8‘7‘6‘5‘4‘3|2|1‘0

exponent

fraction

1 bit

8 bits

23 bits




3.5 ZRiEH

B FREEmsLfl: -0.75
m-0.75=(-1)" x 1.1, x 277
SR S=1
m EZ%{: Fraction = 1000...00,
W }5%7: Exponent = -1 + Bias
mEBE: -1+ 127 =126 =01111110,
BB —1 + 1023 = 1022 = 01111111110,

-0.758 kR 101111110
m -0.75%UEEZRT: 101111111110

FRInE: B
mFAaEE: B

21



3.6 HITESITENEAR: FFHIT

m g



3.7 =fl: x86FRAYSIMDY EBHFIS&EY B

m g

23



3. 8. IhiE: FFHITFIEFERIE

m g



3. 9. BiRS &M

m g
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3. 10. A5G

m g
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i

m 410 {5<MEAFTIE

m 4.11 3£f5]: ARM cortex-A53FIntel Core i7i//K 2451
W 412 JIE: 18SHKFHTHIREETE

B 413 BhEH

B 4.14 ZiRSkEH
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4.1 5|F

B AR SLISCIIRISC-VAg— Mz O FE
l??ﬁ%‘%%iﬁﬁ?‘aﬁ%\: |dFsd
B EABEES: add. sub, and. or
B 45 \i?‘:’/\ beq

m ST
m 1. LAPC (%zf“ THEER) Jottblt, MNis<EiERRPaREGE<
m 2. TSP HNSFRRS, NFF a%SZ#EPl*Hﬂ*SHE
w3 RIERRCHARR, FUTABARYERIE
m ETALUBHTIZE
m FREEES: BEER
B 15FES: Memoryitslit
B DXIES: LRER
B iTHESIEE RS/ EANE RIS E T X /98 g Binithit
W 4. EFPCE: PC+4mE BiRbkEEbht



4.1 5|5

B HEERTEE

4 —»

Add
|—> Data
Register #
> Address  Instruction Registers ALU Address
Register #
Instruction mgr:tca)
memory Register # y

Data




4.1

515

B IIMuxASCE S

[
W

Can’t just join
wires together
Use multiplexers

4 —>»
Add
|—> Data
Register #
> Address Instruction Registers
Register #
Instruction
memory Register #

()
—

ALU Address

L
— Data
/, memory

Data




4.1 5

———

m S ERRIEIEE

s

Branch

4 —>|
M
> u
X
ALU operation
Data [
Register # MemWrite
Address  Instruction H4 Registers b—— Address
. Register # Zero Data
Instruction u memor
memory Register # Requrite || [ X v
Data
MemRead

e

I
Control }




4.2 ‘ZEERITRY—RRTSE

m g



4.3 FEI7EY

-

m
i

m SRR

4 ——»
Read
address
Instruction —
Instruction
memory

Add ——



4.3 FEI7EY

RS

B R-typefg$

B NS EEE IR S 7R

B ETALUHITEAR, BEiEE
B SERBE NG FR UL

W eg: add x5, x6, x7

5 |Read
Aos| €
register 1 Read
Register 5 |Read data 1
numbers " | register 2
5 | write Registers
register Read
Data Write data 2
Data
RegWrite
a. Registers

Data

b. ALU

ALU operation

10



4.3 FEI7EY

i o

-

1]

i

B Load/Storeig<
meg: lw x5, 0(x6)
meg: sw x5, 0(x6)
B S e ]I B
m (FF312bit{REEi1TE Binitbit
B I TIETRR(E

W Load: MTFtERHIZEEURE, BASTFSXH
B Store: NFEFUHENNEUES \TFiE=s

5

Read

data 1

~" | register 1 Read
Register 5 |Read
numbers register 2
5 |\ Registers
er.(e(
register Read
Write data 2
Data I pata
RegWrite
a. Registers

—
32 64

‘ MemWrite
—| Address Read
data
Data
Write ~ memory
—
data
MemRead

a. Data memory unit

b. Immediate generation unit

ALU operation

11



AJ
1]

-

4.3 @BIi7E

SIS
Meg: beq x5, x6, Lable o
B NS EEE X HIE R SR e |
B (FEARALUSTEVRIRIE, (FRAALU. BiEHFiaEZeroit

HHE BRI (BRHARBGRITE? ) <
. 5, |Read ALU operation
1 ax i R 1 ° register 1 Read 4
Register _i' Read data 1
PCfrom instruction datapath numbers. register 2 o
5 |wie  Registers ata
(Bfﬁ"ih | register Read
arge oat Write data 2
ata Data
RegWrite
Read ALU operation a. Registers b. ALU
Instruction | | register 1 Read
Read data 1 MemWrite
register 2 To branch Read
- Registers control logic ——=| Address —
Write g 32 64
register Read
) data 2 ) Data
Write Write ~ memory
data data
RegWrite
2 a. Data memory unit b. Immediate generation unit

12



4.3 FEI7EY

I

iy
%

m SEAVERER

PCSrc

xc=2

4
Read Eee?;jter 1 ALUSrc 4 ALU operation
address 9 dRea? MemWrite
Regd ot MemtoReg
Instruction register 2
Write Registers o4 Address eri d
Instruction register data 2 ata
memory
Write
data
Write ~ Data
RegWrite data memory
32 Imm 64 MemRead
Gen

13




4 4 — * Q| I I
[ ]
ZhasREEIE
[=—
B I RREIEE
0
Add | M
X
4 Add Sum| 1
Branch
{ MemRead
Instruction [6-0] | | MemtoReg
| -7 [ALUOp
\ MemWrite
\ | ALUSrc
\ RegWrite
1 [19-15] Read
Read i
PC register 1 Reaq
address " ea
Instructi 24-20]
nstruction [ ] Read data 1
Instruction register 2
B101 [ nstruction [11-7] i Read Read 1
- Write (0 Address
i register data2 b M data M
memory u 4
Write 1" 0
data Registers Writs
nememory
i K 32 64 I
Instruction [31-0] Imm ALU \ !
Gen cont?I‘
Instruction [30,14-12] |

14



4.4 —/Mig)

W R-typefiEiEg

.

Branch

™

>Add Sum}—
-
‘/Shif>\ .

left1)/”| _—
o

| MemRead

| Control =7
MemWrite

\ MemtoReg
o]

ALUSrc

RegWrite

Read

register 1 Reaq

Read data 1

register 2
Write Read

Add |
4
Instruction [6-0] r
\ [19-15]
.| )| Read
LS Instruction [24-20]
Instruction
131-0] Instruction [11-7]
Instruction
memory

Instruction [31-0]

register data2

Write
data Registers

Write

32

Instruction [30,14-12]

[ 1mm | ||
\ Gen |

N4

data

control

15



Instruction [31-0]

Write
data Registers

32 Imm | &

Gen

Instruction [30,14-12]

control

4 —| Add Sumi—{1
(shife\_|
\left1/ —
\ -
Branch N
(’ | MemRead
Instruction [6-0] | [ MemtoReg
‘Control ALUO;
| MemWrite
ALUSrc
RegWrite
Instruction [19-15] Read
L] R:gd register 1 Roaq
address Instruction [24-20] feaq  datat
cad
Instruction | | register 2
B1-01 T instruction [11-7] Wite  Read AddressRead (1
Instruction register 2@ 2 M
memory u
0

Write _Data
data Memory

16



4.4 —/ M EIELAYSEIR

B beqgig$

Read
address

Instruction

[31-0] [

Instruction
memory

Branch

Add Sum)

| MemRead

= xc= ©

Instruction [6-0] [ MemtoReg

|
‘Control ALUO;
|_MemWrite

\ ALUSrc
\\ RegWrite

Instruction [19-15] Read

register 1 poaq

Instruction [24-20] Read data 1

register 2
Instruction [11-7] Write Read

register  data2

Write
data Registers

Instruction [31-0] 32 [ imm | &4

Gen

Instruction [30,14-12]

“xc 2O

control

.Read
Address” ) —1

Oxc=z

Wwrite Data
data Memory|

17



4.4 —NMERRYEMH

B RipestEflzsPRYER FIRIEE R
B EAXE: FHDIESHRE MR EERILLRAHALUSLH

Single Cycle RISC-V Processor

ol
HE

e
i Reg 1
Instr. . “Reglsters hlll v ey

memory Decode |5 ] e
i T
2i

Ao Reg2
E] 40 & e 310
w
opeade
- ﬁ—l—'_l .
5
EE] Imm. 310

ET)
g ET)
ET)
L agar Data out
@9 [0

Data
| memory
Data in

18



4.4 —NMAEERISEM G E

m ETFLogisimiIRV32| 374$8< M5 EHASCI
miFR EBIEAYRE, EERIRRAIAERE

e I

s Al RD1
_‘b_l__l_ A2 RD2
A3

WD3

00000004

inst  imm3;
]

if_wr_en

alu_a_sel

alu_b_sel

alu_ctl

CLK
RD_CTRL

00000000

8

WR_CTRL DOUT:
ADDR

DIN
Data memory

dm_rd_ctr

A[31:0] D[31:0] inst  dm_wr_ctrl

inst memory ii_wr_sel

comp_ctrl
do_branch a

do_jump b taken
controller o
branch)

19



4.4a Verilog=ti

SO W

TR

module core (
input clk,
input rst

comp_ctrl;
do_branch;
do_jump;

rf_wd3;

dm_dout ;

rf_rdl,rf_rd2;
alu_a,alu_b,alu out;

29
30
31
32
33

oo o o

Y

1
2
63
4
5
6

o

Epc_calc
.clk

.rst
-branch
.alu out
.pc
.pc_plus4
R

Cmem_cache
.clk
.im_addr
.im dout

.dm rd_ctrl
.dm_wr_ctrl
.dm_addr
.dm din
.dm_dout

imm
.inst
.imm_out
)i

Econtroller
.inst

.rf wr_en
.alu_a_sel
.alu b_sel
.alu ctrl
.dm_rd_ctrl
.dm wr_ctrl
.rf_wr_sel
.comp_ctrl
.do_branch
-do_jump
5

pc_calc(
(clk),
(rst),
(branch) ,
(alu_out),
(pc) ,
(pc_plusd)

mem_cache (
(clk),

(pc) ,

(inst),
(dm_rd_ctrl),
(dm_wr_ctrl),
(alu_out),
(rf_rd2),
(dm_dout)

imm(
(inst),
(imm_out)

controller(
(inst ),
(rf_wr_en ),
(alu_a_sel )
(alu_b_sel )
(alu_ctrl )
(dm_rd_ctrl ),
(dm_wr_ctrl ),
)
)
)
)

'
'

(rf_wr_sel
(comp_ctrl
(do_branch
(do_jump

'
'
'

always@ (*)
begin

default:
endcase
end

Hreg file
.clk

assign
assign

.alu_ctrl
.alu_out

.comp_ctrl
.do_branch
.do_jump
.branch

)i

le

case (rf_wr_sel)

rf_wd3
rf_wd3
rf_wd3
rf_wd3
rf_wd3 2

c_plus4;
1u_out;
dm_dout;

(]

reg_file(
(clk),
(inst[l
(inst[2
(inst[l
(rf_wd3),
(rf_wr_en),
(rf_rdl),
(rf_rd2)

alu_a = alu_a_sel ? rf_rdl
alu b

alu(
(alu_a),
(alu b),
(alu_ctrl),
(alu_out)

brah(
(rf_rdl),
(rf_rd2),
(comp_ctrl),
(do_branch) ,
(do_jump) ,
(branch)

alu b_sel ? imm_out :



4.4a Verilog=ti

B pciEiR

H > =
m BERESVerilogfUiBH A2 NI RL
-~ =
W eg: PCERHEAERE
1 Emodule pc_calc( 00000004
2 input clk,
3 input rst,
4 input branch,
5 input [51:01 alu_out,
6 output reqg [31:0] pc,
7 “output [31:01 pc_plus4);
é alwaysE (posedge clk or posedge rst)
10 Ebegin
11 if(rst)
12 pc <= 32'hE000 ; > 0000
3 else if (branch) L [%“_“iﬂ_ A[:M\S]SUSE:OO]
14 pc <= alu_out; | =
a5 else
16 pc <= pc plusd;
7 lend L]
1
1% assign pc_plus4 = pc + 32'h4y
50
2

1 endmodule

21



W BRI

» SR
FERSCEE

001 000000

LK

. oo

RD_CTRL
WR_CTRL DOUT®
ADDR
DIN

BA[31:0] D[31:0]

inst memory

Data memory

AROMA L HBKE, 66EZR,
£x0000_0000-030000_1FFF

D

[oaH



4.4a Verilog

LIRERE S EIPS
m RS

mig<

alwaysé (*)
Ebegin

byte_en

begin

H  begin
] case (dn .

3 endcase
I ena
else
byte_en
lend

alwaysé (posedge
Elbegin
if ((byte_en
begin
if (byte
else
else
else i
l else
else
else

L end

lend
endmodule

if (Gm_wr_ctrl

i (dm_addr[1]
byte_en =

elxe if (dm_wr_ctrl ==

if (byte_en ==
if (byte_en

if (byte_en == 4'b0L
if (byte_en

TFhikes

=201

else if(@m wr_ctrl == 2'510)

addr[l:

n

clk)

1= 1'50) & (dm_addr[

en ==

1==15"50))
mem[dm_addr[13:2]] <=
mem[dm_addr[3:2]] <=

mem[dm_addr[’
men [dm_addr [
men [dm_addr[1::
mem[dm_addr[13:
men[dm_addr[13:21]

<=
<=

mem[i] = 0;

J&(~(1im addr[30:14

dm_addr[13:2111
,mem[dn_addr [
,mem[dm_addr [
,mem[dm_addr[1

1015
1t
1t

out;
,mem_out [

{mem_out[
,mem_out [

{mem_out[71}},mem_outl

201}
1}},mem_out[

1}

1 Omodule mem cache (
2 clk,
3 im_addr,
4 im_dout,
5 dm_rd_ctrl
6 dm_wr_ctrl
dm_addr,
dm_din,
9 |output reg [31:0] dm_dou
11 reg [2:01
12 reg [21:0]
13 reg [31:0]
14 integer i;
15  initial
16 Ebegin
17 T for (i=' ;i< si=i4l)
19 initial
21
22
23
24 assign im dout = (im_addr[31
25
26 alwayse (*)
27 begin
28 @ case(dm \addr[1:0])
9 mem_out = mem[:
30 mem_out =
31 mem_out = {
32 2'bll: mem_out = {24'
33 endcase
34 lend
3 alwayse (*)
begin
case (d.m rd_ctrl)
38 dm_dout = mem_
39 dm_dout = {
40 dm_dout = {{
4 dm_dout =
42 dn_dout = {{24
43 dm_dout =
44 default: am_dout = 327
45 endcase
46 lend
am_din;
{memldm_addr[13:211( 1,dn_din[15:
{dm_din[15:0],mem[dn_addr [

{mem[dm_addr[
{men[dn_addr [
{mem[dm_addr([13:
{am_din[7:

:211051:9],dn_din[

1,dm_din{
4],dm_din[7:
1L

1,menldn_addrt

1
1,mem(dm_addr([

21

1,mem[dm_addr[13:211[15:

H b

A[31.0] D[31:0]
inst memory

4 CLK
4 RD_CTRL

= WR_CTRL DOUT
2 ADDR

Data memory

2 mem[im addr[13:211:

51}

1 ]),

01y

1};

01};

//other

1}

23



4.4a Verilog=ti

m 7R s == == >—fi efiE

module reg file(

1 Conogonco | [oscgeco |
2 | input clk, a Z\a @ Erlic
3 input [4 al,a2,a3,
4 input [31:0] wd3,

input we3,

output [21:0] rdl,rd2

):
reg [31:0] reg file[0:311;

integer i; ) ,,_em fka
initial 2 [

2]
D, =
b mabtE eailE e
Er 2 2

begin
T for(i=0;i<32;i=i+l) reg_file[i] = 0;
end
always@ (pesedge clk)
begin
if((we3)s&(l12a3))//EEW. BEHbA A0
17 reg file[a3] <= wd3;
end

assign rdl
assign rd2

al 2 reg_file[al]
a2z ? reg file[a2]

23 endmedule

24



4.4a Verilog=cij

B ALUELR

module alu(
input [
input [2:0]
output reg [
);

[t

1a,b,

4

alu ctrl,
1 alu_out

prer

wire signed [31:0] signed_a; SRe p
wire signed [31:0] signed b;
[ [—-—]
10 assign signed_a = a; A
assign signed b = b; -’
always@ (¥) =
begin
= case (alu ctrl) ] [
4! : alu out = 32'h0;
' alu:out a + b;
alu_out a-b; T
alu_out b;
alu_out (signed _a < signed b} ? 32'bl : 32'b0;
alu_out (a <b) ? 32'b1l : 32'00;
alu_out
alu_out
alu_out
alu_out
alu_out =
alu out
alu_out = | (2 > b ;
default:alu out =

] endcase
“end

endmodule

25



4.4a Verilog=ti

m 37RIE RIRIR

1 module imm(
input [31:0] inst,
output reg [31:0] imm out
)

wire [6:0]1 inst type;

<o e W R

assign inst type = inst[c:0]1;

9 always@ (¥*)

10 begin

11 E case(lnst _type)

12 :odimm out = {{21{inst[31]1}},inst[30:20
13 7 :oimm out = {{21{inst[311}},inst[3
14 7 imm out = {inst[31:12],1:

15 7 :imm out = {inst[31:12],1:

16 7 imm out = {{13{inst[311}},inst[1°®
17 7 imm out =

18 7 imm out = {{21{inst[31]1}},inst[>
19 7 immiout = {{21{inst[311}},inst[3
20 defa.ult imm out = 32'h0;

21 F endcase

22 “end

23

24 endmodule

Gz

:121, inst[
{{20{inst[311}},inst[7 ] 1nst[ :
1n5t[,,
};//jalr

—(Ge ]

201,inst[30:
1,inst[11:8
71}://5 _type

[#inst

1};//i type:1b. lh. lw. lbu. lhu
201};//1 type logic and i type shift

211,1'00};//jal
"h0}

;//b_type

imm3

26



4.4a Verilog=ti

W SRR R

f_wr_en
alu_a_sel
alu_b_sel
alu_ctrl
dm_rd_ctrl
flinst  dm_wr_ctrl
rf_wr_sel
comp_ctrl
do_branch
ump.

do_j
controller

27
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4.4a Verilogzcijl

is_lui;
is auipc;
is_jal;
is jalr;
is beq;
is_bne;
is blt;
is bge;
is_bltu;

is_lw;
is_1bu;
is_lhu;
is_sb;
is_sh;
is_sw;
is_addi;
is_slti;
is_sltiu;
is_xori;
is ori;
is_andi;
isslli;
is_srli;
is_srai;
is_add;
is_sub;
is s11;
is_slt;
is_sltu;
is xor;
is_srl;
is_sra;
is_or;
is_and;

is_add_type;
is_u_type;

is b type;
is_r_type;
is_i_type;
is s type:

is_jump_type;

assign
assign
assign

assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign

opcode =
funct?
funct3

is lui =
is auipc=
is jal
is_jalr
is beq
is bne =
is_blt =
is bge
is bltu
is_bgeu
is 1b

is_1h

is 1w =
is lbu
is lhu
is_sb

is sh

is sw

is_addi
is slti
is slti
is_xori
isori =
is andi
is slli
is srli
is srai
is_add
is sub
is_sll =
is slt
is sltu
is_xor
is_srl
is sra
is or

is and =

= (opcode

= (opcode

inst[e:
inst[31
inst[l4:

(opcode
(opcode
(opcode
(opcode
(opcode
(opcode

(opcode
(opcode
(opcode
(opcode
(opcode
(opcode

(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode
(opcode ==

W HERER

(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3
(funct3 ==

H

1 module
2 |input
3 output
4 output
5 output
6 output
7 output
8 output
9 output
10 output
output
output
)
wire
wire
wire
(funct?
(funct?
{(funct?7
(funct?7
(funct?
(funct?
(funct?
(funct?
{(funct?7
(funct?7
(funct?

(funct?
{funct?

controller(

[31:0]

reg [
reg
reg
reg

inst,
rf_wr_en,

alu a_sel,

alu b_sel,
alu_ctrl,
dm_rd_ctrl,
dm_wr_ctrl,
rf_wr_sel,
1 comp_ctrl,
do_branch,
do_jump

1
1
1
1

opcode;
funct3;
funct?;

f_wr_en@-
alu_a_sel
alu_b_sel@
alu_ctrl
dm_rd_ctrl
# inst  dm_wr_ctrl
rf_wr_sel
comp_ctrl
do_branch
do_jump:

controller
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4.4a Verilogzcijl

107

124
125

assign is_add_type = is _auipc | is_jal | is_jalr | is_b_type | is_s_type
| is 1b | is 1h | is lw | is lbu | is lhu | is_s type
| is add | is addi ;
assign is_lui | is_auipe ;
assign is_jal ;
assign is beq | is_bne | is_blt | is bge | is bltu | is bgeu ;
assign is_add | is_sub | is_sll | is_slt | is sltu | is xor
| is_srl | is_sra | is or | is_and ;
assign is_i type = is jalr | is_1b | is_1h | is_lw | is_lbu | is_lhu
| is addi | is slti | is sltiu | is_xori | is ori | isiandi
| is_slli | is srli | is_srai ; /[1:0]dm_s
assign is_s_type = is_sb | is_sh | is_sw ; a].ways@(")
begin
if(is_sw)
alwayse (¥) else if(is_sh)
begin else if(is_sb)
if(is_add type) alu_ctrl else
else if(is_sub) alu_ctrl £ ur sel,
else if(is_lui) alu_ctrl alwaysé (%)
else if(is_slt | is_slti) alu ctrl begin
else if(is_sltu | is_sltiu) alu ctrl if (opcode == 7
else if(is xor | is xori) alu ctrl
else if(is_or | is_ori) alu_ctrl Slee
else if(is_and | is andi) alu ctrl Lena
else if(is_s11 | is_slli)  alu_ctrl
else if(is srl | is srli) alu ctrl assign comp ctrl
else if(is sra | is srai) alu ctrl assign do_branch
else alu _ctrl assign do_jump
end
171 endmodule
assign rf wr_en is u type | is_jump_type | is_r type | is_i type ;
assign alu_a_sel = is r type | is_i_type | is_s_type:
assign alu b_sel =~ is T _type ;
//12:0ldm_rd ctrl,
always@ (*)
begin
if(i5_1w) dm_rd_ctrl
else if(is_lhu) dm_rd_ctrl
else if(is_1h) dm rd ctrl
else if(is_lbu) dm rd ctrl
else if(is_1b) dm rd ctrl
else dm_rd_ctrl = ;
end

W R AR - 42

rf_wr_sel =

)
else if(((~is_jalr)ais i type) | s u type | is_r_type) rf_wr_sel =
else if(is jalr | is_jal) rf wr_sel

rf_wr_sel = 2'h0;

is_jal | is_jalr ;
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4.4a Verilog=ti

W 53R

[#la
Fb

3] comp

taken@-

branch

0000000
ooooo00o)

ooooo00o)
0000000

0000000
ooooo00o)

HiFSHi

] 2

000000
0000000

L
TS

g

IS}

4

module brah( //branchifi
input [31:0] a,

input [31:0] b,

input [2:0] comp_ctrl,

input do_branch,

input do_jump,

output branch

wire signed signed a;
wire signed signed b;

[
[
[
[

wire unsigned
wire unsigned

unsigned a;
unsigned_b;

reg taken;
assign signed a a;
assign signed b = b;
assign unsigned a = a;
assign unsigned b = b;
always@ (*)
begin

case (comp_ctrl)

: taken = (signed a == signed b);
taken = ~(5iqneaia = siqneaib);
taken = ;
taken = b
taken = (signed a < signed b);
taken = {siqned:a >= siqneaib);
taken = (unsigned a < unsigned b);

:  taken = {unsiqned:a >= unsiqneaib);

default: taken = i
endcase
end
assign branch = (taken && do_branch) || do_jump;

endmodule
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4.4b Z RSt

m S EHECPUIRHIER NI e BN sy
B 5 TFERS SRR RS VIR D T D s \UJ measos Q
B B IR ERE— T ERRN SRk B
m EE RS SF RS SR A AUE S IR
m EFIDRAMEY, SSZZERAIRS! iy
m XUHTTE
B ZEHRITAE ZRAM
B RIEIE SHTAT(ERRIIEEED S, BHIITERED RS I, 81
EE—125EHR
B ZRIESHFELRZMIEEE, ESERETZANTEENIES
B EHESIERE, BOESIUREERE, RSt

. ?E%iﬁ?&ﬁﬁ%%&quj\éﬁ 1 InFselzgﬁlion 2 gz;ios?:: 3. Execute 4. Memory 5 v\ﬁﬁé

m SRR i - Stneiatti
u SN AN T EREFE

B RIS NEEERILASER: URAEFEAE, —RSFR0E. —RALUBME =



4.4b Z RSt

B KD, BRIESRED ST

m VS

W ER:
T
migTF:
B E[O):

m IR

ITEbeqB1RitiIE

R-typeig<SHT. IHEHBUETE. 5375SRMER
IwisE, storefR-type}s<STERHIER
IwWSSRB T ER

mERAEREER: YRREEE = AYtP/EET
B ARERHIRER: Y=8EE # RIshEEA
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4.4b ZF

< -

igit

m SRS AR E R X 5]

\‘ PC ddress

PE—
register Date
Register #
Instruction "
[emory "7 or data Registers
emory Register #
data
|' pate register Register #
ALU. #F77#%. TriEa. BHIES
Data
Register #
Registers

Register#

Register#
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4.4b 51

5
s

jigit

HAgEE

Eg ({/\/%)

L PC| 0 5
M L
u | Address 25-21 |I register 1
x Read
Instruction Read | A
y Memary e[| reoster2. <
-— - MemData Instruction :4 WrilERegsmrlslead
" te \L . (50T netracsion| 1 [ | regster etz 2 =
p o Write i 15111 X Wi 4 =
~ e L =[]t Pkt 1) -r ke
nsndion (1) —
[ | M
u
X
Memory 1 PN
dala w [ o\
3| sian Shift
register \exlend b mz/
Instruction [5- 0]
—

ALY ALl
result

ALUOu
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4.4b g‘

igit

3
H

HAZRERS: =Hlss (He%)

npc
—
Jump u
Tnsiryction [25- 91— 2 (N address [31-0] .
1T left 2 2
Thstucton
T 131-26] PC [31-28]
M Instruction Read
u Address [25-21] register 1
X
Instruction Read Read |
! Memory 20— 18] register2 9ata 1 a2 [yl
MemDat | S ALU ALUOU
Regsters
instruction | " WItE 0 Read result I
080T nstnyction| u Tegister  gata 2 beq
Yrte Instruction [5-11] | x Wiite
register l data
Instuction 0
[15-0] M
u
X
Memory {1
data [
e \
register San
Instruction [5-0]
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4.4b ZEHEF

i

m =HIEESCl (e
m B BPRIASHSEIL
mJ-type: 3MIRTS
mB-type: 3MRES
W R-type: 4P
mSW: 4NV
mLW: 5/\'{*&:\

HEiES
m B{TH

%'J

Instruction decode/
register fetch

Instruction fetch

Start

Branch
completion

Memory address

computation sompit
completion

ALUSrcA =1
ALUSICB = 10
ALUOp =00

R-type completion

RegDst=1
RegWiite
MemtoReg =0

MemRead
loD=1

Write-back step

RegDst=0
RegWite
MentoReg=1
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m T LogisimiJRV32| SEHASCHN (1555k)
m EFVerilogARV32| ZEHSCH (FF52A%)



4.5 fRIKERLE

B F3HFR

B SRR AYRISC- VR K& CPUIRLT

g Ta

i gga
sg\_4 T f
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4.5 fRIKERLE

W fi7/kZk: Pipeline

m SIS RIGOEBIITARA, SEF=RKLEEIL
m EAKER vs ifitKE.

y 6 PM 7 8 9 10 11
Time

12 1 2 AM
W 4N TRE: order _

m 16/7=2.3(5 L, « B0
m KB i '@ﬁ.lﬁﬁl

C
| m e . B0
KA w7 s s o

B B EREERAMESAIRT A

WERTERNEILR e

« B0l
B IS RTNEIE N 5
B REEBT R A ‘ B0=l

Sd=

1 2 AM
Time m | | \ \ |
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4.5 fRIKERLE

B RISC-ViiIKZ, 5N
mIF (B38) : Instruction Fetch from memory
mID (¥£3) : Instruction decode & register read
mEX ($147) : Execute operation or calculate address
mMEM (i5%F) : Access memory operand
mWB ([B]5) : Write result back to register
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4.5 fRIKERLE

m IR K Al

ADDI
ADDI
ADDI
ADD
ADD

X1,
X2,
X3,
X4,
X5,

X0, 1
X0, 2
X0, 3
X1, 4
X1, X2

5-Stage RISC-V Processor w/o Forwarding or Hazard Detecti

on

T B

B & Eg H 5]

4



4.5 fRIKERLE

m HiEERA_T
ADDI X1, X0,
ADDI X2, X0,
ADDI X3, X1,
ADDI X4, X3,
ADDI X5, X0,

NG I N

5-Stage RISC-V Processor w/o Forwarding or Hazard Detection

|

iz
T
-




4.5 fRIKERLE

u %&?EEB@B_?{EJ_Z %&?}E‘ﬁ,ﬁ%%%
ADDI X1, X0, 1 . iR
LW X2, 4 (X0)

ADD X3, X1, X2 0 0x0000_0001
ADDI X4, X0, 4 4 0x0000_0002
ADDI X5, X0, 5 8 0x0000_0003

5-Stage RISC-V Processor w/o Forwarding or Hazard Detection

|

H




4.5 fRIKERLE

m = Bk
ADDI
BEQ
ADDI
ADDI
ADD

X1

X2,
X3,
X4,
X5,

. X0, 1
X0,
X0,
X0,
X1,

<X A w®

2

5-Stage RISC-V Proces:

sor w/o Forwarding or Hazard Detection

- control [

‘;z

Y

i
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4.5 fRIKERLE

m 3Ol BRFHASCII SRk EMERE, FAIMRIR:
B F17e5L/S5FERT100ps
m HEMEGERT200ps
mEEIES: Id. sd. R-type (add. sub, and. or) . beq

B SEIECHUFERHER A AR

Instr Instr fetch | Register | ALU op Memory | Register | Total time
read access write

Id 200ps 100 ps 200ps 200ps 100 ps 800ps

sd 200ps 100 ps 200ps 200ps 700ps

R-format | 200ps 100 ps 200ps 100 ps 600ps

beq 200ps 100 ps 200ps 500ps




4.5 fRIKERLE

m L. EREHASCIN Sint 7k St RE - 4R

‘ Single-cycle (T,= 800ps) ‘

Program
execution Time 200 400 600 800 1000 1200 1400 1600 1800
order T T T T T T T T T
(in instructions)

1d x1, 100(x4) '"s;:::"" Reg| ALU a'g:e":s Reg

d X2, 200(x4) 800 ps nstvction| reg| AU | 0% |Reg

1d X3, 400(x4) 800 ps '"Sf‘;‘:ccr“i""

g g 800 ps
‘ Pipelined (T.= 200ps) ‘

Program

execution Ti 200 400 600 800 1000 1200 1400
ime ; : : : ! ; -

order

(in instructions)

1d x1, 100(x4) ,elch‘ Reg| ALU ag;':s Reg

Id 2, 200(xd) 200 ps | "Suction Reg| AW | D Ipeg

Id x3, 400(xd) 200 ps | "pecton| IReg| AW | DA reg

200 ps 200 ps 200ps 200 ps 200 ps
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4.5 fRIKERLE

1)|L7J<2£}J[] ()
m IEEE
B UKEEMEBRTEIYE GEITRE)
B IS SHITIT e = IESHUTAN B e /TKERREN
B SCRRIER:
B ZNERAT 2%
B R ETFIEEER
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4.5 fRIKERLE

B RISC-V: HRRKEAHESERKIT

B FTBRISC-VIESKEES, RV64FIRV32IEHKELTH32bit
m BUEFIFRIMEER S

w5, B, RFes. BRSHESRUERRE
B SR R T LAE— NN BRI 5ERk

B 7ZfiE28iha RiEidLoad, Storeig<$sCil
B EHRT (EX) B TRiEesititaoiteE
B E5F (MEM) MERHITIFMERSER
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4.5 fRIKERLE

m ;1z3/EfS: Hazard
B AT MBI AT T —RIESHIER, RAEK
moA=K
m EREE
u YRS

m ZHER

m 25 ER&: Structure hazard

B AN, SIS ETEnInT# AR THIER
m #UEERE: Data hazard

B FAREIE ST R AR SEUE SRR Fh AR NI T
miz4|5kG: Control hazard

B RSB, BTRERMESHARHRHEN, NEFSHIRIRARER
IKERFTTRERRY, SEUEMRIS<S TEEIERIR HEEARHT



4.5 fRIKERLE

B FiEK
W eg: IESTIBUEFERRE—MFERS, Load/StorefgihlaIMemBtES
SEUSBERTzR, &Kk ERELEER
W fZR)E: RISC-VEEMRFKERITE, RAESEFESSMEIEFMEE
BOBHNET, EEFAEREEHER

m 518 RISC-VRAIEHARENE, TRAEEEMER
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4.5 fRIKEHLiE

B HUEEK
H add x19, x0, x1
Hsub x2, x19, x3

Ti 200 400 600 800 1000 1200 1400 1600
ime T T T T T

add x19, X0, x1 : ID g MEM WB§

bubble bubble bubble bubble bubble
bubble bu bble bubble bu bble bubble
4@

sub x2, x19, X3 ID - MEM ws
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5 iRk Bk

m HEEREARDE: BIE (forwarding) BFEEE (bypass)
m g (forwarding) =38 (bypass)

B —MRREBUEERING A, IREINASEYHEEIEUE, MAREFEEL
EEIAERF R WS Fa st ss B A

B SRR RPN NERZ B

H add x1, x2, X3

H sub x4, x1, x5
Program
execution ) 200 400 600 800 1000
order Time T T T T T
(in instructions) R )
add x1, x2, x3 IF —= 1D WB |
sub x4, x1, x5 IF MEM WB |
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4.5 fRIKERLE

B HIRERMERDE: TKEEI (pipeline stall) , {AFRSE

(bubble)

W BIBRIRG, (ERSERRFTENEIRER

m I\ -EAEEEESE (load-use data hazard) REERATISEUERTHBLS
TENERY, FBEBIKEF, USSR

Program

execution 200 490

order Time T T
(in instructions) .

Id x1, 0(x2) IF 5 1D MEM
bubble bubble bubble
40 @) @

IF . 1D

—5

600 800 1000 1200 1400

WB |
bubble bubble
®) @)
MEM —‘ﬂs

sub x4, x1, x5
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4.5 fRIKERLE

B HURERMERE RBEFHF
B BB ELoadiE S/ RMEREER
B RFRYRiERE, AT IIRERTIRIR T, AERECIF
Meg: (RfBa=b+ec=b+f

1d x1, 0(x0) 1d x1, 0(x0)
1d (x2,)8(x0) 1d

Tan - add 3, xI(x2) 1d

sd x3, 24(x0) add

1d (x4,.16(x0 sd

0
——+ add add x5, x1,
sd

x5, 32(x0) sd x5, 32(x0)

[15cycs) [ eyis
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4.5 fRIKERLE

B ZHIER, iR ERK
B DIESHERAEIESHITAR
B F—&HUTHIESBUATF OSSR
B FUKG T E— BRI TS EHTHIERIES
B USRS, SIIEOELTIEBME
B TRISC-VifiKk&h, HEREHEIR
mIERTH iR TRSE, HitE iRttt
W RINGEME, TEIRSMNERSERL

W51 [HE
W52 T
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4.5 fRIKERLE

m [REKS

BER, HESESUHRH T —FETAES
B B, SLHESR
W R SRS

Program
execution Ti 200 400 600 800 1000 1200 1400
order ime T T T T T T T
(in instructions)

add x4, x5, x6 | "Spction Reg| AU | D2 IReg

Instruction Data
beq x1, x0, 40 m fetch Reg ALU access Reg
bubble buble buble bubble, buble
i« « c
or X7, X8, x9 ~————————————»Instruction Data
400 ps fetch Reg| ALU access |89

56



4.5 fRIKERLE

C s Al
B RS T ERITTE, TS SRERIBATOS AT, TR
BN E A THANT
B SRS BEETEERENNE IDNE) HBEs%5H
B SRHTISOINASE, EOBIHE AT BT
mRETSE TUSSTE
LRSI ESIERISENIEES

B 7ERISC-VFZK&CPUIRITH ((R{EsE)
B RTINS ST AR E
B LB S T—RISSEATIKE
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4.5 fRIKERLE

W JUMPSEERRY D SIS &

B FRSo ST
B BRI ST
meg: B, if&IHET
B Fillbackward oz &4
B Fulliforward XX AR E

B ST
B HNE D TR ERISSPRER
Heg: ICRRAERENNDZIER
B (REEEATHSIELLHEICR
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4.5 fRIKERLE

| stes

oN=0

B kCBETIRIE ST EIRS MRS
B THITSSRIES
m FRIESEAHEREN
m SR
m B
m YRR
m i=HER
ELERITSFNEFVKEEIR SR
B KGXIERR RA I
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4.5 fRIKERLE

m EE:
B SEFRACPUIRITHELL, ZRAMKITIIRKERIT 2RI RS
CPUTERER

T —
AR X T RO MUEES], R ERE LS, o R A AT AT U
GRS, R T At A R A T AT

1d  x10, 0(x10) |add xI1, x10, x10|addi x11, x10, 1 |
add - x13,) %10 xI0 Taddt" /%22, %105 addi x12, x10, 2
addi x14, x11, 5 |addi x13, x10, 3 |

addi x14, x10, 4
addiinx15; x10; 5
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4.6 K& EE IS

m NERERESHSEER

IF: Instruction fetch

ID: Instruction decode/
register file read

EX: Execute/
address calculation

MEM: Memory access

4|
o
"
u-{Pc
7 x

Instruction

Instruction

memory

Address

Read Read
register 1 data 1
Read
register 2

Registers
Wiite Read
register data 2
Write
data

32 m 64
Imm

WB: Write back

61



6 Ik EN

R b ]

W FUKERE TR
m ERRNNERZ AREEANS TR, AREFE—RIEIRER

m AUk vs TETres
WE: PCEFRALIANE —REFE (HMRREiRE)

=
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4.6 7K R E RIS

W KR

m Load. Stgre#aﬁ%, IFPTER

|

Instruction fetch

|

Instruction

IFID IDEX. EXMEM

MEMWB




4.6 7K R E RIS

W KR

B Load. Storeig%, IDPNER
| Id

Instruction decode

FC

(2

Instruction

IF/ID IDIEX. EXMEM MEMWB

Add Sum|




4.6 ik R E SN
O NIlL ]
hy =]
MK ERIRE
W Loadig%, EXMER .
ﬂ IDli( EXEM MEMJVE
4
| Address g EEZ%er1 s:‘a; L
e e S B e B —
data 2

register

Write
data
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4.6 7K R E RIS

W KSR
| Load;E’/ﬁ\, MEMB)/TEQ Id
E—

Memory

IF/ID IDEX. EXIMEM MEMWB

g7

2z

Zg

FEEH

B

83
g3




4.6 I

R b ]

W KR

W Loadig<, WBHER

rw—

Write-back

B2

PC
L\

Instruction
memory

IF/D

IDEX EXMEM MEMMWB

Add Sur

shift
left 1
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4.6 I

R b ]

W KR

W Loadig<, WBMER Hu#

PC
L

Bl

Instruction
‘memory

IF/D

ID/EX

EXMEM MEMMWB

Add Sum|
shift
left 1




4.6 7K R E RIS

W KGRI

W Loadig<, 2EBHER

IFND IDEEX EX/MEM MEMWB
—
4 —» Add Sum

shift

oft 1
EC —|

L

p—-|

1 L __siwcion

data

Read Read
ister 1 oo —
DU data 1
reat Zero
register 2 D
|n:.|!n::'i;n — Registers Reaq ALuL:
Write data 2 ™ =
[ register
Wiite
32 Imm | 6% -
Gen




4.6 7K R E RIS

TRIKEG R
m Storefg<, EXMER w

Execution

IF/ID IDEEX EX/IMEM MEM/WB

4
pC-e-»[Address < Read
a I .§ register 1 ’::;“1—>
K Read
Instruction 2 register 2

Regist
memory egisters, o —|

Write
register data 2
Write
data

Ox e ="




4.6 7K R E RIS

W KR

B Storeig$, MEMBNER

Id

Memory

IFID

IDEX EXMEM MEMMWB

2z 8% &%
%E za
L

EH
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4.6 I

R b ]

W KR

m Storetg<, WBHIER

sd

Write-back

IFIID

IDEX EXIMEM MEMWB
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6 Ik EN

R b ]

B FUKEHERARR
u %ET%#JHHEMJK%E
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Id x13, 48(x1)
add x14, x5, x6

B (EREE

1d x13, 48(x1)

g

[ k]

-

4.6 ik g EE IRl
Time (in clock cycles)
;ﬁ7kg£59ﬁ21%%a—? . cc1 ccz2 cc3 cc4 CCs cce cc7 ccs cco

SRR EE s i

Id x10, 40(x1) i, 4 @-H-zn -

sub x11, x2, x3 s @-HJ“ Is:

add x12, x3, x4 1 i

add x12, x3, x4 Reg!

dd x14, x5, x6 [ A oMH HReg!
o g ’ P
Time (in clock cycles)
cc1 cc2 CcC3 cCc4 cCcs CC6 ccr7 ccs cco
Program
execution
order
(in instructions)
1d x10, 40(x1) Instruction | Instruckon | Execution | 2% | write-back
Instruction | Instruction Data
sub x11, X2, X3 iruction | Instructon | Execution | D212 | wiite-back
add x12, x3, x4 Instruction | Instruction | g, o6, ion | D2t | yyyitg back
fetch | decode access
Instruction | Instruction Data
1dx13, 48(x1) oo | Moot | Execution | 022 | wiite-back
Instruction | Instruction Data
add x14, x5, x6 iructon | Instructon | execution | 022 | wiie-back
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4.6 I

R b ]

B EATEEERRIK
B SR/ MR EER

| add x14, x5, x6 |

1d x13, 48(x1)

| add x12, x3, x4 |

sub x11, x2, x3 |

1dx10,40(x1) |

| Instruction fetch [

Instruction decode [

Execution I

Memory [ Write-back |

MEM/WB

Gen

IFID ID/EX EXIMEM
pp—
pc Read
—
5[ reaster 1 Read
3 N data 1"
2, Read
Instruction BT roater2
el s S IR
- a2 [
ogser
wite
ot
2 [ i | &0
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Ik Ee &

68 B

752 0 T E

“xez°

MEM/WB

MemtoReg

IF/ID IDEX EXIMEM
4 —»|
Branch
/
Reg\"’n\e
o E register 1 Read
H data 1>
g ead ALUSTe
Instruction £ regster2
memory Wiite 9% Read |—»|
| register data 2
—| Write
data
Instruction
B1-0] 32 [ jmm | 64
Gen N
Instruction MemRead
30, 14-12]
Instruction
117
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4.6 K& EE IS

W KIS EERRA
BEE: IREREEIXERERIES
B IESIFD/EH T IREREIREAEFIES
m Hi{7/4bhTE: ALUOp, ALUSrc, B9z Biribit
m 7Z(588i51a): Branch, MemRead, MemWrite, F=4ESYis4IES
m5[[: MemtoReg, RegWrite

e ”‘ﬁfgg‘g&’ HREB MRS N SEMBREHSE

Mem- Mem- Reg- Memto-
ALUOp ALUSrc Branch Read Write Write Reg

Rfoomat | 20 | o | o | o | o | 1 | 0 1

) Id | 00 7”71 0 1 B 0 1 1 71 o

sd | 00 1 o | o 1 0 [ X

beq 01 0 1 0 0 0

77
= = = = = DAl



6 K EE R B IRFNIE S

W /KSR
m IS SHESIEFE
m BT RS R R T e

WB

= | I

MMMMMMMMMMMMMMMM
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6 K EE R B IRFNIE S

m :ﬁﬂd%}&‘%] _BIERRRA

Rl R R

Instruction
mmmmm
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4.7 #

BRER: BhESEn

B HIEERSSERKENI T

W eg: nop
sub x2, x1,x3 addi x1, x0,1
and x12,x2,x5 addi x2, x1,1
or x13,x6,x2 nop
add x14,x2,x2 nop
sd x15,100(x2) add x3, x1,x2

B LRSI ARG IREIEE G
mQ1: WA NEIRE RS
mQ2: YMAISCENEERNE (Forward)



4.7 ﬁ.uﬂ = [T "ﬁii'—ﬁ %ﬁﬁ

W {REFORTES
Time (in clock cycles)

Value of CcC1 CcCc2 CcC3 CcC4 CC5 CC6 cc7 CcCs8 CC9
register x2: 10 10 10 10 10/-20 -20 -20 -20 -20

Program
execution
order

(in instructions)

sub x2, x1, x3 f
and x12, x2, x5 Eei_ _ﬁ&_—@
or x13, x6, x2 IE— -‘:{REGQ }
add x14, x2, x2 @— —déeEl:
sd x15, 100(X2) @_

e

Ve




4.7 BIEER: BiBSER

m GNEIEER
B ST RIDIRNK LR R LIS
B SFEGEIN, DAERD: KESTFRENR FFRFTRENR
m eg: ID/EX.RegisterRs1 = register number for Rs1 sitting in ID/EX
pipeline register
m EXBYERALURFRT AR S F=s X (4R SK B ID/EX
m [D/EX.RegisterRs1, ID/EX.RegisterRs2
B LURRERII, SREEIEER
m 1a. EX/MEM.RegisterRd = ID/EX.RegisterRs1 Fwd from
® 1b. EX/MEM.RegisterRd = ID/EX.RegisterRs2 } i 1o
®m 2a. MEM/WB.RegisterRd = ID/EX.RegisterRs1 } E“é‘iﬂfn'/"v"é
m 2b. MEM/WB.RegisterRd = ID/EX.RegisterRs2 | | pipeline reg
B [EAEEK
B BBIEOE E51788RE: EX/MEM.RegWrite, MEM/WB.RegWrite
B HirsFesmsS A~ A0 82




4.7 iR

=

1\

i

|

=5

Ui

W {REFORTES
Time (in clock cycles)
CcC1
10

Value of
register x2:

Program
execution
order

(in instructions)

sub x2, x1, x3

and x12, x2, x5

or x13, x6, x2

add x14, x2, x2

sd x15, 100(X2)

cC2
10

CcC3
10

cCc4
10

CC5S
10/-20

CCé6
-20

cc7
-20

cCs8
-20

CcC9
-20

R eg

83



4.7 BIEEE: anES{Ein

W BISEEXER

ID/EX EX/MEM MEM/WB
- ~ i .
] M
—lu
— "
— >
Registi v{F dA
eqisters orwar
9 ALU—
L M
|
M
Ly Data
X memory
-
N
ForwardB
Rs1
% EX/MEM.RegisterRd
{ For‘ﬁ:i'f””g <~ | MEM/WB RegisterRd

84



il

4.7 #

&

S : BIESETn

B BIBRMARLS

mEXER

m MEME&

i e S G L S i

if (EX/MEM.RegWrite

and (EX/MEM.RegisterRd = 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 10
if (EX/MEM.RegWrite

and (EX/MEM.RegisterRd = 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 10
if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd = Q)

and (MEM/WB.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 01
if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd = 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 01

ForwardA = 00 ID/EX AU E—MRIEBRABFHIE T
ForwardA = 10 EX/MEM | ALURYE—MRIESRE E—MALUTH A RERTE !
ForwardA=01 | MEM/WB |ALURE—MRIEECK BMIRGHBAREE T MALUTTELERNANE
ForwardB=00 | ID/EX ALURE M RIESCR B F 177818 l
ForwardB=10 | EX/MEM |ALUMSE_MRMEMCRE E— AL BRI J
ForwardB =01 \

MEM/WB ALuB{J%_Nif’ﬁﬁxE&%Eﬁﬁé%%ﬁ%ﬁimwﬁg %e’lauﬁ

[m] [

85
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4.7 BIEER: BiBSER

m BE:
B WB EREASEFERIR?
B BN E —SESEE I TE SR BT ASR?

86



4.7

BRER: BhESEn

B —FSIRASIRER: WEEK
m WBIERETFERtAR. MEMMERETFERAR. EX (ALU) MERTRIBIFE
Z I EFERER

Neg:

add x1,x1,x2
add x1,x1,x3
add x1,x1,x4
mYNREGE: (FRSFTNER
B FREX/MEMBFEERINZFER
® MEM/WBFERHVE S
B SEX/MEMM BRI E RS4RI A B sEB )

87



4.7 BIEER: BiBSER

B MEME[ai=diZiEE1E
m if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd # 0)
and not(EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd # ID/EX.RegisterRs1))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs1)) ForwardA = 01
m if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd # 0)
and not(EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd # ID/EX.RegisterRs2))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 01

88



4.7 £

[[=]

Sk BNESEIR

GG

Instruction
memory

EETIRERYE RIS

IF/ID

[ Instruction

ID/EX
/ \ ’—’WB EX/MEM
‘ |Control \ M wal
k/ EX L» M
M
tﬁ
u
| X
Registers t ALU Lol
—
—|
L M Data
T | x memory
-
—t
IF/ID.RegisterRs1 Rs1
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd EX/MEM.RegisterRd|

MEM/WB
WB—

\

L

orwarding !

MEM/WB.RegisterRd

unit /
e

89



4.7 BIEER: BiBSER

B NEFESHERRIEIEEM (Load-Use Hazard) #&ll
B 7EI DY ERXIHE S HH T ASRT A
B ALUIZEEX S 7w S I DIEkE
B [F/ID.RegisterRs1
m [F/ID.RegisterRs2
B Load-UseBM RSN
m ID/EX.MemRead and
((ID/EX.RegisterRd = IF/ID.RegisterRs1) or
(ID/EX.RegisterRd = IF/ID.RegisterRs1))
B Load-UseBIafRRNE
W [HEEKEL
mEANSIE (bubble)

90



4.7 FHREN: PSS

C I EHEE w57
W 55E551D/EX registerh SizHlEXANESIRENO
B EXIESTEEX. MEM, WBMIERZEATIRIE ( no-operation )
m PCFIF/ID register&{=&E#H
B ERWRIES (RI—EHRNIES) HHTRmRE
B RIS SIS S TEUBIRE
n — M EHIRIFEE I LoadiS STEMEMM ERSSAR SR INEL

w5 Eripestiz{TLATIES
nop
1w x1, 0(x0)
addi x2, x1,1 e
nop




4.7 ZEEK: ES

S

B Load-Use HazardfBEE/kL:

Program
execution
order

(in instructions)

Id x2, 20(x1)

and becomes nop

and x4, x2, x5

or x8, x2, x6

add x9, x4, x2

Time (in clock cycles)
cC1 cc2 CC3

el
Dt

-

CcC4

DM

CC5

<

[mH

CcCé6

cc7

ccs

cco

cc 10

92



4.7

EER:

BES

S

2

PCWrite

I—;E

Instruction
N

memory

IF/DWrite

ID/EX.MemRead

[Instruction

EM/WB

WB[—

ID/EX
/\ " 8 EX/MEM
ontrol | u M w8 M
x — L
0 EX M
)
M
u
X
Registers /
AForwardAl mRagl
~ ALU
M Data
: ] memory
!
ForwardB
IF/ID.RegisterRs1
IF/ID.RegisterRs2
IF/ID.RegisterRd Rd

Forwarding

unit

93



4.7 BIEER: BiBSER

m [AEXSMERERISZIE
m AR IERIERE
m ERKEFEERIER, BERVRN
W R LAHURBIF R TERE, LigRElfIfEE
 EREEEFRERM RTINS IERNIER

m HIRERTE
W R/I-typelg SHISIRIERITR, ALUBTATBEARR
m RAXICPUMABIERL IR
m Load-UseSBUSIRIEXIAI, TBITIRE +ABRARR
m SR — AR

94



4.8 I=HIES

B SIS TEMEMMEEMEIERIER (78, EXEMER? )

Time (in clock cycles)

cc1 CcC2 Ccc3

Program
execution
order

(in instructions)

40 beq x1, x0, 16
44 and x12, x2, x5
48 or x13, x6, x2
52 add x14, x2, x2

—

721d x4, 100(x7)

Flush these
instructions
(Set control
values to 0)

95



4.8 i=HI B

B RIRDSNAKRE (FBLIFHRIT)

W RO SIE ST

B SIS SRR B DI ERSCH,

B 7Rt
m BRI E

mRfl: ERIER (DKE)

36:
40:

44
48:
52:
56:

72:

sub
beq

and
or

add
sub

1d

x10,
x1,

x12,
x13,
x14,
x15,

x4,

x4, x8
x3, 16

x2, x5
X2, X6
x4, x2
x6, x7

50(x7)

// PC-relative branch
// to 40+16%2=72

ripes/~IFEST

nop

beq x0, x0, L1

addi x1, x0, 1

nop

L1:

addi x2, xI1, 1 96



4.8 i=HI B

B [F(XoSI5 SR
B 5D IS HIEERE LR DR ERSCIR
B S57FERtER
B BRIt E
m R ERER (DXKRE)
36: sub x10, x4, X8 wues et 6 w00

40: beq x1, x3, 16..
44: and x12, x2, X5

72: i&' x4, 50(x7)




36: sub x10, x4, x8
4 8 ;5‘!$|J|=|BA 40: beq x1, x3, 16
° —_ E ‘_‘l 44: and x12, x2, x5
72: 1d x4, 50(x7)
ZN\ =
B ORE | |
and x12, x2, X5 : beq x1, x3, 16 : subx10,x4,x8 before<1> i before<2>
IF.Flush :
Hazard |
detec_ttian :
EX/I»:IIEM !
Data @
memory

Clock 3

Forwarding
unit
\

98



36: sub x10, x4, x8

i IEIBA ;
<~ 40: beq x1, x3, 16
4.8 ;&*IJE m 44: and x12, x2, x5

. 72: 1d x4, 50(x7)
B OYRE

 Flush Id x4, 50(x7) ' Bubble (nop) ' beq x1, x3, 16 ' subx10,... . before<1>
us . I : I

Hazard
detection |

unit )

EX/I:VIEM

O PERRNCANE -

X CcZ)e—

Registers

[

Data
memory

Imm
Gen

10

T
Forwarding
unit

Clock 4




4.8 i=HI B

B branch penalty
W DIFRUEMES, BRI EmmiEmAIERERK
WK, R
W T
W BSOS, FED ST
LTSS R A il
W DIRNET
B (FERIAIATEN S ISt (B iteht) 1EAZERS]
B FEZOAITER: REFHRRE (1bit)
B HTDSHESHIRE
B RESTET NREFHREEAD? )
B IREEFER, NBiRtit (92 BfReT—5%) BYE
B ONSRFTNSERL, RRARKS, FHEREFHRIFTNZER

100



4.8 =HIFE

B 1bit STFNEEAYER =
B NFZEER, BSBUESAITRNISY
m L TEASG
B NEEIMERE SRR, FRUFIERM
B EERHANREER, ERsRETRUHE SR

outer: ..

inner: .. +————i:}
beq .., . inner‘

beq .., .., outer

101



4.8 =HIES

u 2b|t 53 2T

B EESFR TR 7 2 B FRNEE R

‘ -

Taken -

Not taken‘ ‘ Taken
Not taken
Taken

Predict not taken

102
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4.8 i=HI B

B it E oI
B BIERAD TGS, AT EITEBiRiteit
B RED B, TE— M IHERRIAMN KITE S  BiRitit
B XS BiREFRs, AR LIATERT B
B 154> Bt EECacheh
B FRBUEm ERRIPCEAZRS]
W U0 NS4RS Z BDXREN 5 S B ARitbit
i
B 3 3FRUEEF S SRS

103



4.8 iZHIBE

u IJIl:Zk%IU\—IZI

IF Flu

— —.{C nts \
\ /
Flip AN il
i
4 Shift v
feft 1
Instruction
: PC memory [

EX/IMEM

104




4.8 ZHIE

S

ERRM B B OR R B R LR BT B
ERM E e %, M%ﬁﬁﬁmﬁWAﬁﬁ‘%aﬁ%MKEW%WﬁﬁM&ﬁﬁﬁ
90%. XHF TS SRR, B RO R e |

L AL RAMES 5% RIS L ~

2 EBREMRY 9% WAL

3. PR RAMER R 10% M) RIS %

105



49 7%

m 2E/H5b (exception) FObHT (interrupt)
LRSI Py vl =
B FTRHARISR A SR ERT, BENREFAIEHIR
B AENISAEBARIISEI S
mRE
B R4 FECPURERAYIETREAS 4
meg: RKEMIES. RAEASE
m ch e
m SRESMEBEOIETRHASE 4
miERIRME. UBRIBAS
B REEAIEEEAIRIR T IERE K AT

=]
Frp

106



49 7%

m SEE
B RERERERPCE (REEMHAMTS? )
m RISC-V: Supervisor Exception Program Counter (SEPC)

B RESFERENRE
B RISC-V: Supervisor Exception Cause Register (SCAUSE)

B Bk E R R IR EREL
meg: B#REEHZF0000 0000 1C09 0000,

107



4.9 &E

B REGEN—ERLE

m BT

B MRRERIAN Ot ScauseFERRAX
u %ﬁij@iﬂl)\Ditﬂijtﬂﬂgit%ﬁ%%mtﬁﬁﬁﬁg ( causeZ R E MR
=
piSh AL, B, SeRuiE B RR AN
 REXES \ 00 0100 0000, |
RGEER (AR ) | 01 1000 0000, \

108



49 7%

m QMERAE
w AR, BUASEIER Okt
n A
n ST ERER
B SR R RUIERRAL IR
B FlHSEPCEHFIR M FFE A LT
T RERE R
m hFFER
m FFHSEPC, SCAUSEEZHFESIRESIHIRER

109



49 7%

W FUKEPSLHRE

B RESESHEHER
mEg: addiSSTEEXMERF=AEE IR
B add x1, x2, x1
B (B EX S FRaaiFiEes gL
B SERIZIES ZRIRTES
BRI EHNRKERNESES
B g ESEPCFISCAUSEZ 1728
W SRR R S E AN R EREL

B 55537 BkEETE < TN RIS AT ARAEEIA
B A S AT KERo RIS

110



49 7%

B R ERKEEIEER

IF Flush

1C090000

111



49 7%

m 2EENE
mOER (EFHIT) IS

m FUKEE RIS RIES
m SEMBRHHTREE, EFERMAREIIES, BET
m ISSEIEATIKE
B REHUHRFESEPCE 7R

W [dentifies causing instruction

112



49 7%

m SET: addiESRERE
mEEE: addfESEEREHARE? ? 2
B LR PaddiESRERE

40 sub

44 and

48 or

4c add

50 sub

54 Id
m Handler

1C090000 sd
1C090004 sd

x11, x2, x4
x12, x2, x5
x13, x2, x6
x1, x2, x1
x15, x6, x7
x16, 100(x7)

x26, 1000(x10)
x27, 1008(x10)

113



m BERA: addisSRERE

Id x16, 100(x7)

F

Flush

sub x15, x6, x7

add x1, x2, x1

EX.Flush
AT

orx13,...

and x12, ...

M:E'T

09000)

Clock 6

Instr
54| mel

58

IF/ID

JHazafd \

unit

A=

i

Data
memory

114



4.9 &E

il — . = A > ] =
m BERG: addigSRERE-4
sd x26, 1000(x0) \ bubble (nop) bubble | bubble
IF.Flush E &“USh

Lorx13, ...

10050000
Data

memory

Clock 7 ' Forwardingyg—]

unit )<

115



49 7%

 SNEERAE
m KRR E SRR ST
m Rt AT RARFES N R
m N{ARbiE?
m R MNERR—RIESSIRINEH
m Rl
m SRS
n HAREHRSE?
m EREE SRR
B REAERN, SEPCHEFRFFHERRS ARSI ML
m S AR
m RE —ANERSRSTSEES
AT SRR IRIEE AR SHITSERF
W ARSI T R
116



49 7%

m IEEHRRE
mAEEFVKE, FARERS (BRESIARENRR)
m SECEERFIIE
m HERRIESSIRT R
® HEMLES BB, LI BERHR
n LB TRERET A
W {JLERAR
m i TR
m R RERRRSEMES
B RNERTERMIZAE. BLURHIITIRKE
m RISC-VZFEHSE

117



4.10 I5SEYFITE

m ILP: 15SRFFT
B UKL LA THITES 54ES
B IEIESRFITHE (ILP) E’J
m ENNARK GRS
B BRRKEFEEDNITE > FRNHEE, EahatnER
B ZRERA: — N EERRETLUASZRIES
= g%]umﬂd)ﬂ%QBﬁExE'ny*ﬁth > SNk
n BN HEHRT LIRS K15
m CPI < 1, SINIPCH#ES ( Instructions Per Cycle)
m E.g., 4GHz 4-way multiple-issue
m 16 BIPS, peak CPI = 0.25, peak IPC = 4
B SRS IEESEERAI M BE
B RSE
WIS ARSI ERAONIE, AT oS

118



4.10 I8 EBYFHITIE

m ZR5T
mESES ARG, TSRS
B FFSEAEY
mEN: ZREIM—MPLITIE, BRIERRTe ARSI F T
B RiIERRGERESHAN—E
B RIFERRIGTERESITEMA A58
B RiERR AR RTER
B SSRGS
.I;lgiﬁ &ﬁ%’z?ﬁ%ﬂ‘ﬁ’ﬂ—ﬁ?&fﬂﬁii, EENSHITIIRES, BREATeRREIE
mEENER, CPUREISSR, FEFTRES
B RiESRI NS SESERF
B CPUMEIE  THHA SRR ST EIG

119



4.10 I5SEYFITE

m HEN

EN: fmiFESEAIERE BN 15T, RBRERIEZIESEH
fHESZBIUKIK R

B REFEHITIERE

miSE BN BEIER
m YNSRIERR, SSRUR(E
W UNSRAIERS, EIH TR IERAVRIE

B Eg: HEUDSARE, DXEHHESTLURRIIT

W Eg: store + loadig<, #ENMBUIARRE, loadiESHLURRHIT

m R ARRYER R
m HENEIRES, WENBIEHFESER, IR EME
m HENRTRES I NN ERIRE
mHENSERAY, XIS RS

120



4.10 I8 EBYFHITIE

W JRIFESHEN vs BRHEN
m BN vs FRSHEN

B JRiERR A LA o TEHE
AL "B 1S, DEBIMEIREN PR TIRE

B R LIRRIITIES
mEERHTEST
mAIHENRLD, FESHIAITEI, NASERIRER
mIHENISRIY, FEIRBHET, WiskMEXER

121



4.10 I5SEYFITE

m HENAIRE
m ANSRHEENRITEE S HIR R EAT?
w0 HEUMEINERLR B TIRERIEET (FTRENZIEET)
$Uﬁw¢m wmatE
IS RES S RiE S, AERINN B ZIFAHENIERR
= Ebu»ﬁidJEPEﬁgiﬁg&_ﬂi
mEhEE, BEESTM (TREARETM)
® ESBESTA, MAMRIARRA
HESABES, WERRE

122



4.10 I8 EBYFHITIE

m RS ARG

B RERRGIESDEN REE”
® SIE— AR R —BIR S
m RO RAE

BRI ENNIFERIGES
mIEESMHRIME—BRIEST (VLIW)

mERKEST: —MSEBNESRFNREGH, SHERFIFSPERL
RIFRISALRE S AT AU ST AIIRI L2

Instruction Memory / Cache

1 2 K-1 K ] FU1 .
F— T o upiv [ 5
] 32 bits! 64 bits! .
i Multi-port
5 FU2
Z o (Mul/Div) [ 7] Integer g
o Lo K*32bits | g |32bits 64 bits Bus | £
it T i.r» -4 1 Register  f+—\—>| z
e i ) g : o |o4vis| &
i Instruction Bus o FUK-1 Files g
i =
‘ . g 32 bits (Mul/Div) 64 bits| 2
add i mpy. ----- | add; 1dw & R
] =
32 bits 5| (Branch/ lémgfﬂm
32 bits|_Memory)| g1 o ounter
) 123




4.10 I8 EBYFHITIE

B BESEREHIERE

B IR HRE D BT Bk
B EESEFHIFRIASTES
B ZRERRESHE ZEIREIKEIR R
B RERASI B AR R E— KR R
B RERISAZAER
B RS —EAE

BBV E, FnoplEZR

124



4.10 I5SENFITIHE

[ | RlSC VEPE’.]E$IU\XRE§j
B WRHHES
—&ALU/branch#ﬂ/\
—%%load/Storeig<$
l64b|t5(9‘;. (—£18<32bit)
® ALU/branch + Load/Store
B SERTETEANopIES

Address | Instruction type Pipeline Stages

n ALU/branch IF ID EX MEM WB

n+4 Load/store IF ID EX MEM WB

n+8 ALU/branch IF D EX MEM wB

n+12 Load/store IF ID EX MEM wB

n+16 ALU/branch IF ID EX MEM WB
n+20 Load/store IF ID EX MEM WB

25



4.10 I8 EBYFHITIE

B RISC-VEF S ASTEIE B

126




4.10 I8 EBYFHITIE

B RISC-VXUEGTIRITHRIE R
B EZHTHITRIIES
B NS EZEK
B HUEEK
B PR EHSIT R EEIT BEE Rk IE R
B USRI ?
B IE/FEESER—ATEY, ElAsEEZFERALUER
madd x10, x0, x1
l|d x2, 0(x10)
B ORRNE, SChR EERTFT—IREZE
B IEEESRIGEFIER
B NEIESE— ERREMRIER, BMEERRES
B EEFENHAYEER

127



4.10 I5SENFITIHE

m EERG: Alil = Alll + C

Loop: 1d ,0(x20) // X31=array element
add x31, ,X21 // add scalar in x21
sd x31,0(x20) // store result
addi x20,x20,-8 // decrement pointer

b1t x22,x20,Loop // branch if x22 < x20

ALU/branch Load/store cycle
Loop: 1d ,0(x20) 1
addi x20,x20,-8 2
add x31, ,X21 3
b1t x22,x20,Loop sd x31,8(x20) 4

m |[PC = 5/4 =1.25 (c.f. peak IPC = 2)

128



4.10 IFSERIFITIE

B EIREFF (loop unrolling)
B — SRR EIMARHE STEF R, BREIMAEFZIE,
S ARBEMARAHESHI TR —REE.
m SHEMRLISEES T4
W R IR BRI H T
B (FREZREFRE, (NIBEEN
B BXEFIFEREARNS TS
RN "EfFEsEmR
W EREIMETRY IR
m FhiE, REINEERNSFRS
B XE BRI
B EERESFREE
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4.10 I5SENFITIHE

m EIREF A

ALU/branch Load/store cycle
Loop: | addi x20,x20,-32 1d , 0(x20) 1
Td x29, 24(x20) 2
add ) ,x21 Td x30, 16(x20) 3
add x29,x29,x21 Td x31, 8(x20) 4
add x30,x30,x21 sd , 32(x20) 5
add x31,x31,x21 sd x29, 24(x20) 6
sd x30, 16(x20) 7
b1t x22,x20,Loop sd x31, 8(x20) 8

m|PC =14/8 =1.75

migin2, BREBEUSFESMUBRNARMN
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4.10 I8 EBYFHITIE

W FSE RS IR
m thARETREL IR
m BiRE
B SRR, BRSNS TINERES, FE—
[REARHIT—RIALAHES
B HCPURE—NERIAASIRIIESEL: 01,2
W B RSB AR SR

B R T mFRARRIRE

B RECARENABRE
m (CABE X FCPULRILE
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4.10 IFSENFHTHE

B KGR E
W IE—FUB RIS, IHESHTINFE TERFVEAHRA
mELRIAT. IUFIRRE

B RFCPULFHRITIES LB R E(E
m BRI 2SR

m fl

1d x31,20(x21)
add x1,x31,x2
sub x23,x23,x3
andi x5,x23,20

m fEadd&E AR eI LAfSsisub

132



4.10 15<SEIHTIE

_ NI

TEECPU

Instruction fetch
and decode unit

In-order issue

l

l

l

l

Reservation | | Reservation Reservation | | Reservation
station station station station
Functional Integer Integer Load- | ot-of-order execute
units store
-—
— Commit In-order commit
Reorders buffer for unit

register writes

AN

Preserves
dependencies

Hold pending
operands

Results also sent
to any waiting
reservation stations

Can supply
operands for
issued instructions
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4.10 IFSERIFITIE

m SFiFasEmD
B RIERREERM ISR TEN GRS, HRESFIITRIREXR

L §§§%ﬁ£$ﬂﬁiﬁFE?@%FFﬁﬁ%%?%ﬁﬂﬂ%ﬁii?-*¢%§??%§§iﬁﬁééE@EEEE
I

W {RERUL: DORERBMFRIRIERITX, FRRIFHUE<SHURFAIRTTRIR(FEL

m SHFED: ISEEGESTRARMMFIESITERNE X, —8
EHNBHIER, BRBETKTHNEREANRFRESFRET

B R TREREBIAASIIES

B ORI P S PR M B R X AT A
w SRR,
® SEEA RN AT R E R

m AR FEEAPT F
® BB TTIRAHA R R
m SRR TR
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4.10 I5SEYFITE

m HEN

W DS, FHRIRINERTSAREIES
W EDE %E%EZHWUTTE“}*{’E
m EFT
LRSS e T SYGIP IR R N ISIN
w SUARE
® SUANEREE
W TESS AR BT ISR
W fEStorel R FHEEESSIS RIS ST
B TEENIAZ BIAERAZINE,
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4.10 I8 EBYFHITIE

B A AEHITEISEE
B At ARIERIERRBEAETE?

m HAFATERIEZEEE A LATTNAY
m N, &FRan

B DAESHIERYESEEFERE
B R RRANSHER

B SARYARSEIMEBS A ERIEEEM SR
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4.10 I8 EBYFHITIE

B ZRGIBETFIS?
mER, EERNVEENILES

B 2RISR R S BREILP
B HLRRRRMEERR
mlgn, 1EEEIE
B HLEHTIHRER
B RETHRABRBIE O/
B NFERTIBIRATHE
WK AR R IF R REELF
m MRS, RUPTBESERTHEEN
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4.10

IR SERIFITIE

W B/ INFE

B SRR SRR R R E

B S EEERINEREEIF
Microprocessor Year Clock Rate | Pipeline Issue Out-of-order/ | Cores Power

Stages width Speculation

486 1989 25MHz 5 1 No 1 5W
Pentium 1993 66MHz 5 2 No 1 10w
Pentium Pro 1997 200MHz 10 3 Yes 1 29W
P4 Willamette 2001 2000MHz 22 3 Yes 1 75W
P4 Prescott 2004 3600MHz 31 3 Yes 1 103W
Core 2006 2930MHz 14 4 Yes 2 75W
UltraSparc Il 2003 1950MHz 14 4 No 1 90w
UltraSparc T1 2005 1200MHz 6 1 No 8 70W
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4.11 5cfll: Cortex A53 and Intel i7

Market

Thermal design power

Clock rate

Cores/Chip

Floating point?

Multiple issue?

Peak instructions/clock cycle
Pipeline stages

Pipeline schedule

Branch prediction

1st level caches/core

2 |evel caches/core

3 level caches (shared)

Personal Mobile Device

100 milliWatts
(1 core @ 1 GHz)

1.5 GHz
4 (configurable)
Yes
Dynamic
2
8
Static in-order

Hybrid
16-64 KiB |, 16-64 KiB D
128-2048 KiB
(platform dependent)

Server, cloud
130 Watts

2.66 GHz
4
Yes
Dynamic
4
14

Dynamic out-of-order
with speculation

2-level
32 KiB |, 32 KiB D
256 KiB (per core)
2-8 MB 139



4.11 5cfll: Cortex A53 and Intel i7

B ARM Cortex-A53 /K%

F1 F2 F3 F4 Iss Ex1 Ex2 Wr
Integer execute and load-store
fetch & predict
*{ ALU pipe 0 b—»
Integer
AGU e Register —|
+ i ALU pipe 1
S R e
Instruction Predictor
™| cache - "‘ MAC pipe > Writeback
Indirect
> Predictor ——

Divide pipe
Issue Load pipe

Lo Store pipe '—»

Instruction Decode Floating Point execute
NEON | | MULDIV/SQRT pipe |
E 13-Entry . <
arly y Main Late Register
| Decode [ Instrction > peooge Decode file :
Queue ‘ ALU pipe ‘
D1 D2 D3 F1 F2 F3 F4 F5
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4.11 5cfll: Cortex A53 and Intel i7

m ARM Cortex-A53 148E

10.00
I Memory hierarchy stalls
9.00 +——  Pipeline stalls 856
M [deal CPI
8.00
7.00
6.00
5.00
4.00
3.37
3.00
214
2.00 175 1.76
133 139
104 107 147122 s . .
1.00 —L————_—_i-i e
0.00 -

hmmer h264dref libquantum perlbench  sjeng bzip2 gobmk xalancbmk  gcc astar omnetpp mef 1 4 1



4.11

|: Cortex A53 and Intel i7

m Core i7 /K&

128-Entry
inst.TLB |4
(four-way)

'""‘H'::”“ T8 Entry inatraciion que0e
| I S
hardware
| |

+[ 32 KB Inst. cachs {four-way |
. v

16-Byte predecode+macro-op
fusion, fetch buffer

h 4 A4 A 4
Complex Simple Simple Simple
Miro 7 MACTO-0p | macm-op | macio-op | macro-op
o decoder  deooder decoder | | decoder
-code - o
28-Entry micro-op loop stream detect buffer
¥

&

[ Register alias table and allocator

128-Entry mrdof buffer
36-Entry luservu.l‘nn station

Sum Slmu
nd dnlg

me ardul buffer

Store
& load

512-Entry unified
L2 TLB (d-way)

8 MB all o

cache (16-way associative)

256 KB unified 12

vV ¥V
&4-Entry data TLB | [ 32-KB dual-ported data
cache (eight-way)

(4-way associative) | | cache (8-way associative)

ore shared and inclusive L3 Pl Uncore arbiter (handles scheduling and
clockipower state differences)
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4.11 5cfll: Cortex A53 and Intel i7

m Core i7 148E

CPI

3
Stalls, misspeculation
26
u Ideal CPI f
25 F-
212
2 .
15 —
123
102 108
1 sz | LT
074 077
0so 081 088
osdos oL o b
NIEEEEEEENERE]
& & & F L F NS
& & G s S
RN USRI o &
K L

40%

Branch misprediction %

m Wasted work %

35%

30%

25%

20%

15%
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4.12 IE: IFSH/ATFIERESME;

W FERESRA
m CIURBEFH

1 #include <x86intrin.h>

2 #define UNROLL (4)

3

4 void dgemm (int n, double* A, double* B, double* C)
51

6 for ( int i = 0; i < n; i+=UNROLL*4 )

7 for (int j = 0; j < n; j++ ) {

8 _ m256d c[4];

9 for ( int x = 0; x < UNROLL; x++ )

10 clx] = _mm256_load_pd(C+i+x*4+j*n);

11

12 for( int k = 0; k < n; k++ )

13 {

14 __m256d b = _mm256_broadcast_sd (B+k+3*n);
15 for (int x = 0; x < UNROLL; x++)

16 clx] = _mm256_add_pd(c[x],

17 _mm256_mul_pd(_mm256_load_pd (A+n*k+x*4+i), b));
18 }

19

20 for ( int x = 0; x < UNROLL; x++ )

21 _mm256_store_pd (C+i+x*4+3j*n, c[x]);
22}

23}
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4.12 10

A

IxE.

RS TFIERESIE;

m RS A
m RS

21
22
23
24

vmovapd (%rll), $ymm4
mov %rbx, $rax

xor %ecx,%ecx
vmovapd 0x20(%rll), $ymm3
vmovapd 0x40(%rll), $ymm2
vmovapd 0x60(%rll), $ymml
vbroadcastsd (%rcx,%r9,1), $ymm0
add $0x8,%rcx # register %rcx =
vmulpd (%rax),$ymm0, $ymm5
vaddpd %ymm5, symm4, $ymm4
vmulpd 0x20 (%rax), $ymm0, $ymmS
vaddpd %$ymm5, $ymm3, $ymm3
vmulpd 0x40 ($rax), $ymm0, $ymmS
vmulpd 0x60 (%rax),%ymm0, $ymm0
add %r8, %rax

cmp %rl0,%rcx

vaddpd $ymm5, $ymm2, $ymm2
vaddpd %ymm0, $ymml, $ymml

jne 68 <dgemm+0x68>

add $0x1,%esi

vmovapd $ymm4, (%rll)
vmovapd %$ymm3,0x20 ($rll)
vmovapd %$ymm2,0x40 ($rll)

vmovapd $ymml, 0x60 (%rll)

#
#
#
#
#
#
#

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

Load 4 elements of C into %ymm4

register %rax = %rbx

register %ecx = 0

Load 4 elements of C into %ymm3

Load 4 elements of C into %ymm2

Load 4 elements of C into %ymml

Make 4 copies of B element

%rcx + 8

Parallel mul %ymml,4 A elements

Parallel add $ymm5, %$ymm4

Parallel mul %$ymml,4 A elements

Parallel add %ymm5, $ymm3

Parallel mul $ymml,4 A elements

Parallel mul %ymml,4 A elements
register %rax = %rax + %18
%r8 to

compare Srax

Parallel add %ymm5, $%ymm2
$ymml

srax

Parallel add $ymmO,

jump if not %$r8 !=

register % esi = % esi + 1

Store %$ymm4 into 4 C elements

Store %$ymm3 into 4 C elements

Store %$ymm2 into 4 C elements

Store %ymml into 4 C elements
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4.12 NE: FSHRFATHIEREEE

m HEESN
m AVX: Intel Advanced Vector Extensions, F=FH1T
munroll: BREFF

LT
L
w
o
O 8.0 e
[TH
S}
R
1.7

unoptimized AVX AVX+unroll
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4.13 BRER

W K& CPURYVerilogsCHl (B8)
u 7;|L7J<Z£CPUE’\JLogisim§EI)|I|,

[m}

p
YR e
P f=: = Branch ||
RST RST st Decision B
NPC L], Instruction =y | m -
H "Mamorybe tpe —fos
Gen. Y i i Data
— & Memo
T JT_siTec| Data [t g
s Lemee
: H=ats
|| L T A f
by b L foe
" -| E—‘ IJ\WX
7 [br
IF U IMEM)| WB
=

TREE

" ex ew we RuE

sLusiz e
atuopl
L it Controller Aot
patawnf— HarzardiForward H
Datar0 [t [
J

Ra

FotHeer o 147




4.14 256

mBIRT RUKEEE R
B BR2: WTFRUKESFEEIRLT, JUSTIZ2%X

W [EpH: REIHESRRRITHAIE BRI EAISTI
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4.15 ARSI

B |SARINEE BRI HI2sa0IR 1T
W SORBRRAHEH RN SAIRTT
B KEFERAH TTHRSIESEIE
l&ﬂ?&ﬁk@a?av
BIE<SHIER B R/
L] EB_L
L P
BEUE
Wiz
ZRITFNNSEE (ILP)
lﬁ@ﬁ MRS 7 FHATHERIEHE
SV S INGERE

149



4.15 A=

=
B ER[FHASCIR
Targete B
st - a1 s
Instruction e
PC it MemoryDats etz Register
52 Files Data o,
TargetPs e Memory
in
=] WE3
_ Immediate
Unit  outr—
Branch
ks Decision
00000004
WEFRD
AL
ALl
AL
bt instr Controller
=) AL
[
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4.15 XSG

W 77K S0

3 ] 3 3
w H
cen. "™ type.
! Memory
. oo b
=
Immediate
nste Unit - Wl
IF D MEM| wB
CLK X T -
L
]
ko .
.

atuop—t
L it Controller Rt

Datane] HarzardiForward o

an
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i

513

W 5.2 FERA

B 5.3 cache&EHH

B 5.4 cachef9MEETEFOHSUH

B 5.5 AFEEHERREIR

W 5.6 I

W 5.7 EHFEE

B 5.8 IFERREHIN—HRIESS

m 5.9 FARERIKRSHIEEIEER cache

B 5.10 FTREEEREN . cache—&iE



i

511 HT5=FERERE: RAID

512 BRER . SLINEiFEsE

5.13 sCfjl: Cortex-A53F1Core i7HFERIRE
5.14 s£f5l: RISC-VEFZHHTEEBDFFHFIES
5.15 0EE: cacheyHRFANMEFESRE

5.16 iR Skt

5.17 A&/



5.15|8

B SERERIE
B PR AR EER ST E it 2SR N —/ N EB
B fEEERE. =EEERTE
mELY: ERIEPEBIGIF
B [EEERE
B IIRENUETISE, BBATEAARIEETsE BRI 5]
mi5$: ENMES
B IR EINESIEXNEE
B TEFERE
B IIRENUETHIGE, SeittiERSURIR SRR BER5E
mi5S: IFEHITHOES. BRES
m R



5.15|8

m FEBMERERIN A
m RRIATFEES
® SRR, SHEMRIEENE, FHROSRIA, DR
m SRR b
AR (RN HOSURTIMEER S MZIDRAM
w NERINEEIER/ 197
i RIFRGIER. ROURSTER. [EBET0RPRERS
S BN AIEAO AR DRAMEE T EI—NE/NIISRAM

B N7/ EFHENEIEF/cache R B (RE/ M) MEEA
B cacheECPUEIR

e = ®ir R BN BE SRAM
BRESER, EFEE/N
B cachetBa[BEESZMNEX T DRAM

B8 hEE f >N BRIE REE




5.15|8

B FiEsREIREEH

m /97 (block/line)
B EEP IR GEHEBE B A A ER/NRTT
B R EFHFEERNER/NAR
B —R2EASNF: 16~256FT
m dg4 (hit)
B SAAREYEE L EFMERTTH
W phER: R EABIRIREL
B fR4e (miss)
B FHRNSEERE L EFERT

WERSCER: FROCUIKEL/IGIANREY = 1-aprheR

B ERRAR SN T —RIRREETE

Processor

Data is transferred




5.2 TFiERA

m $25RAM (SRAM)
m0.5ns~2.5ns, $2000 - $5000/GB

m z7SRAM (DRAM)

®m50ns~70ns, $20-$75/GB R R P

m5ms~20ms, $0.20-$2/GB zS
mEETZAE, bidsfausmie: L1000 111

B IRERYTFAERS
W i5IAYE S SRAMAEZ .
B AEMSGBASHAEES T
| Address[10-0] —s i

c Werdine
rQ
Pass .mjj—v‘ Column latches
Gapactor
L5 v
P!

| | |
21-10] | 008
s
u mh
*1020

H
€
H




5.2 TFiERA

® DRAMEAR
B L BRI TR
B BbitiERTER— RAERT
W A TRIEA RO R
B FIFETR(E: EEREERE, KREHNSH
W FiERES, LADRAMES "f7" {E/9#{EETT

Bank

Column

Rd/Wr

Act

A

Row



5.2 TFiERA

B DRAMAYHLRZE

B DRAMAPEIHR AL R FERZ PGS

m DRAMIf|a)EE1T

W SERIER R —TRNTET, TR
B EEIEESE (DDR) DRAM

W 7E_E RN R REA SRS
m [UEEEESE (QDR) DRAM

m 7 DDREAFIEIH



5.2 FiERA

B DRAMEATE

Year Capacity | $/GB
1980 | 64Kbit $1500000
1983 | 256Kbit | $500000
1985 1Mbit $200000
1989 | 4Mbit $50000
1992 16Mbit $15000
1996 | 64Mbit $10000
1998 128Mbit | $4000
2000 | 256Mbit | $1000
2004 | 512Mbit | $250
2007 1Gbit $50

300

250

200

150

100

50

——Trac
—=—Tcac

'80 '83 '85 '89 '92 '96 '98 '00 '04 '07

10



5.2 TFiERA

B ZIIDRAMMRERIEXREIZR

B (72 HX (Row buffer)
B RVFRERNEEAIRIF S
m B FE=S
B RIFLISRATSTUESNR, FRAEE MbiE
mIREHR
m DRAM banking
m RIFREAHHEIEZDRAM

=
LB

1



5.2 TFiERA

m )\DRAMEEE vs MZKIESKEIK

B DRAMBIHIRRERY, FTFKLHEEFERT
B CPUBFEREKRFDRAM®EER, KAEFEEREREATHIKE
B HEFERESY (BEEFA) , KITEEFA
B IESNEASRE
AN
m NS S R

12



5.2 TFiERA

m AR R
— D —_ =D
I —_—

Cache Cache
u B

Memory Memory || Memory || Memory || Memory

bank 0 bank 1 bank 2 bank 3
b. Wider memory organization c. Interleaved memory organization
IR RRAN TS
Memory B SEIRAEEY REAN TSR

W UEST: 1+15+1 = 17 NRE&EHEHR
W55 16byte/17 cycles = 0.94 Byte/cycle
B 4/ bankRY3z X iHE(A]
@ Omewoince o WRRUETT: 1+ 15 + 4x1 = 20PN REATEREHA
W5 16 bytes / 20 cycles = 0.8 B/cycle

13



5.2 TFiERA

m [NJ7F(Flash)
B (NZE—FBYHIEEPROM  (FBOTHERS ISR ESR)

B NEE—MIER LIS FE T
B EURZERR100~10004Z

B (AFRE/N, INFEER. MBEFRE

B (MENTFHEZSDRAMZE

14



5.2 TFiERA T T

L RVNZEZHiE-S

B NOR flash, NAND flash
m NOR flash: bitE25tZE{LINOR|7] NAND Cells

m [EHE/ Sihia) SR I e e v v B

m BFHRAR RGPS STFi4eE pipipipipiplply
m NAND flash: bitEBc3{LINAND]| ]

B ERE ((/ER) , E—XREREEE

m 5GBEER

m HFUSBZH, HEIKTFAE. ..
_ Rz 11 000 /’wﬁlcﬂi:, INFSER

' RRAMERRER (IFEERILL)

IELJ’J@I 4—:§SGEETEH§&EJ‘§U$2 DMsERRRYLR
m S LSRR B R (s R R




5.2 TFiERA

W HEFE
mIEZRME, DErLHiF iR

cylinder

track
\ 4 sector

,,,,,,,,,,,,,

16



5.2 TFiERA

B AR XA
B B HEBXICRIYER
m 55XID
BEYE (512575, #iN4096FT)
2358 (ECC)
B T SREETICRER
B FEFERFNEME
B 2GR REXEUENEZE
B EFEAEHAAIHERAZER
mSiE: BEhskEs
W [EE A (RER
B EHEER
W IzFIEE S

17



5.2 1Ffi&A

W IR

m512BREX, 15000rpm, 4msEYFiERTE], 100MB/st&imE=SR,

0.2msi=Hss i, TRE
W SZ1YiEENATE]
W 4msSiEARTE
W +Y2/ (15000/60) =2mshEt&IEiR
m +512/100MB/s=0.005ms{&aiE]
B +0.2msiZH|28FER
H=6.2ms
B NRCFRIYFIERTEI Tms
W YEEAYE)=3.2ms

18



5.2 TFiERA

W HEMERE
m SRS | Y SIERE
m EFFTEARANER
m SR ER S SEELR I SERE4EE
m BEHRE SRR E D TYEEX
m R BERR D
mSCSI. ATA, SATA
m R EIARET
m FRESE R ARSI
m B0 SIEFHERIER

19



5 3 c h Eﬁm 0 0_0000_0000 3 2 1 0
[ a c e 1 0_0001_0000 7 6 5 4
2 0_0010_0000 11 10 9 8 |

. 3 0_0011_0000 15 14 13 12
m Cac h eigﬁ - 9, 0000 4 0_0100_0000 19 18 17 16
B 7FfiBES: 512Byte " 9, 0100 5 0_0101_0000 23 22 21 20
B Cache: 1 ZgByte u 9] 1000 6 0_0110_0000 27 26 25 24
m Rk 16Byte m 9 1100 [ 0_0111_0000 31 30 29 28
" 9 0000 | s 0_1000_0000 35 34 33 32
e m 9 0100 9 0_1001_0000 39 38 37 36

m 9 1000 | 10 0_1010_0000

Y 0100 L 0_1011_0000

12 0_1100_0000

C P U " 9: 1000 13 0:1101:0000

=9 0000 =5 0_1110_0000

®s | fehr [ Tag | # (word3-wordo) 15 0_1111_0000

0 16 1_0000_0000

1 17 1_0001_0000

2 18 1_0010_0000

3 19 1_0011_0000

4 20 1_0100_0000

5 21 1_0101_0000

6 22 1_0110_0000

7




0 0_0000_0000 3 2 1 0
5.3 CacheH&filli o=
2 0_0010_0000 11 10 9 8 |
< . 3 0_0011_0000 15 14 13 12
u CaCheikgﬁ = 9" b0_00p4 0000 4 0_0100_0000 19 18 17 16
N 9 b0 00pP1 0000 —
B 7FfiBES: 512Byte , - 5 0_0101_0000 23 22 21 20
m Cache: 128Byte ® 9 b0_00Q 0000 6 0_0110_0000 27 26 25 24
m Rk 16Byte m 9" b0_00j11[ 0000 0_0111_0000 31 30 29 28
m 9 b0 01 0000 [ s 0_1000_0000 35 34 33 32
n ANESREE m 9 b0_01 0000 9 0_1001_0000 39 38 37 36
B 9 bo1 0100 | 10 0_1010_0000
B 11 0_1011_0000
12 0_1100_0000
13 0_1101_0000
14 0_1110_0000
15 0_1111_0000
vy 16 1_0000_0000
o 17 1_0001_0000
1 18 1_0010_0000
2 19 1_0011_0000
3 20 1_0100_0000
21 1_0101_0000
22 1_0110_0000




5.3 Cache&ifi

m CachefFfigse
B — M EEEEFREENETESA
B AR EREEFECPURIAN—E

B IRNE LI NEIER ST

B BOZEBRERSRENEIE? X a
X X4
Xn-2 Xn-2
Xo- 1 X1
Xs Xs
Xn
X3 X3

a. Before the reference to X,,  b. After the reference to X,, 22



5.3 Cache&ifi

B EiERSTCache

m —fficaches5ty, Hp&MFitbliEfREIR]cachehRIEHENE

B RSB RitIbRE
B BEMREY, RE—NE
m Bttt % CachedrfythEiE
W BRitbhE: POTRIIRIELE / PR/

m it ( block ) A/ NE2REHIAE
B REER2NEEHIRE

————————
OOOOOOOO
oooooooo

m AU R T AERASUE

o

{

S

Mo

00001 00101 01001 01101 10001 10101 11001 11101

Memory

23



5.3 Cache&ifi

B REFNERAL

B B IATRER MTER TR A
m TR SR R
SRk, REBHIENTFR ESOM0? )
X FERIRAIRE (Tag)

m IREMIESBHIREEAD?
WS 1=TFE, O=FE
m {4 {EH0

24



5.3 CacheEf:

m Cacher~ffl
m 8/\block, A block&1 /1=, EiEET
W IIAIRES

Index Tag Data

000

001

010

011

100

101

110

Zz|1Zz|Zz|Zz|Z2z|Z2|Z2|2|<

111




5.3 CacheEf:

B Cacher=f7l

m 8/ block, B \block&11\x, Eizhhst

Word addr

Binary addr

Hit/miss

Cache block

22

10110

Miss

110

Index

Tag Data

000

001

010

011

100

101

110

10 Mem[10110]

111

Z|I<|1Zz|IZz|Zz|Zz|Z2|2|<

26



5.3 Cache&ifi

B Cacher=f7l

m 8/ block, B \block&11\x, Eizhhst

Word addr

Binary addr Hit/miss | Cache block

26

11010

Miss 010

Index

Tag

Data

000

001

010

11

Mem[11010]

011

100

101

110

10

Mem[10110]

111

Z|I<|Z2|IZ|Z2|<|Z2|Z2|<
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5.3 Cache&ifi

B Cacher=f7l

Word addr Binary addr Hit/miss | Cache block

22 10 110 Hit 110
26 11 010 Hit 010

Index \% Tag Data

000 N

001 N

010 Y |11 Mem[11010]

011 N

100 N

101 N

110 Y |10 Mem[10110]

111 N




5.3 Cache&ifi

B Cacher=f7l

Word addr Binary addr Hit/miss | Cache block

16 10 000 Miss 000
3 00011 Miss 011
16 10 000 Hit 000

Index \% Tag Data

000 Y 10 Mem[10000]

001 N

010 Y |11 Mem[11010]

011 Y 00 Mem[00011]

100 N

101 N

110 Y |10 Mem[10110]

111 N
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5.3 Cache&ifi

B Cacher=f7l

Word addr Binary addr Hit/miss | Cache block
18 10010 Miss 010

Index \Y, Tag Data

000 Y 10 Mem[10000]

001 N

010 Y |10 Mem[10010]

011 Y 00 Mem[00011]

100 N

101 N

110 \4 10 Mem[10110]

111 N

30



5.3 Cache&ifi

m R RS

Address (showing bit positions)

Data

6362 ---- 131211 ----2 10
Byte
offset
52 10
Tag
Index
Index Valid Tag Data
[
1
2
1021
1022
1023
52 32
-
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5.3 Cache&ifi

m R B0k (block) A/
B O64ANR, 1675/
W 3731E1 2008 B F BN R?
B [FER0 5t = YpIEMEE / HhA/N  1200/16 = 75
m (AR R = SEEHR % AR 75 % 64 = 11

63 10 9 4 3 0

Tag Index | Offset
22 bits 6 bits 4 bits
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5.3 Cache&ifi

B BRA/NREREREE
m R T=AFEMERE, HENblock K/NAT LA FSIER
B S FEREANMIER, 1ENblock K/, HSEblock#iZim>
mblock# &R, HSHESRS, MMEMNKIER
B SSUESIRIERE S
 blockik A, HURSMFMSRAYZERTEA
W S KARERT S PR R Fr R AW
B T AHIERAMEAREERTRIBSH DA
mRRERRA
» REFRRHIRRESMASHIIT, RS SRR IATESIRERIE R
W RRFATRA
® EELURHE, SRR R SRS R cache
B SRR
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5.3 Cache&fil

B BRANGISIERERIR R

10%|

5%

ES &

0%

L e " 16K
16

«O>» «F>» «=)>»
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5.3 Cache&ifi

B EFE (Cache Miss)

m Cachedpid, CPURTIEEHIT
m CacheZs¥iad
m [HEECPUZIKE:
BN T—RFERE (NERF) KE— ) EUER
B X3 Fi5<Scachessy
B FEENBUEIRIE
B XS FEWECcachesksy
B TR AR
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5.3 Cache&ifi

B EEUEE Ay, JLAREFEFFHIR
B EXFE—k, EEMATEMSI—E
B S5EjX (write-through)
B NREFE, —MEREE, SERIESEREHcachefI F—RFMHE, R
IR Z [BIRIEUE—EL
REHX: ENEFNENEEHRNE
B EXSUIEERFFENERK
Weg: WIREARCPI=1, 10%0HESEFE, BEARERE100/EH
m A%CPI=1+0.1x100=11
B RRAE: EAETX
B FRETXRFEESNNFIEE
m CPUXZEN4kEE
B (NEBEANETXEHRNIENGE, EZECPU
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5.3 Cache&ifi

B 53&%[A (Write-Back)

m—MERE, WESERFR, REHcacherhRINMEUERAVESIE, Hi%#
EREELRRT, BISERRIEEREN TR

m SiREIRE: EEES AT, IREHMETFHIIR
m RESE MBS RER
A ARIER? ..

W SRR RAS

B SEIfFi#E=R
B LERERTX, BESRIRFERIEPX S
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5.3 Cache&ifi

B 545 (write allocate)
B NREESRIY (write miss) , ZEAN?
B EFEREF, NMREE AN AECcached, NEcachedr AESHEE—
NERR, FRASHEE
I%%TEWME’\J%—%ZTQEE%H% (no write allocate) , ZFRFREFRIIMA
B WFEEIAKE

WG ——RapFRTBOEC: SoiEEUR
B EIR—EES: AEEEEER

B DAEFRESEEERIS AR MR (FIa040iait)

B Y TFEIREIZEEE

m BRI EER
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5.3 Cache&ifi

m sCfl: Intrinsity FastMATH&L 2SS

B R ATUMIPSALIEES
W 124K EL
m IESTNEURIAS 5 A— M i EEA
B SENEF. BSEFNEREET
B ZMEF16KB: 256 MR x 164N F/1R
B D-cache: ESES
m SPEC CPU2000 U2 FAER
m +4ZSPEC CPU2000?
B The Standard Performance Evaluation Corporation (SPEC)
W |-cache:0.4%
B D-cache:11.4%
WIS 3.2%
B |-cacheFID-cacheMBFFIHERITCPUMBERINE X? HTA? %



5.3 Cache&ifi

m SCf5: Intrinsity FastMATH&LIEES

Address (showing bit positions)

31 - 1413--65--210
. 18 J8 14 Byte Data
Hit Tag + offset
Index Block offset
18 bits 512 bits
V Tag Data
256
entries
418 432 .32
(=
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5.3 Cache:E s

A0 22 45 4 BE S ) T 150 0 T cache $HE 28 B (02 T, &F X cache i,
1. FAABEER MR,

cache f) 8RR LR/
2. AFABIER#RAE , cache RYBIBR ALK,
3. FEEHF SRS, cache HOMHEER 2B/
4. FEAHAT TORRE |

cache FORR B BEIUK




5.4 Cachefiyi ﬁﬁi:HEiFﬂEQLE

B RFRFRIER Mol 55 705 7 e s o o s s e

m EFEDRAMIEAET ———Es S S
m EEAOSURRIE (fin: 32bit)
nEERERNSGEHTEE e

B S ZAIRT R —AREREL CPUSIERAE
B CacheZEHRERURA!
B RIEEEE . 1N EER
m DRAMIfE): 15N ERA
m iR SR 11N EE/=F
B X F4AwordfIEEER, 1wordsiZEAIDRAM
WERUETT: 1 +4*15 +4*1 = 651N FEHA
B EE: 16byte/655EEHR = 0.25byte/ R ELEHA
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5.4 CachelI1EsE1T(LFAG

m itHCacheftsg
m CPURTEIRIZERERD
w2 FHITEES
B Qg A hEE
B NFE(EEE
B FRREERGH
m B ERIR:
Memory stall cycles

_ Memory accesses

x Miss rate x Miss penalty
Program

_ Instructio ns 5 Misses
Program Instructio n

xMiss penalty
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5.4 CachefyEsEiTE(hFNLH

m Cachel4gefl
B |-cachezRaph=R=2%
B D-cachezkip$ZE=4%
B RapHiEsi= 1004‘59‘%41%,3}3
mEACPI (BEERF) =
B JIEFIFHE SIES E’JB6%
m SNESHIRGTER
W |-cache:0.02x100=2
B D-cache:0.36x0.04x100=1.44
B SCFRCPI=2+2+1.44=5.44
B IEBRICPUIRE R LINRERY5.44/2=2.72(F
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5.4 CachefyEsEiTE(hFNLH

B SEi5ialAgial

s PR X REtEREE
B SEREFLERTE (AMAT)

B AMAT =#3ehf ) + SR e x SR th /BT
_Su

m CPUBE A TnsHIRSEH (1GHz) , appRIiE="11EH], RapspEsi=201

[EHA, |-cachekfmphZz==5%
B AMAT=1+0.05x20=2ns
n ZMES2NEH
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5.4 CachefyEsEiTE(hFNLH

u HEHL’;IU\/EI

B HCPUMEEIRSAT
B ST AR IS IR &
B [EEERCPI
W TEERTFIEEE FRORTRIELBIEE A
B RS
B N7FEEASE S FESHICPURELA
B ER L RSERA R RRR BRI T
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5.4 CacheRJTEaEITALFAL:

m H%Cache
m £18i% Fully associative
m NEEZEEZE n-way set associative

m £1EEX

B RIFAERIBH NEAIEFIR

m BV EMERARE

B EENEN LB FERLESHTIR (85)
m NEREEZE

m BHEENNKEB

B RERETEANCcache I NES

B (RRS) & (#EFPNES

B S RETEESTATEEE

BN PLEEES (BEH)
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5.4 CachefJl%aE

G FIS

m tgBXCacherrfl
B EiERgY
m ZEHEEE
m 288X

Direct mapped

Block# 01234567

Data
1
T
ag 5
Search T

Set associative

Set# 0 1 2 3
Data
]
Ta
9 2
Search T T

Data

Tag

Search

Fully associative

|

1

THTTTTT
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5.4 Cachefyt4sE1F(EFN2

v

B f8EXCachefI4514
m L 8&81HEaCacheafl

One-way set associative
(direct mapped)
Block Tag Data

(1) Two-way set associative

> Set Tag Data Tag Data
3 0

4 1

5 2

6 s 1 |
7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data

|
LA I D Y O

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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5.4 CachelI1EsE1T(LFAG

m RZERA

m ASARERTT
m SR, 2BSAMERK, DAEH
m BRiGEIER: 0,8,0,6,8

m EERGT

Block Cache Hit/miss Cache content after access
address index 0 1 2
0 0 miss
8 0 miss Mem[8]
0 0 miss Mem[0]
6 2 miss Mem|[0]
8 0 miss Mem[8] Mem[6]
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5.4 CacheRITEEETT(hLFN 2

B 2P%HFEEX

Block Cache Hit/miss Cache content after access
address index Set 0 Set 1
0 0 miss
8 0 miss Mem[0]
0 0 hit Mem[0] Mem([8]
6 0 miss Mem[0] Mem[6]
8 0 miss Mem[8] Mem[6]
B 2£1EEX
Block Hit/miss Cache content after access
address
0 miss
8 miss Mem([0]
0 hit Mem[0] Mem([8]
6 miss Mem[0] Mem[8]
8 hit Mem[0] Mem[8] Mem([6]
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5.4 CachefyEsEiTE(hFNLH

m Y{AIFEERERTE R
W ENIRERIE AT AR

B (BEHRADTEEB R

m RGRIL 64KBEURELF. 167/5R. SPEC2000
m 1-way: 10.3% 0.14 way
m 2-way: 8.6% 0.12 M Contlict

2-way/ ZhEY bt

(]
. 0 0.1
W 4-way: 8.3% S 4-way —> PR BRI EL &
= 0. HEXFA
m 8-way: 8.1% g 008 .
2 0.06 .
8 Capacity (L Ltk : (ade BEATILKE
«» 0.04 ETRNOHARE KIQ)
m AEUEE g
PR 2 0
bakesbazuseewnr. % 8 3|
£ AR RILE P e -
T4 = B RNBAKE Cache Size (KB) Compulsory(§tt)|-)

%
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5.4 CachefJ1¥sEiFEFIG

m /AiEExCachefV%5H4

Address

3130---12111098---3210

|
22
Tag +

4-to-1 multiplexor)

Data

18
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
253
254
255
22 {32
JS) ?9
I
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5.4 CachefyEsEiTE(hFNLH

m R

B EIEMET: BITCIER
m ZHiEEL
B UNRELHNEE, BSFELHEE
m BN, BEEESPIEBEPHITIEE
B RF&/MER (LRU)
B EERIKABERERN—
OB, ARRETES, SRR FAFEEENE
m FEAY
B EEXREM A ERHSLRUAEIERAIMLRE

54



5.4 CachefytEgEiE(LFN2SLH

" SEE

m F21F (L1 cache) &E#EZICPU
m 2/, (BEERHR

B L1 cache missEtif[AIL2 cache
WLVLIEXR, EEFE, BHARR

B FERERRIRSL-2EF R

B —EEinRREEL-3ERF
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5.4 CachefytEgEiE(LFN2SLH

B ZREFR0
m CPUEARCPI=1, RI#sRZEE=4GHz (0.25ns/clock)
B R PE/AES=2%
B ETFfEEShIaAT A =100ns
B REEEF (L-1)
B Sk $4EST =100ns/0.25ns=400 AT $h/EHA
B G3CPI=1+0.02x400=9
B IERIL-2%&7F
® 53Rt =5ns (20 clock)
B RIS ERmHER=0.5%
B L1533, L-28p9
W 75 =5ns/0.25ns= 20 AT $4 EHA
15, L-2553%%
B ZRHMEST =400 NI /EI R
B CPI=1+0.02x20+0.005x400=3.4
W fBEtk=9/3.4=2.6
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5.4 CachefyEsEiTE(hFNLH

B I TFEREFRIERS

m FE7F (L-1)
B K ERFERYA AR
m 2% F
B ERXHERGFR, LUBRRERFRE
W PR RIS EE ARSI
mER
B - 1EFEERENMER/N
B L-1 X/ VINFL-2 KR AN
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5.4 CachefytEgEiE(LFN2SLH

B 5 CPUFIFTFCaches&fi9abiE

B SIEELERITHICPUR LATEcache missEY4k&EiTHEHEISS
B EEXRRIGTFIES (RIS Eload/store AT
B S5iFFEXAE S BT RBINES
B RAERIES TR EHT
B RPN IBUATEREER
B EHEDHT
B (FEERFHENL
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5.4 CacheREREITARFICH

L IPSLICREEN A

B SRAp IR TAFLIEETI

mEATA

B NFHAIRYRIERR

2000

E SR A / IET
B @ B
8 8 8

o

1600

4 BEHRF

BT

e

e

——o—t

16 32 64 128 256 512 1024 2048 4096
AN ( FRHERF REIBTEY )
b)

4‘8‘

1200

cachek k% / BHET

o

|t

——————

4 8 16

"32 64 128 256 512 1024 2048 4096
AL ( FFHEF RBIRTE )
a)

IS
L

w
7

N
L

BEHHRF

| e

/
e

4 8

16 32 64 128 256 512 1024 2048 4096

A (5 HERF RRIR TR )
c)
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5.4 CachefyEsEiTE(hFNLH

W B DRI TR

B BiR: EHEEEIRZ AIRAREGREE
B EEDGEMMEIPZRIEIR :

for (int 7 = 0; j < n; ++7)
{
double cij = C[i+3*n];
for( int k = 0; k < n; k++ )
cij += A[i+k*n] * B[k+j*n];
Cli+j*n] = cij;

}
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5

4 CacheRYIEREVRFACREH

B DGEMMiZTFRT

mHEC. A BREFEI(

older accesses

new accesses
j
012345 01 2 8 4 5 0 1 2 3 4 5

C
0
1
2
3
4
5

o R W N = o D
o A W N = O W
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5.4 CachefyEsEiTE(hFNLH

B DGEMMfcachef Hki s

1
2
3
4
5
6
7
8

9

10
11
12
13
14
15
16
17
18
19
20

#define BLOCKSIZE 32
void do_block (int n, int si, int sj, int sk, double *A, double
*B, double *C)
{
for (int i = si; 1 < si+BLOCKSIZE; ++1i)
for (int j = sj; j < sj+BLOCKSIZE; ++3j)
{
double cij = C[i+j*n];/* cij = C[1i]1[]J] */
for( int k = sk; k < sk+BLOCKSIZE; k++ )
cij += A[i+k*n] * Blk+j*n];/* cij+=A[1i] [k]*B[k][]] */
Cli+3*n] = cij;/* C[i][3] = cij */
}
}
void dgemm (int n, double* A, double* B, double* C)
{
for ( int sj = 0; sj < n; sj += BLOCKSIZE )
for ( int si = 0; si < n; si += BLOCKSIZE )
for ( int sk = 0; sk < n; sk += BLOCKSIZE )
do_block(n, si, sj, sk, A, B, C);
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5.4 CachefEaEITAHFIPN

B DGEMMBcache HRiGTFEES

i
C o 123 45 Ag 1 23 45

B o
0 0 0
1 1 1
2 2 2
i i k
3 3 3
4 4 4
5 5 5

m 32x32 @ 160x160 O 480x480 O 960x960

17 16

GFLOPS

Unoptimized Blocked
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5.5 AIERNIFESEEX

W TSNt
B 2 RREBHUEHAIRERIR [ 2 5 % }

SUER, BNSERUBHIRE | o cfOEi

1]}

B EESHUIHYLHERRIE, MTTF, /
W= R

Mean Time To Failures

[TLHE’JH&% ‘5%2@”“}

=

64



5.5 AJEEMIFEEEIR

B OEMEE

W OJEEME: SEIYLATE] (MTTF)
B REHlT: Y4 ERTE (MTTR)
B SEHRERR
m MTBF=MTTF+MTTR
m I EE=MTTF/ (MTTF+MTTR)
m ES0TRY
mIEEMTTF: BiEn, 55, HUEm
mF/OMTTR: BSR4 S T EAN7E
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5.5 AJEEMIFEEEIR

CUBGETE
m SECFS: Single Error Correcting Code
m DED#E: Double Error Detecting Code

B XEREEE
B MRV Z B REIRI R

B S/NEREFT 20 e LIRS ASERIG T
BN

B 5/NMEESFTIRMBERRE, M2ASEHREN
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5.5 AISEMFEREREIR

m ;XBASECHRES

B AT RIS
m Mbit1 3G, WERGHITRES
m A 2 A R R B PR A E R
m G MRS RSB AL T8

mmwﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

Encoded date hits | p1 p2 dd  p8
X X X X X X

X | X X | X X
X X

Parity
bit
coverate

B(R|BD| B
>
>




5.5 AJEEMIFEEEIR

m ;XBASECH#ZRS
W T RAG A AT EIERIEENR T HERYbitL
B (RIS IETRIRS
m fln:
m 6B =0000, FBARHEHE
m RIGE=1010, FKEAbit10&R4ETEIE
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5.5 AJEEMIFEEEIR

B SEC/DECY®AE
B AERANERIIEIMYEHBERERR-p,
B 5 NBRIEEIR A4
W fES:
W % H=SECIEE(7L
m H{B%L, p.fBEL, TR
B HEE. pnFE. TYIEREDItER
B H{B2, pnZFEL, pnfiiEiR
m HIMHEFEL pniB3L. XEEIR
m ;¥: ECC DRAM{#HESEC/DEC, 6A{EURE, S(ikia
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5.6 REHT

B RIS ERFE N R RIR
B SR T NMAERFRIRES
W E R e HFIn SR
B HirsE THERE

B BB R —E
nERTFIREHEEETE

m fflF
m IBM VM/370 (1970FAH5A! )
m VMWare
W AR
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5.6 REHT

B ETLEAER (VMM)

B S EIR RIS R IR SR
mRy7E. 1/0i%%E. CPU
B G ERBLBFERER LLET
B RIS SN R EIRAA IR EVMMPERH
B GERERRI AR T EVRIER S
B VMMM EESTHI/OIRE
B AIEEEINBRENL/ O’

71



5.6 REHT

m A ERTRRREIML

B EARHAEEF, ERTPRTAERS

B IREREEUPHE, (MBRRT, RIS T— e
B (FRE SIS

B VMMEAZSEIVM, QMERlT, $ERHIRE RF—NVM
B WNREN B EERT2EFRT

m VMM 2T S8

WY AT SRR AR, AV MBI R
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5.6 REHT

B SASZHF

B R RPEREIR SR
B RS NERFHEI NI A
B INRERFRINTIHUT, BIREAZIRSEN
B FrEYIERIR R BEERRRIE <A
W EERER. il /057
B EHMESTFRIEN
W HEIAYISA (A0x86) IEFEIEEE
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5.7 EIT=HE

m EFE
B —EEEFEEREFER cacheRYRA
m HCPUREHFIE(ER S (OS) HEEE
VMR "B FRATE
IVMEF'J—: "Raps" FRADERTIRRY
m EBFHEEFE
B FMEFEE— I FABIEMIESE, HheSEERNRREEdE
B A EMERFRISIN
B CPURIRER GG EH MBI o Rttt

m UL EIESEROHE, SiERRERY, FEET IR
YIERitiE

m IR RO
W thiEAEHE: BARUBIERRET, ISR AE YR b OISR
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5.7 EIT=HE

W Ithitigi

L Iy

E, —R/94K

Virtual addresses

Physical addresses

L

Disk addresses

Virtual address

A7 46 45 4443 oo 1514131211 1098 +ooevee 3210
‘ Virtual page number ‘ Page offset
Translation
393837 e 1514131211 1098 o ofooeer 3210

‘ Physical page number

‘ Page offset

Physical address
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5.7 EIT=HE

W EROTSS TN

W ERDTRANT, RN R IR
m (OFHRRRRSRR) BEES M E
m IR ER G DR
m REIRERISSSHILLER
= SAEBKAOBS
m SRR
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5.7 EIT=HE

LIDES
B EEINEFERST, (RIFE R I B RAIZR
B IURREFERTT, BREEREMURSRESI
B YIRIXANRERTF, TERPIRIIE 2R AR RS
B RS ER
W IZREHATIASZRS | R TTR I
B CPURITTR S e ia IR FHRITTR
B NRAERFF

W PTEfFfEYIIE Y
W page table entryTiZ&s%E

w0 EEMPRESM (51, BES)

B JIERTAERFH
W TURKZ B A LIS E3RasEFRINIE

7



5.7 EIT=HE

W (TR T IR

l

Page table register

Virtual address

47 46 45 44 43 i 1514 1312 11 109 8-+ 3210
‘ Virtual page number ‘ Page offset ‘
36 12
Valid Physical page number
Page table
28
If 0 then page is not
present in memory
39 38 37 1514 13 12 11 10 9 8} 3210
Physical page number Page offset

Physical address
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5.7 EIT=HE

B S TURMRET R AR
Virtual page
number

Page table

Physical page or Physical memory

Valid disk address

1 —_
1 —
1 —_
1 — |
0 [N
1 N
1 —— <]
0 oL
1 ¢ </ Disk storage
1 r
0 L
1 C [ E—
\\
O]
e
]
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5.7 EIT=HE

m BRIISEHRE

Iﬁggﬂﬁ%wwz,%%&E%ﬁ%&ﬁ%(mu)%ﬁﬁ
17

mISEDERS, PTEFREISE( (HFRAERND) RE R

m R ERGERBS AR R0

m SO FRIERIRS | B ORI TE
B BEEANFTEHEHTEH

m A EE R TIRE, AR R TER

R SHL (WREFE) SFMEH

 BEERESHE

m MRRESERER, REPTERABHAINT
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5.7 EIT=HE

B {EARE (TLB) #HiTIRIEER
B TLB: Translation-Lookaside Buffer, FAFiERE&iA{ERHIAIRET S
BiYcache, MNMEREREPEIRIAIAER
B A AFES INREK?

B R EE I MINELE
B E—RipAPTE, IREUIE I
B TR RIS
B {BXITEERABRES RIFIEERE
m Fth, FECPUARFERINIERERFPTE
mBARY: 16-512)KPTE, @ PAd#ERT0.5-11NEHE, FaphAd#ERT10-100)
B8R, Fa$ZE790.01%-1%
B SRR A LB iR a4 b1
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5.7 EIT=HE

W (FARE (TLB) i

e H&LE%T%

Virtual page Physwal page
number Valid Dirty Ref Tag address
[
1[(0]1 -~
111 [
1[(1]1
1(0]1 ~_
0fofo0
1/0[1 o~
Page table
Physical page

Valid Dirty Ref or disk address
1[0[1 —
1[0]o0 L
1]0]o0 —
101 —
0fofo0 —<
101 [
1101 — ——
o0fofo
1111 <
1[1]1 [
000 o~
111 e

Physical memory

Disk storage
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5.7 EIT=HE

B TLB miss
B UEREF
B AR EREF

B NRAEERFF
m MEFIIEPTE, AEEL
m LR

B TESHRITUREN, JRATEER

m B E BT AR AR
m SRR, 3IREH S
B NRTEAMERFT (FRITLR)
m RS R SRR R A 3 T
m RREHEEIRKIES
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5.7 EIT=HE

B TLB miss &MERREL

B TLB missZEHR
W UEFE, {BPTEARTETLB
B AR EE
B YWt EH BinEFesZanRalTLBRa
5| REE
m MEREFEPTEMNRESHIZITLE
m ASEHEIES
B ETNEAFE, WaSHIHERARE
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5.7 EIT=HE

B TLB miss &MERREL

W {FAERKAIREIEIIE R PTE
W TERE EHCEITRE
W R EEIRATNE

BINRIET, BRSNEE
B STUEIENAFHEHTTER
B FEHIERREIT

LN S S =)
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5.7 EIT=HE

. TLB *D Cache §§ 3130 29 o I1rd|3 12 11 10 9- 3210

Virtual page number ‘ Page offset ‘

n !m%&ﬁﬁﬂ@ﬂ%ﬂt&ﬂt o= =
» BEEEFER AT = -

] I
| Physcal page number M\ Page offset ‘

[ | % 7‘5* 'fﬁ % }:I=/| *ui‘mi_”:*j_ | Physical address tag | Cache index ‘B‘ ck ‘ ‘ By
CrF

& f

m 525 [EERYFHAE ‘ a -
m SR RO B A

32

Data
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5.7 EIT=HE

m S AETRIRIF
B AERYES A LA ESR S R ESE]
m (EBFEERIEIRTE)
m R ERSHED
B R ER SRR ST
mAFNEERRN (ARRET)
m RS
B AR E R R EERREN NaiE
B XSEARE (HIIRISC-VARJecall)
m EFERRN
m OIRRNRIEL, B TRERFHIZAIEL
m REER
L Zﬁﬁgﬂmb}\ﬁﬁ)j*Eﬁi’é?@éﬂ%ﬁ&iﬁﬁ’ﬂ%ﬁﬂﬁ%, R EHRERRI— MBI

87



5.8 FitzaEX Sy —axt

B BRARUERTHREREREENE R
B ETEEFRIS
B ERREEFINE N KRB IEEEE S T
mRE
B #HZE|—" " block
B R PRI SRS IR
m 550
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5.8 fFlifize EIXEHERY—RIHESR

B RNE
m FEEUR TR
B BT (1ER4BHEEK)
B SRR RE— IR BT LA E
m NEREERE
B SN BRREN N R ET L E
BN MNAI—H (set)
B 2£EEK
B IR EREEAE

B IEINEERE R LIRS a R
mAANAY, SIEINERM. HRAFIEERE
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5.8 f=fifiza

ERGII—RRAESR

LRSS

m —fREFANKARKTTH
mR DR, AP ERATIERE

W EHEE

B —fSRAEEKS T
m B0, EEEEGRT

B O LARSa
FHIBE T 20 e 53K P& B s MR
LAY Rl 1
N ZELAH BB ol AR TR N
AR AT Hcache & i ST P A HINEE
ML B 0
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5.8 fFlifize EIXEHERY—RIHESR

m R

B ERap PR ERER IR E
.E_LE_ DMEA (LRU)
5B BRI e SCIE KB
—ﬁ SEIRIELRUASE IR
W B
B 4EeEIALRU, ER55LE

W ST R
m RN RS
m RESFEEE
m ZEERRCIUA L RUES %
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5.8 fFlifize EIXEHERY—RIHESR

m S5

m SEIARHE

= EH LEATE

m L TEIGE, ETREESEHX
m EiX[E5RHE

m (VEH LR

m R BT

» BERFESHORS

W T REEE
m ERRHASNER, REESET(THY
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5.8 fFlifize EIXEHERY—RIHESR

LIESS RS

B 3CHER: BB cacheRXERIR A =Ff2EB R cachetZBY, 55 /958H!
52 ( Compulsory misses ) . HESZH (Capacity misses) . jH38
558 ( Conflict misses )

WERHIRN, WIRALEIKEN
B @A Ecachep HILT AU TE —IRIGIERE P4 RIR

B AERY
B [ Fcache7E £ HEBARTEB A ] BES AR B IERATRTI S BRI
m g0, —MEERIEAIR BRI

WS, BARIRHESRY
B EAEESRE EEMSTcached, RERNTRRAE—MASHAILN, XM

KEERER RNk cache P EAFEN.
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5.8 fFhiEEs

B cacheigitararfEr

ERGIIRI—RRE

S

Tiemter s AER
#fncache B & PR R o] g ZEH 75 o] fif &)
HEINAEEEE B R T HRER, BERTRME | TTRELE A O RE
I HF=EEEME, SRISEERENL | @inERRKL, BRAARES

BB AR, BRI T RRCR HE R SRR
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5.9 [EABRIASHESIRERI cache

B
m EiEmeY. BE. 55
mRAN: ANFE (16FT5)

B EFAN: 16 KB (10244M5R)
W 32{F 5t
B S NMEBE AN 1bit

m [HEREF
m CPUEFIAI5ER
B TERXFERE 31 1413 4 3 0
W cachetRZE5|: 10bit Tag Index | Offset
m HRP{RERE: 4bit 18 bits 10 bits 4 bits

W RE(UEE: 32-10-4 = 18bit
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5.9 (EFFBRIASHIEFIEEAIcache

m EZOES

CPU

Read/Write

Valid

Address 32

Write Data 32

Read Data 32

Ready

Cache

Read/Write

Valid

Address

32

Write Data

128

Read Data

128

Ready

/

Multiple cycles
per access

Memory
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5.9 {HFHBRIASHIE EEAcache

u EFHFSMSO‘TI%JfH P THER
mORESE, BTG DRYEEHR

L %ZVEE_J_%JEEF';EI’J |
B FEES T TPHEIS e~ —
R NERTES [ MR
= fn (HEPAZ, HEIEA) Wl
B EHEHES
= fo (HBTRT) N
IR
cache BB IMIA wsHEE |
=
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5.9 {HFHBRIASHIE EEAcache

B cacheiz %U%%EBEH(M\WL

S [ [ S
cachedi RELE RS DL 2
J/ PR ] MBEEHESH, B’]’H(;u\[ﬁ%\ﬁ‘/ﬁ
l =i ety | mas TR, o ] S (1]
\ HHCPUR MRRSHRME,
7 /
Py
/%Che%ﬂ cache%:¥ H
/) BBRKRES | BAERES
K A4
&
&
P / / . Sy
//// \( / (/ N
[ am L B
e | s
\  EEREER — \  BA%EHEE ,\\
: ﬁﬁﬁ%\\ s
1N ?ﬁﬁtiﬁ/
N S/

: A
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5.10 #1THEMEEIRENE: cache—51%

m B EMA
m (BIRF N CPUR S — MBI S/E)

B XEEEAKEE
L Bt “ : w | RERE
0 0
e CPU A3EX 0 0
2 CPU BifEX 0 0 0
3 | CPUABXBAL 1 2] 1
99
o = = = = Yae



5.10 #1THEMEEIRENE: cache—51%

m —EMEEN
m JFIETUtt: EEUREIRIESA\AYE

m FEUiE:
B PEX; PIEEX (BHEEAN) - EBEHREIENE
mP1EX; P2iEX (B%) > EBEHREIEANE
B GIEnERIERGIREEE3Z/E, CPU BiEEENX
BP1EX, P2EX FrEY B2 ERNINFEERISNIEE
B RZEREERIXREE
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5.10 H3HIFERIREN: cache—EL1%

B cache—ZEt A%

B RZAMEREPRIEFIITRURE, DARGR—EE
mSEIRITRE Uzﬁiﬂ’ﬁﬁr
R O HERFASE
B SEENHES RS
m R/EAESE
LIS yiive
B S NEEFERNESEE/S
m EFHERAIMNY
B HRPEPNEFNAFICREERE

101



5.10 #1THEMEEIRENE: cache—51%

m STTRNY
B EFESNRETLUR 75 R
m B BT RESRHE
m S MEFRHEEIEER S
m B EERGT EHONE

il & | CPUAcache | CPUBcache | fEssf®

0
CPU AJEX XfEcache ff 431 0 0
CPU BiX X#EcacheH %38 0 0 0

CPU AIXE A1 X i 0
CPU BifEX X#Ecache F 43 1 1 i
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5.10 #1THEMEEIRENE: cache—51%

B AEF—EE
m Eftha MR B RIS
B “Seen” FREBUREIEANRYE
L NG A
B Rig
B DEEENIERSEREANN, BEATSTH
B MRS A EAG AN NHITEFHF
mFER
B PEX, REEY = rEEEFHYRILIESRBESEEIFX
m QMRS AT LSBT ERHEF, (BB BNHITEHEF
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5.11 #TS5FEREXENE: RAID

m g
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2 BR/ETA: LMEFEE IR
512 %5

m g



5.13 {5l

L1 cache organization

Split instruction and data caches

Split instruction and data caches

L1 cache size

Configurable 16 to 64 KiB each

32 KiB each for instructions/data per

B =4+ Fcache

for instructions/data

core

L1 cache associativity

Two-way (1), four-way (D) set
associative

Four-way (1), eight-way (D) set
associative

L1 replacement

Random

Approximated LRU

L1 block size

64 bytes

64 bytes

L1 write policy

Write-back, variable allocation
policies (default is Write-allocate)

Write-back, No-write-allocate

L1 hit time (load-use)

Two clock cycles

Four clock cycles, pipelined

L2 cache organization

Unified (instruction and data)

Unified (instruction and data) per core

L2 cache size

128 KiB to 2 MiB

256 KiB (0.25 MiB)

L2 cache associativity

16-way set associative

8-way set associative

L2 replacement

Approximated LRU

Approximated LRU

L2 block size

64 bytes

64 bytes

L2 write policy

Write-back, Write-allocate

Write-back, Write-allocate

L2 hit time

12 clock cycles

10 clock cycles

L3 cache
organization

Unified (instruction and data)

L3 cache size

8 MiB, shared

L3 cache
associativity

16-way set associative

L3 replacement

Approximated LRU

L3 block size

64 bytes

L3 write policy

Write-back, Write-allocate

L3 hit time

35 clock cycles
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5.13 3cfl

m R TLBLEM

Characteristic ARM Cortex-A53 m

Virtual address

48 bits

48 bits

Physical address

40 bits

44 bits

Page size

Variable: 4, 16, 64 KiB, 1, 2 MiB, 1 GiB

Variable: 4 KiB, 2/4 MiB

TLB organization

1 TLB for instructions and 1 TLB
for data per core

Both micro TLBs are fully associative,
with 10 entries, round robin
replacement

64-entry, four-way set-associative TLBs

TLB misses handled in hardware

1 TLB for instructions and 1 TLB for
data per core

Both L1 TLBs are four-way set
associative, LRU replacement
L1 I-TLB has 128 entries for small

pages, seven per thread for large pages|

L1 D-TLB has 64 entries for small
pages, 32 for large pages

The L2 TLB is four-way set associative,
LRU replacement

The L2 TLB has 512 entries

TLB misses handled in hardware
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5.13 {5l

m Cortex-A53#[Core 7% KSR

m BEHESIRITER, EMFERTHIRNERT, fRirsth
BT IR
m Bt
W RS BSRENEREIEE
m IFfEERE
m HETHT: BEREE TR
W RS RIFRESNRERIVEFRE
m AU
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5.14 Scfjl:

RISC-VESZHNHECE R TIHFHIES

Mem ordering

CSR access

System

fence.i
fence
sfence.vm
CSITWi
csIrsi
csrrci
csrmw
csITs
csrrc
ecall
ebreak
sret
wfi

Instruction fence

Fence

Address translation fence
CSR read/write immediate
CSR read/set immediate
CSR read/clear immediate
CSR read/write

CSR read/set

CSR read/clear
Environment call
Environment breakpoint
Supervisor exception return
Wait for interrupt
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5.15 HliE: cachefHFNsERET X

m DGEMM
B ESTFFHTFFHT. BEF. EEEERAFMUTA

W 32x32 m 160x160 = 480x480 = 960x960
16.0

12.0

8.0 1

GFLOPS

4.0

T
Unoptimized AVX AVX + unroll AVX + unroll +
blocked

110



5.16 5P

m St Vsl
m7<fl: 32byteE#EIREIRYcache, 4byte/block
m FT51EE36, BREFZEIblock
m 36, BREIEIblock4
B REEARMAIEET, RESFERFRIFIN
W RG] XSEERITHITIEN vs JIFIHHTIEN
B AR SERENRERE
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5.16 5P

B AEEHE "R =REFNZLESET
B KB NT O SEUPSRa
mEZZL  FEEINKEYE
B (ERAMATIHE TR IR RRAIERE
m 2 HEAFBRERHRIAISIE
m AR, EIEIURITEMERE
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5.16 5P

B (R EIESEE
m N, H45/R80286
B E—MADTIHHARERBEA
(I ATEE
B EAEEHMEIRITRYISA ESCIIVMM
m BN, HEE RIS
B EAYRISA, BAEKKERERANSFERETHES
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5.17 A= MG

B RENICIZAR)N, KRENEIZRE
B EIERVEERE, KFERYCIZ
B EFHR T IXME T
m FERSERER
B EFEEFERE—N\SBoRFTE
B NEEIREN
B —REF o “REF o ... o DRAMFESE o Wi
B NERRRITUZAIEREREE
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i

m 6155

B 6.2 BIEFTANERRFAUER

m 6.3 SISD. MIMD., SIMD, SPMD, SPMDFfIE£E#1
B 6.4 T2

B 6.5 SN EMHEZRFZAIES

m 6.6 GPURET

B 6.7 &£8f. CHEKITENIIEE BREBESAIERS

B 6.8 ZAMEEERIEIAFNEN

B 6.9 5/NREBE: SRS



i

B 6.10 SRS E EFN4serREY

m 6.11 3248): i FEMIntel Core i7AONVIDIA Tesla GPU
W 6.12 IIE: SEESFIREMEERE

m 6.13 ZiR5MEM

B 6.14 KRB/



6.1 5|5

B BHiR: ERSaTETLEKIEESHIERE
m ZhhiEeR
m oIy R, A RMERIRER

m (EER/HERF T
B BT RS IR A E MERF R RS R
IR TIFROESS, SEMEMRRESHE

m FTAMERER
m FRES LIRS DI TRIBRNMER

W SR IERS
m 2SR (D)



6.1 5|5

W SOl B AT

m R
m (T GlinFERs4
T BIGIPIEERe5345

m AR
m R U, AERETR
mIR: BN, BMERG

W IFr/F A A LA SR T/ FHTIE M LIETT
m ki AR R TR

&5 ZIntel Pentium 4 _HiE17H97E A ZIntel Pentium 4 H3E1TH9Windows
- MATLABR S B4 4 Rk 18 Vistaf§ e R B2 FF
oy #Intel Core i7_biEfTHE 7t Intel Core i7_E3&=17HIWindows
T | MATLABR B HiER R4 VistaJ Rt R Gi 2 e

[m] = = =



6.15|5

B EEWRERNATRE

m §2.11: FTMHENREIA

m &5
m §3.6: FHTHEANTEIEX
B FFHAT

W 84.10: FHTHAIRRIESHRFATH
m §5.10: FHTHAIREFRREH
mEEF—EE

T — = e -
BRI PR NS ERPRG NS, AR UDAURI R



6.2 RUEEFHITL

EFRER
n TR

mESIEHHT (ESMMESE ) ETHERANER
B HITREFNEERETE TG

mRHES

IR RS

m AN, REFAERNEGEE, BATESS!
B [EER

mSE|

m {fME

W BT

mRfl: S MEENMERE— NS



6.2 RUEEFHITL

PRI
m AmdahlE ., P

b £2 AL B2 mhy bh e 27 i A e 4]
3. Ik A m ks il L - < 1 7 1T H ke, 15
1- 14 {¢ & vy o F 47 5 8] e ) + —— el el o ik

B |liERo mTLABR AN
m =5 1001M4bERES, WAISREXOOfZRINNERLL ?
Tnew = Tparallelizable/l00 + Tsequential

1

Speedup = Vi F
p

=90
(1-F /100

parallelizable arallelizable

%ﬁf‘\ I:parallelizable =0.999

B ERIRFERD ERIRRTEIRI S EL/NT0.1%



6.2 RUEEFHITL

EFRRYME R
m LI

B T{EE: 10MxE3KF, LAK10x10%E6EKH0
W EAQMEEESCIR
B 10NN EEEIME
B 100MbIRESINER
B (RIZAT AR IR RS 2 |B)SHT th i
m EA4MIEES
m A= (10+100) xt,4q
B 10PbIEES:
W ATE=10 x t,ygq + 100/10 x t,44=20 x t4q
W 0L, =110/20=5.5 (& HHI55%)
B 100MbIEES
W A/E)=10xt,44+100/100xt,44=11xt,4q
® JmEEL=110/11=10 (&FB910%)



6.2 RUEEFHITL

RIS

m LG4l
B RS T
W ZBPEA/NEE/9100% 100
W EEQMEER: AdE)= (10+10000) xt,qq
m 10k IEEs
W fiE)=10xt,4q+10000/10xt,3q=1010xt,qq
m &L =10010/1010=9.9 (99%H1i&7)
B 100MEIERS
B FF{E]=10xt,44+10000/100%t,44=110xt, 4
W fiNEEEL=10010/110=91 (91%89&1)

10



6.2 RUEEFHITL

RIS

LI LI S
m SRV I4ERT
W 5LV FI4ERT
m SEECGIGERT: FEAEINRPURRYEIR T EZAEES E3R1SHY
JniEEEL
m AIRIEARIGIF
W SSLVAI4ERL: EIRRAME SR IE RS E Akt FIIEINRYE IR FE
ZAL IS EIRISHINNELL
m 10/MRhIESE, 10x10%EFE
| HﬁI‘Eﬂ=20xtadd
m 100N EESE, 32x 32%EFF
B FH{E)=10xt,44+1000/100xt, 4, =20xt 4y
mEARGIF, MEHRIEATE

1



6.2 SIEEHITLIRIEFRIMER

B PEFER FRFNAES A RS MRS DiEfT

.Lext
_start:
# park harts with id != 0
csrr t0, mhartid 4 read current hart id
mv  tp, t0 # keep CPU's hartid in its tp for later usage.
bnez t0, park 4 if we're not on the hart 0

# we park the hart
# Setup stacks, the stack grows from bottom to top, so we put the
# stack pointer to the very end of the stack range.
s11i t0, to, 10 # shift left the hart id by 1024
la sp, stacks + STACK STZE # set the initial stack pointer
# to the end of the first stack space
add sp, sp, to0 # move the current hart stack pointer
# to its place in the stack space

3j start kernel # hart 0 jump to c
park:

wii

3j park
stacks:

.skip STACK_SIZE * MAXNUM CPU # allocate space for all the harts stacks

.end # End of file



6.3 SISD. MIMD, SIMD., SPMD., SPMDfIHZ#N
B IESRANEUER
monn 5
mSIMD
m MISD | ?!:.A.;t ?7?5/7\,5 | 7 SISD: Intel Pentium 4 | SIMD: XBGG’GVSSEJVE"A; ]
BEMIMD | | B#ESR | MISD. BREERA RS
m SPMD
B PREFRSHIRE

MIMD: Intel Core i7
B MIMDit+ & ERSFHTIER

\—y—

B —FERIIMIMDIRIEIREY, ZRE PR MERFIBIT
B A ESMERARE SRR T AR R

fERTRLLERs £

[m]

13



6.3 SISD., MIMD, SIMD, SPMD, SPMDFIRE#N

m £
m SIMD
B SERKELINEERTT
B MEZFsEFMERETZ BANEIRERER
B N\NARTFWESUEEIS 7S
B ERERNSFSEFEEIRT
m =~f7l: RISC-VEIEEY B
m v0ZE|v31:32x64TTREFFRs (64TR)
mEERES
mfld.v, fsd.v: IE/FERE
m fadd.d.v: HFINNUEERE
m fadd.d.vs: EUEERENSNTRRNMIRE

B TR EIST O IR

14



6.3 SISD. MIMD, SIMD. SPMD. SPMDFIEZE#

W ={f]: DAXPY (Y=axX+Y)
Conventional RISC-V code:
fld f0,a(x3) // load scalar a
addi x5,x19,512 // end of array X
Toop: fld f1,0(x19) // load x[i]
fmul.d 1,f0 // a % x[il]
f1d ,0(x20) // Toad y[i]
fadd.g(f2)f2(f1)  // a * x[i1 + y[i]
fsd 0(x20) // store y[i]
addi x19,x19,8 // increment index to x
addi x20,x20,8 // increment index to vy
b1tu x19,x5,loop // repeat if not done
Vector RISC-V code:

f1d f0,a(x3) // load scalar a
fld.v v0,0(x19) // load vector x
fmul.d.vs vO,vO0,f0 // vector-scalar multiply
fld.v v1l,0(x20) // load vector y

fadd.d.v vi1,v1,v0 // vector-vector add
fsd.v v1,0(x20) // store vector y



6.3 SISD., MIMD, SIMD, SPMD, SPMDFIRE#N

B [[F vs ixE

B [ERREINImIFES
W ELEUEF TR
B R BT R IR AR A B
B TEMRRE
B SIS R T R E N
B B R ER SRR RS
B VAT R ((IMMX, SSE) EiEA
B USRI ICERIR SRR

16



6.3 SISD., MIMD, SIMD, SPMD, SPMDFIRE#N

B SIMD, EgS$SHUE

B S ENEYETRA TIERE
m IEIx86FHIMMXFISSEFES
B 1 28R ST NS METTE
B FrEA RN TR —&IES
B SNEPEARERIEUEIBIE,
m EED
B EETESIEHIE Rt
B RERATEEHEHTHNARER

17



6.3 SISD., MIMD, SIMD, SPMD, SPMDFIRE#N

mRE (RKE) S2HETRE (MMX)
B RERSCHEIENARERE, ZHIN REEENER
B REESSHFIRENA, MBSHEN BT
B KRR LURRK SRS TIRE R THIAS :

Y
S|H| S8
o o o|l@
S|d|=|%
m
2 33
i o O g
2 o8 ||z
228
B
-
a
23
N g
g%
28
g

61 e D S S o A o A
ol el Vecto Vector Vector Veector
ﬂ % registers: registers: registers registers:
A[3] B[3]| lements elements ‘element elements

0,4,8 1,5,9, .. 2,6, 10, 3,7, 1,
ol [e LT d [ ]
A1| (B[]

FP mul FP mul FP mul FP mul

pipe 0 pipe 1 pipe 2 pipe 3

c[o]

‘ Vector load store unit ‘
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6.4 B2 i

m 2442 Multithreading

B HITHITS AR
m SHlSFR. PCE.
W LR BRI ERIE iR
B AR EZEAE
B BN AR IREARE
W UNESHT
B IIR— MRS, EEiERaunT
m BRI EZEAE
B (TFKEE (PI—REFRa+)
m B, (BEAREESE (o, BUEER

19



6.4 B2 i

B [FRYS5E
B SMT, Simultaneous Multithreading
B EZEmSEEL RS
B EAEREZSNMEERES
B HIHEEE TR FRY, HUTREBIMIILERNES
BT, (KIUEID BESFes i a kIR
B R RAFRFERE4 HT
B NERR: EFIEEFRE. HEEERTER

20



6.4 @S iz

B SRR

Time

Time

Issue slots —
Thread A Thread B Thread C

[ ||

HEN |

[ | | [ [ [

HEEEE N =
EEEE EEEm
[ | |

|| [ |

(] ]|

Issue slots —
Coarse MT Fine MT

|| | | |

|| | | | |

HEN 1 [ ]

HE

HEEE B
||

HEN |

[ 1|

[ | HEN

|| |

Thread D
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6.4 B2 i

SLEFERIARK
mRSTFHED? LUHATE?

B IFEEE - BHERREE
B EE RS R
B JPEFRBPIER
B AR B R R B AT
B ZMERERZUESYItHE R

22



6.5 SZRAMHESEAFSLIE

m ESR7F
m ES AR
® SMP, shared memory multiprocessor
B AR A IR R R B — b =[]
B FRNELHERE
B NiFHRERAIRAEERNERMEREEX?
® UMA (uniform ) 5SNUMA ( nonuniform )

‘ Processor I ‘ Processor ‘ Processor

! t
‘ Cache ‘ ‘ Cache ‘ L. m
! ! i

’ Interconnection Network ‘

i ]
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6.5 SEhHMESEAFEZL

m R FRZUKkAD
B 644MESEUMA 640002 #N
m M MESERIDA: 0< Pn< 63
m HMEIEEEE 10000 X
m ZNMEES FASYIIAEFD
sum[Pn] = 0;
for (i = 1000%Pn;

i < 1000*(Pn+1l); i += 1)
sum[Pn] += A[i];

m PEREIN X LSR5 H]
m AL HTTAZ

B —FRM RS RARINRGEE, Moz —RISLIERRESEIR. .

B EEENONSERZERS
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6.5 SMHMESRNFZ LA ERS

m R EIKFD-4L

half = 64;
do
synch(Q);
if (half%2 !'= 0 & Pn == 0)
sum[0] += sum[half-1];
/* conditional sum needed when half 1is odd;
Processor0 gets missing element */
half = half/2; /* dividing Tine on who sums */
if (Pn < half) sum[Pn] += sum[Pn+half];
while (half > 1);

25



6.6 GPU{& 7"

m GPUASE

m REEATSTREI

m B 5T H A R ThBERIIIEE R hE S
B =EEFANE

B EYIEEITEN (10SG)

B ERER MRAER BEES

B BFPCFOE B3 DER. <
m EfAMERTT

u H[A3DEFAESAIL RS

R/ GRGIE. 56, S0EMET. St
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6.6 GPU{& 7"

B RGBS ESTT

display

CPU

t Front Side Bus

North

Bridge Memory
PCI Bus

South

Bridge

VGA
LAN UART ——] Display

x16 PCI-Express Link

Intel
CPU

i Front Side Bus

North DDR2
Bridge Memory
x4 PCI-Express Link 128-bit
ivati 667 MT/s
GPU
South
Mem:
Sl Bridge
AMD
CPU
CPU
core
internal bus t Gge,\ﬁ;s
North DDR2
|
Bridge Memory
x16 PCI-Express Link ; HyperTransport 1.03
Framebuffer
Memory || Chipset
display
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6.6 GPU{& 7"

B GPURRZEN
B WMERESEFITHY
B GPURBESLEERY
B (AR N FIEIR
BRI S REFRIKER
B EFANFREER. Hasm
m BAGPUK RS
m SHICPU/GPUERSE
B CPURTFIRFAES, GPURTFFHTB
B JRIEIES/API
m DirectX, OpenGL
m C for Graphics (Cg) , High Level Shader Language (HLSL)
®m Compute Unified Device Architecture (CUDA)
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6.6 GPU{& 7"

m 3~f5]: NVIDIA Fermi
B ZPSIMD4MESE, B MNMNEFRFR:

| Instruction register
]

s wil DR I B A I

BRI e e e

Reg Reg Reg Reg Reg Reg
sters

Processors)
Reg Reg Reg Reg Reg Reg Reg Reg
1Kx 382 [1Kx32 |1Kx32 [1Kx32 [1Kx32 | 1Kx 32

1Kx82 | 1Kx32 | 1Kx32 [1Kx32 | 1Kx32 [ 1Kx32 | 1Kx32 | 1Kx32 [ 1Kx32 | 1Kx 32

Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load
store | store | store | store | store | store | store | store | store | store | store | store | store | store | store | store
unit unit unit unit unit unit unit unit unit unit unit unit unit unit unit unit
TL L E[f[f[f[F 1 F 1 F7F T F T FTFTFTITFTT

| Address coalescing unit ‘ | Interconnection network |

Local Memory To Global

- Memo

64KiB v
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6.6 GPU{& 7"

m 3~f5]: NVIDIA Fermi

m SIMDAMEZE: 165&SIMDIEiE
m SIMDig<
m {ME32NTRERISIMDIES
B EE/E165ERMERE ISR AR
B 32K x 32(FHFFEEBED
B S/ SIMDEAEREAILUFER6A N EE S8
m ENAESFEE32MN TR
B Z/JTE32bit
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6.6 GPU{& 7"

B GPUTFfELEH

CUDA Thread

-+—| Per-CUDA Thread Private Memory

Thread block

>

<

CSCCCCCCS |
<

>

VAVAY)

i

Per-Block
Local Memory

Sequence

GPU Memory
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6.6 GPUfg

Iy

B GPU#3E

B NESSIMD/MIMDI=EY
B ZAEPRIFHAIT R HEIMIMDRYRS

m BEMRETRET

B EEERNRSERNE

Static: Discovered
at Compile Time

Dynamic: Discovered
at Runtime

Parallelism

Instruction-Level VLIW Superscalar
Parallelism
Data-Level SIMD or Vector Tesla Multiprocessor
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6.6 GPUE7

m EGPU

SIMDAbHE R ¥ 4~8 8~16
SIMDi@iE/ A IR AR 4 &8 2~4 8~16
XHFSIMD& RN B LRBEHEE 2~4 16~32
| Acache B & 8 MiB 0.75 MiB
et b 6411 641
FERE 8~256GiB 4~6GiB
TR AR FRY p p
A EIREE =z &
cache—Et M = B

u}
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6.6 GPUﬁa‘ﬁfl\

] GPU7KL:.

— Ao AL IR, # GPU LiAfT,

‘Thlﬂ:ﬁﬂ THRALFT | AR EATHRTHATER (R
) B
B — A ESLE SIMD £BS tAGHEE
I omunmas | AREOEE gy AHHTF, h— 1 RE SIMD SR
2 e BN T B M R
P SIVD H 4 AW E AL, & TH—
S0 wistEEsl | CUDA 2 4 SIMD BEAFH— TR, RERES
' FRNBNSFREMER
s A RGAR, BREANGAESAR
#l | —4 SIMD $E2 %R ww at Warp SIMD 4-328 H#9 SIMD 154, RIBET
r R FNRESGREMESR
L r— —rry —  HWBEED VD WARAGHAT
SIMD 354
(BERMN) @), Z4BESIMDAEBRTSIMDIES S
SHRSIMDLRE | g ime Re M ., 5 SIMD BB TR
o : HENGRR (@ RULORAHE) HRE
e wRsan | Fxamaw | RETARR (O
5 S % SIMD FES AR R &I GRBEI A
# | SivD RS ECPUR | \varp s | teoiprfior, BiE—EE SIVD SN
# ST il
FTEEAR
— A SMDE®E, AERATE LM
SIMD s R SRS SIMD $5 S LRHME, FIBRES 7781
R
: DU GPU LB A £ 5 SIND
3 |SPU AN i i SITR A DRAM 72648
i y Lo — B SIMD AbEEH L R A BE
% il bl ik SRAM, R4 ft iz SIMD L3283 i8]
# e
SIMD it 47 2 ARBESEE |aRtEssey | CETERR (ARUOERE) RHE

#—/ SIMD i#3E PR F 78

[=] =] = =
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6.7 &8f. ERTTEINNEEEHREES L IEE

B HRES

B SRR EA T AR B ES A)
W AR A AT /IRIGH R

Processor

Processor Processor

A A
Y A\

Cache Cache
A A
Y A\

Memory Memory
A A
\ /

Interconnection Network
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6.7 &Ef. SHEFITENHNECHRITEZLIERS

IS G S
LR RvAR Y LN

m SMBEEANERERS

m R/ OR Gk

m IS0, LIKR)/SRIH. BB

m ERTEEMESHINARERF

m FILEHRSSEE. KUmEE. L.
m SRR, A RMERESTE
m AR

m EEMA (B

m (KR

m SMP_EAOSNERES/TFHEE
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6.7 &Ef. SHEFITENHNECHRITEZLIERS

m JZ93KF0 (again)
B E64MEES EXF64000 N TE=KA
u E?EF]’EAME%%’\E1OOO/|\§&$
PNEREUSERZFD
ll‘—"ﬂ] 0; for (i=0; i<1000; i+=1)
sum+=AN[i];

m ARETKF
—=|=E’J9JE%§Z€1‘_ B—HRBGTRM
Mo Zz—RMERRAIE. WDz —RISLIERRIRIL. KA

37



6.7 &8f. ERTTEINNEEEHREES L IEE

u %}#’JZ“Z%D (again)
B BIREESCH T send() 1 receive() #4E

11m1t = 64; half = 64;/* 64 processors */
do
half = (half+1)/2; /* send vs. receive
dividing Tine */
if (Pn >= half & & Pn < Timit)
send(Pn - half, sum);
if (Pn < (1imit/2))
sum 4+= receive();
Timit = half; /* upper 1limit of senders */
while (half > 1); /* exit with final sum */

B RiX/RRIA R ER RIS T0RE
B RIRAIE/ S RAEE RIS EE S
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6.7 &Ef. SHEFITENHNECHRITEZLIERS

m ETE

B BT KRR EERIRIZ B
m N, BERMERR
m TERMSME, RiTEERAE
m AL FEPC LAYz AR
mGgN: SETI@homeIfiE, &R
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6.8 Z4b

R PILEIaT

=1h]y

B BiERLE
B ZEIRFN

m OGNS, ATHRMMIHEERAYZHE

A

Bus

N-cube (N = 3)

Fully connected
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6.8 S IBRRMLEFRFHMEIT

W SR
LB 8 S
il akakakakakakaka
W PR iakalahakakakaka
B Omegaf¥4& Helelelelels]e]
shes jakalakakalakala
m BIRE, Sims B RHRRRrE
B P1~P4 ralalakalabalakala
~ pyhakalalalabakala
J:EZF;({)EE% kakakakakakakale
[ lisd
EO mega Mggﬁ%ﬁ a. Grossbar b. Omega network

| e
B 11 D

c. Omega network switch box 41




6.8 S IEEEMILEIRF

=

&

1y

W JZRIFIE

m RS
 SRHOHGER (ZHAMLE)
m IR

m RIS
R
B AT
B EIER (BURTHREER)
B IS/ A
B I
m ERNEREE (IT2)
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6.10 4

el B AT EEIRE

B FHTEIENRER

m Linpack: FEFFEMEACEY
B SPECrate: SPEC CPURRFRHIFHITIZEST
m R R FFTHE
B SPLASH: HEfBfEHE=REFHITNEER
B NiZANFEREFIRS, EANAYT B
m NAS (NASAEHBRITE) B4
B TERARNZERZ
B PARSEC (EMEMMHZ=ARFIHENNEERFEE) E4
m {EFAPthreadsf10penMPHISZ AR R FRTER
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6.10 4

el B AT EEIRE

m {3 B NAERER

B (EEEENTIER
m EEISETES
B FTIRIEIETERE

mEX. REES

MIERNiZZ
RYHI—EB18?

mLVIRRSE, RIRRCITIT

LERERIN FRRERR

m 540, Linpack, Berkeleyigk

TR

W I T AR

—_—— e
Linpack

wpmtiey | mrme | e
[] 2 |

SPECrate 5

Lok

keii

L 7
Rz FISPLASH2
[Woo et al.,
1995)

NASHF730A
WAEF

[ Bailey et al., B
1991]

£ ( RfEEC

=Fortran )

S

B 71D FFT
HURIELUS B
B
f37837
REFNE
%

SR T

% 44,4 {085 (Dongarra, 1979]
#74€ [Henning, 2007

PARSEC £t
it FE
(Bienia et al.,
2008]

Blackscholes:

Canneal

faseFgt
¢ 3

[Asanovic et

al., 2006]
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6.10 4

el B AT EEIRE

m PR

B RIZEKBHI RS EIRE R SEIAIGFLOPs/sec
m (ERESE AR HER A B s T &

m ZIEAREE
m —MEFHZ IR R SN TRt E
m SEAUIFLOPS REY 7 E TR+ 5%

B W TAERTEN, LATS4ERERN
mUIZ{EGFLOPS (REHUETFAR)
mEENFFI/RD (ERREE)
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6.10 4

el B AT EEIRE

B Rooflinefgfl

64.0

32.0

1

A FHIGFLOP/s

Attainable GPLOPs/sec

6.0

8.0

4.0

20

0.5

_ amRAE

PR LR 2

i (ZERF i (ZERTF
| FE R ) Pt
1 2 4 8 16

BWARMEE: FLOP/bytett

= Max ( Peak Memory BW x Arithmetic Intensity, Peak FP Performance )
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6.10 4

el B AT EEIRE

B X% PK

m /~f5]: Opteron X250pteron X4 (AMD)

B 21%vsdiZ 10801 Opteron X4 (Barcelona)

m 2 FPIERE/ 7
64.0

W 2.2GHz vs.2.3GHz o 320

m RS 8 oo

N N & w| A/
B X4 LIRS ESRIMERE 2 .0 Opteron X2
" EESEAEE 3, i
" ETRALNEAXANVE L3

05 -
Vg Y, U, 1 2 4 8 16

Actual FLOPbyte ratio 47



6.10 4

el E HEFN 1 EErRE
. (AR

m Y E DB AN AR F

W SUHEEIREILPANSIMDIE L HIER
m (L RFER

W ARETREN: B EE S

W RFXREK: ERIAEAHEEIE

AMD Opteron AMD Opteron
64.0 S
32.0
16.0 AT SR
3 & A 4 /
8 & ) %“f“ 4 /
: g °° *{{P@"é-/ >4
g 2 oy ,k@’/ X/
B 40| &40 &
& = & @% &
= B ol o
0 = J i & /
1.0 o b
05— o j
Yo Y ', 1 2 4 8 16 Yo V. % 1 2 4 8 16

HABE: FLOPDylett WA : FLOPbytett 48



6.10 4

el B AT EEIRE

m {UIIERE-42
B (URUEEREUR T BRI EAIEE

n BAEEHANEESN

m RS ERENANTEN | min
m BRI T RIS 5 B 7 :

mIEINEARE

2, Z(EMILéﬁSIMD

k@ HIGFLOP/s
P
o

O :
O T 2 B dERR2

% Y% % 1 2 4 8 16
HWARMRE . FLOP/bytett
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6.11 5£f51: i FMIntel Core i7FINVIDIA Tesla GPU

W i7-960 vs. NVIDIA Tesla 280/480
—

AR THEE (ZIURRMEERE) 7.5 38

B PSR (GHz ) 3.2 13 1.4 0.41 0.44

BHRT 263 576 520 2:2 2.0

I¥ Intel 45nm | TSMC 65nm | TSMC 40nm 1.6 1.0

I (N, FRR4E) 130 130 167 1.0 1.3

BEERE 700 M 1400 M 3030 M 2.0 4.4

RIFH R ( GByte/s ) 32 141 177 4.4 5.5

HREFSIMDE 4 8 32 2.0 8.0

TEESIMDR Z 2 1 16 0.5 8.0

PRERBZHGEMRE (GFLOP/s) 26 117 63 4.6 2.5

PHSEESIMDE HIE{E 1 8E ( GFLOP/s ) 102 311-~933 (5158 1344| 3.0~9.1|6.6~13.1

( SP 1R AR AR ) KT (311) (515) (3.0) (6.6)

( SP 1@ A FANERH ) AxHFH (622) (1344) (6.1) (13.1)

( MEHSPEERSHNTMBANTERME) | FAXF (933) ES T (9.1)

FBBESIMD iz i {E 4 A€ ( GFLOP/s ) 51 78 515 1.5 10.1 50
o = = = VAl



6.11 5£f51: i FMIntel Core i7FINVIDIA Tesla GPU

. Core i7 960
m Rooflines®® = e | B P i
51.2 GFls & ‘
64 Double Precision A oo 700 |
Double Precision
32
3
R4 (S @
Q 16 > o 16
[} 7’ o
T ) e
5 8 T 5 8
4 4
2 2
1 1
8 4 12 1 2 4 8 16 32 8 14 12 1 2 4 8 16 32
Arithmetic intensity Arithmetic intensity
Core i7 960
1024 (Nehalem) 1024 NVIDIA GTX280
512 512 624 GF/s —|
Single Precision
256 T 256 T
102.4 GF/s \2
128 Single Precision . 128 ,\é’ 78GF/s |
° K N Double Precision
9 e | S 64 s
3 &
] 51.2 GF/s 5 3
Logp Double Precision 32
[0} Q)
9
)
16 N 16
S
&
8 S 8
:
4 4
8 4 12 1 2 4 8 16 32 8 14 12 1 2 4 8 16 32

Arithmetic intensity Arithmetic intensity



6.11 5Cf51: i FMIntel Core i7FINVIDIA Tesla GPU

= B

SGEMM | GFLOP/s

MC L& BT/ B 0.8 1.4 1.8
Conv BARE/D 1250 3500 2.8
FFT GFLOP/s 71.4 213 3.0
SAXPY GByte/ 16.8 88.8 5.3
LBM BTRER/H 85 426 5.0
Solv i/ % 103 52 0.5
SpMV GFLOP/s 4.9 9.1 1.9
GJK i/ # 67 1020 15.2
Sort BANTE/B 250 198 0.8
RC i/ ® 5 8.1 1.6
Search BAREWR/ 50 90 1.8
Hist BRLRE/® 1517 2583 1.7
Bilat BARE/® 83 475 5.7
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6.11 5261: iFMintel Core i7FINVIDIA Tesla GPU

B GPU (480) B4 MEHANFHR
B NEZRAR (BF) SEEANMRIER

B GPURNEME, EBEIX13.1E, NEEXR2.5E
m EETIHESENZ (BF)

B CPUEEFHLIBLLERZ (FBF) ZEIRFRE
B GPURJASA

B GPUIRMH "oB-BRE" Thee, XEHTHEES "BER=L" &
R

u ?i Iilgtﬁ;ezﬁiﬁuP\Jﬁ—ﬁ'&iﬁﬁﬁﬁw?%ﬁ:bm@ (FBFF) BY
T*Ee
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6.12 NiE: ZAIEEFNIEREEE

ZE&FEDGEMM
m {FHOpenMP
void dgemm (int n, double* A, double* B, double* C)
{
#pragma omp parallel for
for ( int sj = 0; sj < n; sj += BLOCKSIZE )
for ( int si = 0; si < n; si += BLOCKSIZE )
for ( int sk = 0; sk < n; sk += BLOCKSIZE )
do block(n, si, sj, sk, A, B, C);
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6.12 IhiE: SAiE

RarHABPE3RIE

B Z5FEDGEMM

Speedup relative to 1 core

14

13 4

Threads

960 X 960
480 X 480
—u— 160 X 160

——32X32
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6.12 JliE: 4

R THABPE3EX

B Z&FEDGEMM

GFLOPS

200

150

100

50

32x32 m 160x160 m 480x480m 960x960

174

g 87

a3
31
20 22 23
14 13 12 12 12 - 11 11
1 2 4

Threads
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6.13 ZiX5EMH

" R

B (A REERNERTHTITEN
m A TATASCIU
m (E{RIE AT R SE IR R

W IE{EMEREAT UEREERRERE
m EHEAREVXHTE!
m {5 Xeon STl HTE bR TEUR
= BETER
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6.13 ZiX5EMH

LN

B AR A S R A S A R A R A5
Rl WSS ATRERE Y
® B, BMEEATRTIAFHT5ER
® EAEMENRE
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6.14 A=

m ZE5E

m BHix: BUERSCERESME
m [EE
B FFRFATIRG
BT SIERIZE
B SaaSHEEMSHERE, SHE—MRTFAITE
m BRFIWSCRIESETTIEREF BB I4RE
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6.14 A=

m EEiE-4
B SIMDIIAEIZESZEHIAN BIEFEE, 2T iwiE

1000

—+ MIMDSIMD (32b)
—¢ MIMD*SIMD (64b) /‘“
SIMD (32b) */

—— SIMD (64 b) /*//
= MIMD /

x4

Potential parallel speedup

I L I L
2003 2007 2011 2015 2019 2023
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i

B iR EECEICEIR
m FESEENKEIREGS, Chs. Chs
m MIPS. ARM. RISC-VEELMEFEFESTI
B RISC-VREHEXIESNGFR
B RISC-VEELELAIAES



FRETRS

B FEIFEASARES, NRMERRETIFEERN—K
m Rl (¥ P192)
T EHERTERFAOEET, MHNSHEERREIERE, HEE
IHTIEFFANEST, AR REE RIS RAGNE, (B
5. BREFITEFENL, SENTRER, XRE " .
m RRFEIER
S IRCAREE I R
m1/O: WRISMRATRET
» RASTHERE, SERSNEELE
R R R ARESE
 BESESHR
 SHSESHR
m R3S BFIEFSOSERIE, Trap (R
B — R R GRS AR IPAHE



FRETRS

B R
m FHTIRSSFERE ISR, Interrupt Service Routines

m RISC-Vr, FFE5REXSH!
B BE RN AR R THRRISMAS [2RY (NRRE, 2
ga FifE) |, REHUTIRENRARSIES (Wecall) , ERFERSE
m hHEERBRIMEBERS [#2RY, RISC-VENX 7438l
m HNERART, GNER ARk
] -H-ET_I‘%%I:PH:’E FE310 Interrupt Architecture
W Al
u ﬂgﬁ‘it I:F' H;ﬁ z:l::NRT B
woeh — a2 ) PLIC Ma:hmesuftware\nterrupt> E31

M RISC-Veplfizaly [ j
CLINT

v B— .
-Machine External Interrupt—s




FRETRS

B X86&ZAInterrupt
W SPERARNT: BT
W o] iR
n AR
W 9ERARRT: AReRRT
uiEFERE
B Z5ERA: INT x
mIESHTR
m RISCE% (MIPS) HJExceptions
W HMEREE: 1/ORPlT
mRE: R BEGHE
m &R syscall, Wrsbreak, BPFETEQ



FRERRYIT A

m 2
m JCPUIRHIRIEEHR (SRIFER= > FITRSSTER)
B M ERIRIH AR

User program

o AR * B
SR :

SRR l

i
Interrupt
occurs here i+1
.
.

M




R, REARLERIRIH

B /Ol (Interrupts) , FBRTALE, FERNEL
m 2HE (Exceptions) , BERSASE, FERTRLE
W [EfH (Traps) , ERES, H7ALLE

e L L L LU

4 R[ﬂij3|ﬂ nlnifaln nl?nln|n
CRE [ BRI —e— HLBRAKE —je— HBEE —>

(R§§4) CHR A Rtk ) (ATHES)
- gdlE Y




5l : BEheRER

B A JRIEERT /T EER T ERTINT
W AHFRGRIE (KOS 10msEFSLATRI$H)
W FFEPCRBTAER R FeRT ), (REIMRYDR, LARIERTAHIEH=CPU

GND 1 40 Voo
Ay 2 39 ADys
Ags 3 38 | ADyq/ S5
1530 Eorud  An 4 37 |——ADy; /Sy
BRSO R Aqp 3 36 [ ADyg/Ss
82584 _1 A1 & 38 [T ADi/Ss
PHETR Ag 7 8088 34 SS0* HIGH)
. Ag 8 33 MN M
LN o0 AD 9 32| RD*
1 19:195" ADg 10 31 HOLD  (RQ)*/ GTI¥)
2 = E
Outl ADs 1 30|  HIDA (RQI®/GTI
e éﬁ:f;;‘ - DranRI#K (TFRRT)  ADy 12 29 ——WR* (LOCK?)
ADs 13 23 M/IG  (S2%)
Out2 AD; 14 27 DI/R:  (S1%)
———————» Bl (HEE) AD; 15 26 DEN  (S0)
ATy 16 25 ——ALE
7 24 INTA
INTR: 8 23 TEST*
i 9 22 | READY
GND 20 21 RESET




Gl: BEE

B RSS: BRI A OSHIRELIERER
mERERE (FERH SEEE" |, OSKEFIRE)
n ARG (FESRH "REHL")

BT i BRI BT

Y

I LS 8

# W
| MY | 4 g ;th
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wl B we| B Tk |
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Gl: AakERE

S

i Kernel32

Thiz program has performed an ilegal operation
and will be shut down

Debug

It the problem parsists, contact the program
vendor,

[KERNEL3Z caused an invalid page fault in

module RERNEL3Z.DLL av. 0137:b{£74566.

Registers:

BAX=5£402d8c CS=0137 EIP=bIf7496€ EFLCS=00010246
EBX=00000000 $5=013f ESP=018lfad4 EBP=0181:b00
ECX=0000000Z DPE€=013¢ ESI=000000

T

(reQRRnAR)EE , RERME.
RIS HIFMIFED.

RRCSTHESED MTUMBOMIBLIA NI K001 (6

EDX=815ae794 ¥$=013f EDI=514cb0
[Byves at CS:EIP:
66 64 8e Zd Oc 00 00 00 65 f6 O

{RVEE IR

teor: Meteor.exe - ¥ fil & FF SR

“0x7c931e58" 1893 |FRY "0x40883056" ITF. 1ZATFTAEN read”.

LR, RREWE.
B , Fed .

nas been shut down to

TEMEIMERS , RESTEUEE 4

X % \windows\system32\DRIVERS\hrfwdrv.sys
FRRTE: 0xc0000428

REEHARBNTELOEETA, NAEIHRRTHONEQE Use
@), WEUR GRS IIE R R A,

15 stop ecror
% pears again,
top:
make sure any new hardw software 15 properly instal
%43 a TnseaaTation, ask your hardware or software manuf.
windows updates you might
oms contipue. disable or remove amy
705 memory options such as’ caching
Safe mode o remove or disable compor
2 F To Select Advanced Startup options

“he
RN
for any
ewly installed har

£f probl wdxlww{m‘v

5r Software. Disabl
e o

Lo et "Tate moda
rechnical information:
roP: OXOOO000DA (OX0000000000000400, OXFFEFFAGOO3F 34000, 0X0000000000
000000000000)



5|EerRRRAYEEE

B AFIRERIFHRT

meg: EEIES

m EFRE
W
B ERUES
m[RE
W AR
B |/OIRFE AR RNEK
m HMNEREE
W eg: FREETMIIITIER

FRRBTRFF

HEHS

EREF




P RS FERERAYDR

B 1. FHEERNIRCPURRHIER?

m 2. BhifRERHRHIEREAD?

m 3. CPUHAKME. HHARJE. LUHAT TR ARET?
m 4 JIERIFINZ? AR EIE? dfEiRE?

m 5. AEIS A OsiE?

m 6. {CIEPRTRITRES, X EIEHEPRTEATD?

W RRTIEE: W + B

12



R ElE Rk

B CPUAKREEIE/FtiF: PSWEFZREHHIIFFER (MIPS)
PSWHIFEFFIREF (BFIREFHFE) » Program Status Word.

1615 14 13 12 1f1d9 8 7 6 5 4 3 2 1
R IOFlDFHTFISFIZF] |[aF| [pF| |CF|g0s6/5088
_ CPUEPI&E%?Z/H[’]F‘} s#: INTR, INTA
m RN ARE] . RS S
B /IR E: MEM (stack)
m FRiRSS

m RRFRIRB/FIEMAHK: PR
®ISRAO: EEHS. FEEES

13



1. SRERFENARCPURRLIER?

= *Ii‘ﬁ%*ﬁia INTR
—NEKTEXSR— M NTREPHTERIRICL
l%’/\INTRfHEJZEP&ﬁ EKIRCE 7Ry

11213145 n
=g £ o3 # 17
B &RfF L& = E
isf 4
g i
iy
%:H:

B INTRETLAD BES N RAYE O B
m INTRB AT LASERECPURIFRI RS

14



2. SHTERRHREEREAN?

m PHAIRELERIZE
mRHSCH (I2FE)
A, B, CL7EHRIZ B2 HEPI

|

% A OIRSTER
l Attt

B

|

C

!

iy

=
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2. FHETERERLIEREA7?

m RRTHIEEREE
mEESEL (HERAER)
W S ETES N R HRAGE BRSO e HEA 28

S . ..
Jay) g
INTR, INTR, INTR, INTR,

B 5.38 &ERHEBASE
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B Tl AL
W o S R RTAYSR4E
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m () R TR R
B ESHITRERERISZ, HCPUREIRES

FHRA
55 S
1 1
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INTR, INTR, INTR,
D D A D .
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Ll k]
P 1 P 2 U n
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3. CPUTAFEM. (TaBdE. LTS5 mRrRER?

m TR A - TS IS S
B CPUNIN Rz i, SIdRLRIE, BAENITHIIRSER. IXLRE
= BEEESCI, IBefRAFRERiES
m T ERRSE A EEIRIE, B FEsiE<ST
B 1. (RIFFERFRTR
B TEFTSERBIE (AN0SHkil) K, SRETEHER
B 2. SHERSER Ot
B FHRRBIFERANOMIEM -> PC (34Ef%)
m [EEME -> PC (BHEEE)
LRSSl
B EINT feiFdirsifzes, 50
u INT FEtRiCE7eE, 51
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W AEKIR(E: fRIFPCAOPSW, Xrhiff, #%ISR

21



4. MAFRIPRIRSERE? WERE]?

m 1. {RIFIT

m 2. EWiF

RAHRFFH

RIS
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6. LIBRERYSTER, NLMFARIPEIEART?
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B TERATZERURIE
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6. LIBRRRYEIER, XHIMFRRIPEIE AT

B Bk
W 1. A ss
B LIRSS RANRE
INTP, INTP,
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INTR, INTR, INTR, INTR,

MASK, MASK, MASK, MASK,

MASK =0 CR¥FE#K)  MASK =1 (BERD)
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B 1. FHEERNIRCPURRHIER?

m 2. BhifRERHRHIEREAD?
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m A AIRIFENE? AMTREIE? IR (E?
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MIPSHISE

0: Interrupt, =hifr;

1: TLB Modified, id{EEXTLBD ST o QAT EhE

2: TLB Miss Load, i{EEN—MNSBIETLBRISIZIYIER I AIREIEHE ;

3: TLB Miss Store, if{EE—NEEIETLB B RIS HIIHT N EUE;

4: Address Error Load, if{EIMAW—"EXISTAGHELLERES

5: Address Error Store, ifERE—MERSSTIOMBUES AMEE;

6: Instruction Bus Error, —fREI§<Cacheifs;

7: Data Bus Error, —fiz2#JECachetifs;

8: Syscall, Hisyscali§<7 4%, MERS T, EANHBFSHANESIGE.

9: Break Point, Hbreakig$ 74, REMNNbpiES, ERRERTEN, ERREENEA—break pointig <,
PAATfERRONE IR ERNEMN. Eit, MRfEEAInRRET AT ¥ — MBreak PointRE, BENSESHEH07
. N EEE NI T BRORIER

10: B, RIS, ECPUNTEI—EiISBENMIESH, #ALSE;

11: Co-processor Unavailable, WhMEREARTR, XMBEERBTRER A ERIHMERHA TRIES 27, 55
8, weEFai MR RS FITIXESRS, SR RE. M, BIEARSEAELIEANIbEE, L
MR s

12: Overflow, EAGH., FEGHENEHEESIEXTRE;

13: Trap, XAPBEFFRETtrapiss. HlsyscallSSHEMUME, trapfedth&3[ie— 1 BE, (BtrapigS el LAME L5
#, XEErIARFRIEERA.

14: VCEI, {84 a7l —EitEiz,

15: Float Point Exception, [EESE;

16: Co-processor 2 Exception, {hitEEE2MSE;

17~22, BIETE;

23: Watch, RTZHTERSE. HiRTE L WatchLo/WatchHiFi{ B T7aA iR R, Hload/storeRIRZLIHLERD
WatchLo/WatchHih ILE RS, £5|EXE—15E

24~30, BIEVE; 33



MIPSHIRYRE DR

W SIS

W OFhBTER IR RS 0,6,7
m IR ERGAR

m GATRER R 8,9,13
m BAGH 12
m 3EEIES 10

ERE IR
WA hAbERER. FS

Type of event MIPS terminology

I/0 device request External Interrupt

Invoke the operating system from user program Internal Exception

Arithmetic overflow Internal Exception

Using an undefined instruction Internal Exception

Hardware malfunctions Either Exception or interrupt
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OeREENTF: IEEESHEANT
OSEHBNEET(E
v IRRF: BRERNITESIIIHMFEEPCSiFesH
v BEIRA: RBRESFScausePRISERRS G EERE
« IEAIES: HEANSERSIER
o EEH: ISR TR
v BEEREIRSEERE (PC)  ELHEREMNRITHRESHEIRS
o RENIBSERELTEAES000 0000,
« BEUEERELES000 0180,

=
OiRSTERFIAO
Undefined instruction 8000 0000,

Arithmetic overflow 8000 0180,
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Z [AHASEIR

S 7 S S

IR = Mem[PC]
PC=PC+4

ID A = Reg[IR[25-21]]

B = Reg[IR[20-16]]

ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC = PC[31-28]
A +SE(IR[15-0]) then |1
PC=ALUOut  (IR[25-0]<<2

MEM  Reg[IR[15-11]]= MDR=Mem[ALUOut]
ALUOut Mem[ALUOut] =B

WB Reg[IR[20-16]] = MDR
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FSM

Z FIHBIEHIREHY

MooreFSM,

FIREEE—

Ao/

o Instruction decode
Instruction fetch register fetch

ALUSA=0
ALUSrcB =11

Memory address T
computation

Branch

Junp
completion

conpletion

ALUSTcA=1
ALUSICB = 10
ALUOp = 00

ALUSzcB = 00
ALUOp =01
PCWriteCond

PCSource = 01

PCWrite
PCSource = 10

Memory
access

Memory

access R-type completion

MemWrite
IotD=1

MemtoReg = 0

Wrie-backstep

RegDst=0
RegWiite
MemioReg=1
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v PCIE(IRIBEREREEN LRI S IEERF)
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IR = Mem[PC]
PC=PC+4
ID A = Reg[IR[25-21]]
B = Reg[IR[20-16]] REES
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC=PC[31-28]
A +SE(IR[15-0]) then I

PC=ALUOut (IR[25-0]<<2 Ei%sgc:

MEM § Reg[IR[15-11]] = YMDR=Mem[ALUOut]
ALUOQut Mem[ALUOut)] =

Reg[IR[20-16]] = MDR d
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CAUSE=1

HRNA RS IR
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I Instruction decode/
Instruction feich Register fetch

Start

Jump

Memory address
comple tion

computation

ALUSIcA- 1
ALUSKcB - 00
ALUOp = 10

ALUSrcB = 00
ALUOp = 01
PCWriteCond

PCSowrce = 01

ALUSTcA=1
ALUSKcB = 00
ALUOp = 00

PCWrite
PCSource = 10

Memory
access

Memory
access

R-type completion TtCause = 1 IntCause = 0

3 u CauseWrite 10 CauseWrite
RegDst- 1 ALUSrcA =0 ALUSzcA= 0
MemRead Rgg“'u'te ALUSICB = 01 ALUSIB = 01
lorD =1 MemtoReg - 0 ALUOp - 01 ALUOp= 01
EPCWrte EPCWrite
PCWrite PCWrite
PCSource = 11 PCSource =1

Wite-back step

RegWrite

MemtoReg =1
RegDst=10
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Digital Design and
Computer Arch

i fion fetch Instruction decode/
ns truction fetch Regiter fetch

Staxt ALUSeB = 01

ALUOp = 00
PC%I"IE
PCSource = 00,

Branch
completion

Memory .\dfh‘es ] o)
computation

ALUSKcA=1

ALUSzcA = 1 ALUSrcA=1 ALUSICE - 00 .
ALUSKcB = 00 ALUS1cB = 00 ALUOp - 01 PCSPCWI‘RE 10
ALUOp - 00 b ource -

Overflow

Memory
access

Memory
access

IntCause =1
CauseWrite
ALUSICA=0
ALUSKB =01
ALUOp = 01
EPCWrite
PCWrite
PCSource = 11

RegDst =1

g
MemtoReg =0

Write-back step

RegWrite

IntCause =0
CauseWrite
ALUSrcA=0
ALUSKcB = 01
ALUOp = 01
EF CWrite
PCWrite

PCSource = 1
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MemRead
ALUSIA = 0

oD =0 ALUSIcA = 0
Stant IRWrite ALUSCB = 11
ALUSrcB = 01 ALUOp =00

AL I!O'v =00

ALUSICA = 1
ALUSrB = 00
ALUOp = 01
PCWrteCond
PCSource = 01

ALUSreA = 1
ALUSrB = 10
ALUOp =00

ALUSIA =1
ALUSrcB = 00
ALUOp=

PCWrite
PCSource = 10

RegDst = 1
RegWrite
MemtoReg =0

MemWrite
orD =1

MemRead
torD =1

RegDst=0
RegWte
MemtoReg = 1

<

Check for
interrupts
before
fetching
next
instruction
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Exception vector address to be added

Exception type to a Vector Table Base Register
Unknown Reason 00 0000,
Floating-point ari {{ 10 1100,

System Error (hardware malfunction) 1011411,
-
4 ~
P 1| EXFush )
< IFFush ™ Voo
1] ~_L -
\
~l_-7
" Hazam
—5  detection
\ unit
N s ™
IDVEX. u
x
usm
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M
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{ERISC-VARsEER

Exception type

Exception vector address to be added to a Vector Table Base
Register

Undefined instruction

00 0100 0000,,,,

System Error (hardware
malfunction)

01 1000 0000,

two

Harmd
el Gemchen e
it

| I
{control

L,,EE_
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RISC-VRERIFHE

O

O

O

O

External events

v R, RS

Memory translation exceptions

v AT, B

Other unusual program conditions for the kernel to fix
v RARZANERN R E IEFRS

Program or hardware-detected errors

v BZIES. al. XFE

Data integrity problems (Checksum etc.)

v RIS

System Calls and traps

Type of event

From where?

RISC-V terminology|

System reset External

Exception

1/O device request External

Interrupt

Invoke the operating system from user program| Internal

Exception

Using an undefined instruction Internal

Exception

Hardware malfunctions Either

Either
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RISC-VSll_‘ BSREAAE

O RESHERE (ST’ B9E<SHIPCE

v RISC-V@H@SEPC (Supervisor Exception Program Counter, BIRREETE
FitiEs)

O {REFERENRIE

v RISC-V{#FHSCAUSE (Supervisor Exception Cause Register, BIERFEER
ESEEsa-))
v 64fi, BZHILSERE: BERIDTFR: 20T NANRESE, 120584
=, o

O PEEEI IR
v {BEFEERIF0000 0000 1C09 0000hex
Type of event

From where? RISC-V terminology|
System reset External Exception
1/O device request External Interrupt

Invoke the operating system from user program| Internal

Exception
Using an undefined instruction Internal Exception
Hardware malfunctions Either Either 50




RISC-VE®=

/RERRISTEIE

User Within vs.
Synchronous vs.  User request maskable vs. between Resume vs.

Exception type asynchronous vs. coerced nonmaskable instructions terminate
/O device request Asynchronous Coerced Nonmaskable Between Resume
Invoke operating system Synchronous User request Nonmaskable Between Resume
Tracing instruction execution  Synchronous User request ~ User maskable ~ Between Resume
Breakpoint Synchronous User request ~ User maskable ~ Between Resume
Integer arithmetic overflow Synchronous Coerced User maskable ~ Within Resume
Floating-point arithmetic Synchronous Coerced User maskable ~ Within Resume
overflow or underflow

Page fault Synchronous Coerced Nonmaskable Within Resume
Misaligned memory accesses  Synchronous Coerced User maskable ~ Within Resume
Memory protection violations ~ Synchronous Coerced Nonmaskable Within Resume
Using undefined instructions  Synchronous Coerced Nonmaskable Within Terminate
Hardware malfunctions Asynchronous Coerced Nonmaskable Within Terminate
Power failure Asynchronous Coerced Nonmaskable Within Terminate
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RISC-VAMERERISE

O A&l
v AMEFRFRY I SRR R ERE

O mEXEIHFEN R Er sttt
v FEMNRE{ERS: 00 0100 0000two
v TE{4ERFZ: 01 1000 0000two

. Exception vector address to be added to a Vector Table Base
Exception type

Register
Undefined instruction 00 0100 0000,
System Error (hardware 01 1000 0000,
malfunction)

O 4R FRITHRE S
v’ SLEEHRHE,
v BB EISCRRRIANMETR R
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O5—M A pvizHIER
O [SaddEEXP R RIS
add x1, x2, x1

v BB LEX 1151 E

v SERRSCRIANIES

v igkkadd 2 5A%ES

v iRESEPCFISCAUSEZSZEEAYT

v iBE IR E I NIEE R
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v BRIFEH ZE0ER
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5+

OException on add in

40 sub
44 and
48 orr
4c add
50 sub
54 1d
OHandler

1c090000
1c090004

x11
x12
x13
x1,
x15
x16

sd
sd

, X2,
, X2,
J X2!

X2,
, X6,

x4
x5
X6
x1
X7

, 100(x7)

x26, 1000(x10)

x27,

1008(x10)
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AC090000 ~
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5+

bubble

EX.Flush
——

bubble orx13,...

sd x26, 1000(x0) , bubble (nop)
IF.Flush '
! ID.Flush
' /" Hazard \ ‘
—k unit I/ @

1C080000

Clock 7

ters

unit

'
Forwarding
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SRR BRI
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v SEIERNATERE
v INRSHNFUKERNESHITER, TS SHiERHE
(R1)+(R2) ->R1, NERULLATEH?
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—i+1: MUL R3, R1; (R3)x(R1)->R3, Fo&uniT!

- (abEigEforwarding)
v BFEERAME:
- BFRAS | KIESIREW R, (B2 R0 ER-P T mg B0k =Lt,

DQI:HE_IH E*%Eﬁﬁfg? gy;};;:n o %Kcz ‘ ces ‘ ces foos | coe | eer
OUARBEARA? - e pas

Iw $2, 200(S0)

v $3, 300(S0)




B2 BiHRE

OCH "/ FHEA
VERILRERS WER
- RREINIURE, HEBRESIIRS

- FERERERSFHRFRFVKETSIECIINT
- @fERegFile, PSW. FUKEREHE (ASRIEHEES) |

. tuv3 —_ g mjis= " ~Ls
OfaN: RAEZRRASTI BiE 28
VIR MER
c SNEE BRENRFAZENE, RERIFC
- EXCnEFEE: REREER
- TUKEFRFANESS ENSERIMSE
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SHEFENRERLE (MIPS)

O RFRKENFERCEEERZ R (MER)

O IRRZ AT RE, NEHcausefIEPC, [EIRFIETKER,
#FTPC{EZlfetchkg

0O BHEERKRASEIDHIERAIFE (flush IF/ID/EX)
0O B RS INFRTINE

Inst.
E Mem B- Decode

PC Address
Exceptions

/ EPC
[,D\l I/EJ |}‘\| Asynchronous

Interrupts
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EMEMBELIERERIRE

O%l: s0RandHIBGERRTE, BEIMEMZAAME
v BI—FIESEWITRA (RIE)
v [SEES i lush (kill) , (RIERBIESTMRER]
v BEiRBIEFA{Tand

Time (in clock cycles) —

66



Aol ES

MIPSﬁtS’&ﬁMﬁﬁﬁﬁ

SP XS IR RN

Reset (highest priority)
Soft Reségl P y)

Nonmaskable Interrupt (NMI) Arm/ﬂt%&M_“:—riu 1E€ H

Address error --Instruction fetch
TLB refill--Instruction fetch
TLB invalid--Instruction fetch
Cache error --Instruction fetch
Bus error --Instruction fetch
Watch - Instruction Fetch

YOI LoD =

. Inte%(er overflow, Trap, System Call,

Breakpoint, Reserve Instructlon,
Cop rocessor Unus-able, or Floating-
P01nt Exceptlon Address error--Data

acces

. TLB reflll --Data access
. TLB invalid --Data access
. TLB modified--Data write

Cache error --Data access

. Watch - Data access

. Virtual Coherency - Data access
. Bus error -- Data access

. Interrupt (lowest priority)

Reset (highest priority)
Data

18 (%Enﬁtﬁﬂﬁ)

Prefet h abort
X384, Software interrupt
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LSk

O RIS
v HEZSEERFINT, BITHMRER, EEiIT=REBIRE
WRTTE FFAYHAT.
v FREFE: SNGRARER. PIERERET
- ETERIRE: EEE, AR R
« FRETFIA
- HETIRSTERF (ISR) @ A[Otbhk rh b AR
v BRI R FE
+ B (nPC) : RAXERS, REdT

» IlH (regs, PSW) : FRETRSSTEX
. RHMRE]
v HErERE (FReE)
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LSk

O ZFELIEE (LAMIPS /)
v TESE: HREE, S50, BT
v B
v RTL{HS
v R
O i/K&SLMEE (MIPS, RISC-V)
v iEEHRSIIL: FIMEE, RENE, BSES, BT

v ISHSCIL: FIRE, BFER, FIRRR, FEE, BTES,

BT
O ZEHER. . JEEmmsCiaIXE]
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BE

O A SRR AR E?

O ZEERSTH, HRGEHBIESESEEREESR?

O SFEPRSIA, EmRRE?

O ESIFRIT, ir 18587 ; I8SFKIT, Jir "8" = "3E
1S5tE" Bl

O &R, AR EEMER?

O EPCHlcauseRAZEHINER? BEMIMEBEE?

O mipsHFEIR[EHES eretiIfa]SLHL?

O §ES5YrERESE, ER?

O (9%) EEETRRIESKERE, EPC=?

O bz, BE. EEER
v l}%;?;i??@ MMAAYE], BreaSEE, RElS, SRS, FEEE. K
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Sof: RISC-VEREEkb

IF.Flush

EX.Flush

f

10090000 -

|

—

Hazard
detection |

unit

c

0

Shift
left 1

Instruction
memo

Registers @

UEM/WB
WB—¢

Data
memory

unit .
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RISC-VAIT{EtEz0

B RISC-VENX 73R IIFRT, (tBFR4FETN)

m #1281, (Machine Mode)
m 5 EEs (Supervisor Mode)
m AT, (User Mode)

B FidmstatusZH1Fesi4

Level

Encoding

Name

Abbreviation

0

1
2
3

00
01
10
11

User/Application
Supervisor
Reserved
Machine

U
S

M

B MiED, FRIRMESE (8FRhart, hardware thread) XH7TE.
IO — X BB E R RN ENREfeEE=ElE

FA

B MIEERTETRERISC-VALIEESER /R

m —ARSEIR, EEAIRISC-ViEHIss RiEMiEL

SCIRAIRLPRAETL

Number of levels | Supported Modes | Intended Usage

2 M, U
3 M, S, U

1 M Simple embedded systems
Secure embedded systems
Systems running Unix-like operating systems
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RISC-ViZhlIRSHF=8-CSR

B FEAJRISC-V ISASF12bitxy
CSRiA1T4mAS

m 4 SRR AR, R A%

S AnEEINR
W bit[9:8]REBIGINZ S F R KE
&R
m bit[11:10]RBZFFRNELEEME
B read/write
H read-only

CSR Address Hox Tsc and Accessibility
(T30 | (98] [ 7]

TUser CSRs
00 | 00 | XAXX | 0x000-0xOFF | Standard read/writc
01 | 00 | XXXX | 0x400-0x4FF | Standard read/write
10 | 00 | XXXX | 0x800-0x8FF | Custom read/write
11| 00 | OXXX | 0xC00-0xCTF | Standard read-only
11| 00 | 10XX | 0xC80-0xCBF | Standard read-only
11 | 00 | 11XX | 0xCC0-0xCFF | Custom read-only

Supervisor CSRs
00 | 01 | XXXX | 0x100-OxiFF | Standard read/writc
01 | 01 | OXXX | 0x500-0x57F | Standard read/write
01 | 01 | 10XX | 0x580-0xSBF | Standard read/write
01 | 01 | 11XX | 0x5C0-0xSFF | Custom read/write
10 | 01 | OXXX | 0x900-0x97F | Standard read/write
10 | 01 | 10XX | 0x980-0x9BF | Standard read/write
10 | 01 | 11XX | 0x9C0-0x9FF | Custom read/write
11| 01 | OXXX | 0xD00-0xD7F | Standard read-only
11 | 01 |10XK | 0xDB0-OXDBF | Standard read-only
11 | 01 | 11XX | 0xDCO-0xDFF | Custom read-only

Hypervisor CSRs
00 | 10 | XXXX | 0x200-0x2FF | Standard read/writc
01 | 10 | 0XXX | 0x600-0x67F | Standard read/write
01 | 10 | 10XX | 0x680-0x6BF | Standard read/write
01 | 10 | 11XX | 0x6C0O-0x6FF | Custom read/write
10 | 10 | OXXX | 0xA00-OXATF | Standard read/write
10 | 10 | 10XX | 0xAB0-OxABF | Standard read/write
10 | 10 | 11XX | 0xACO-OXAFF | Custom read/write
11 | 10 | OXXX | 0xE00-OxE7F | Standard read-only
11 | 10 | 10XX | 0xES0-OxEBF | Standard read-only
11| 10 | 11XX | 0xECO-OXEFF | Custom read-only

Machine CSRs
00 | 11 | XXXX | 0x300-0x3FF | Standard read/writc
01 | i1 | OXXX | 0x700-0x77F | Standard read/write
01 | 11 | 100X | 0x780-0x79F | Standard read/write
01 | 11 | 1010 | 0x7A0-0x7AF | Standard read/write debug CSRs
01 | 11 | 1011 | 0x7BO-0x7BF | Debug-mode-only CSRs
01 | 11 | 11XX | 0x7CO-0x7FF | Custom read/write
10 | 11 | OXXX | 0xB0O-0xB7F | Standard read/write
10 | 11 | 10XX | 0xB8O-0xBEF | Standard read/write
10 | 11 | 11XX | 0xBCO-OxBFF | Custom read/write
11| 11 | OXXX | 0xFOO-OXF7F | Standard read-only
11| 11 | 10XX | 0xF80-OxFBF | Standard read-only
11 | 11 | 11XX | 0xFCO-OxFFF | Custom read-only
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RISC-VIZHHASS

{F83-CSR

m AR
%@%ﬁ%ﬂ

Number ‘ Privilege ‘ Name ‘ Description
User Trap Setup
0x000 URW ustatus User status register.
0x004 URW uie User interrupt-enable register.
0x005 URW utvec User trap handler base address.
User Trap Handling
0x040 URW uscratch Seratch register for user trap handlers.
0x041 URW uepc User exception program counter.
0x042 URW ucause User trap cause.
0x043 URW utval User bad address or instruction.
0x044 URW uip User interrupt pending.
User Floating-Point CSRs
0x001 URW fflags Floating-Point Accrued Exceptions.
0x002 URW frm Floating-Point Dynamic Rounding Mode.
0x003 URW fcsr Floating-Point Control and Status Register (frm 4 fflags).
User Counter /Timers
0xC00 URO cycle Cycle counter for RDCYCLE instruction.
0xC01 URO time Timer for RDTIME instruction.
0xC02 URO instret Instructions-retired counter for RDINSTRET instruction.
0xC03 URO hpmcounter3 Performance-monitoring counter.
0xC04 URO hpmcounter4 Performance-monitoring counter.
0xC1F URO hpmcounter31 | Performance-monitoring counter.
0xC80 URO cycleh Upper 32 bits of cycle, RV32I only.
0xC81 URO timeh Upper 32 bits of time, RV32I only.
0xC82 URO instreth Upper 32 bits of instret, RV32I only.
0xC83 URO hpmcounter3h | Upper 32 bits of hpmeounter3, RV32I only.
0xC84 URO hpmcounter4h | Upper 32 bits of hpmcounter4, RV321 only.
0xCOF URO hpmcounter31h | Upper 32 bits of hpmeounter31, RV32I only. 74




RISC-ViE=HIASS1FeS-CSR

WERRIEHIRNSHFRIIE

Number ‘ Privilege ‘ Name ‘ Description
Supervisor Trap Setup
0x100 SRW sstatus Supervisor status register.
0x102 SRW sedeleg Supervisor exception delegation register.
0x103 SRW sideleg Supervisor interrupt delegation register.
0x104 SRW sie Supervisor interrupt-enable register.
0x105 SRW stvec Supervisor trap handler base address.
0x106 SRW scounteren | Supervisor counter enable.
Supervisor Trap Handling
0x140 SRW sscratch Scratch register for supervisor trap handlers.
0x141 SRW sepc Supervisor exception program counter.
0x142 SRW scause Supervisor trap cause.
0x143 SRW stval Supervisor bad address or instruction.
0x144 SRW sip Supervisor interrupt pending.
Supervisor Protection and Translation
0x180 ‘ SRW ‘ satp ‘ Supervisor address translation and protection.

Table 2.3: Currently allocated RISC-V supervisor-level CSR addresses.
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RISC-VIZHHASS

{F83-CSR

m ESEIEHMR
SEFYIE

Number | Privilege | Name [ Description
Machine Information Registers
0xF11 MRO mvendorid | Vendor ID.
0xF12 MRO marchid Architecture ID.
0xF13 MRO mimpid Implementation ID.
0xF14 MRO mhartid Hardware thread 1D.
Machine Trap Setup
0x300 MRW mstatus Machine status register.
0x301 MRW misa ISA and extensions
0x302 MRW medeleg Machine exception delegation register.
0x303 MRW mideleg Machine interrupt delegation register.
0x304 MRW mie Machine interrupt-enable register.
0x305 MRW mtvec Machine trap-handler base address.
0x306 MRW mcounteren | Machine counter enable.
Machine Trap Handling
0x340 MRW mscratch Scratch register for machine trap handlers.
0x341 MRW mepc Machine exception program counter.
0x342 MRW mcause Machine trap cause.
0x343 MRW mtval Machine bad address or instruction.
0x344 MRW mip Machine interrupt pending.
Machine Memory Protection
0x340 MRW pmpcfg0 Physical memory protection configuration.
0x341 MRW pmpcfgl Physical memory protection configuration, RV32 only.
0x342 MRW pmpcfg2 Physical memory protection configuration.
0x3A3 MRW pmpcfg3 Physical memory protection configuration, RV32 only.
0x3B0 MRW pmpaddr0 Physical memory protection address register.
0x3B1 MRW pmpaddri Physical memory protection address register.
, ) 76
0x3BF MRW pmpaddr15 Physical memory protection 1cldress 1eg1:ter




RISC-VRFEFIRER

B MIEHEERFEREESFINEE R FERYEE
B RISC-VHEED AR
mESRE
m chl
B RISC-VZI5EHaE
B RIEREZRIRIFTEIESE=EMHIT T
B SERESEIRBFEIT EEFERTIREHT)
» Mg TR RED %
®  FFEIEHERT CYMEL A AN SRRV SR R (25 N ROMD .
® U EFF (FHT ebreak $54, A HhlslcE s U w il e AR VEIC & Ak .
o NEHAMART T ecall R K.
O RIS FE AR B LG REER I N R A
® GExf AR (AT AR ASTERE VT N EERERIN J s, i hndiihl Sy 0x12 1

amoadd.w.
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RISC-VE&®E 1R

Interrupt / Exception
mcause[XLEN-1]

Exception Code
mcause[XLEN-2:0]

Description

1

[95]

Supervisor software interrupt
Machine software interrupt
Supervisor timer interrupt
Machine timer interrupt
Supervisor external interrupt
Machine external interrupt

C OO OCOCOOCOCOOC OO O m kit b

N W = Of= O W

W= O 00

Instruction address misaligned
Instruction access fault

Illegal instruction

Breakpoint

Load address misaligned

Load access fault

Store address misaligned

Store access fault

Environment call from U-mode
Environment call from S-mode
Environment call from M-mode
Instruction page fault

Load page fault

Store page fault
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RISC-VRELIEIEXTFEE

I HPIRE A2 (CSR) JEALEERE L S b B 06 LS 4 2

mtvec (Machine Trap Vector) ‘& {57 A7 5 5 I A B i Sk G 20 fr b bl
mepc (Machine Exception PC) ‘& 1§ [n] A AR 5 IR 2«

mcause (Machine Exception Cause) "B kB 5w RIS,

mie (Machine Interrupt Enable) ‘& 47 b BILEE H i GE Ak BRI 200 2005 (1) v 7
mip (Machine Interrupt Pending) "t 41 H H 1iif 1 vk 4 &b £ o

mtval (Machine Trap Value) ‘B4 1A Crap) MIBINGE L Hoohl 9045 o 5

bbb /AR B AR 2 ALy, XEF AR S, BN 0.
mscratch (Machine Scratch) & & 40— 7= A/ E
mstatus (Machine Status) ‘&4 TGS, CLA VR HoA AR &

XLEN-1  XLEN-2 23 22 21 20 19 18 17
[SD ] 0 [TSR [ TW [ TVM | MXR | SUM | MPRV |
i XLEN-24 1 o i

16 15 1413 1211 109 3 1

[ XS [ FS [ MPP | 0 \SPP\MPIE\O\SPIE|UPIE\MIE|O\SIE|UIE|
2 2 I 1 I [

mstatus}fﬁ%ﬂhmﬁfﬁ, %%T%R’F, HEMIE, MPIEﬁxﬁI
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RISC-V SFEHHX:

m RV32I{8XIES

REFGES

0000 pred suce 00000 000 00000 0001111 | Ifence
0000 0000 0000 00000 001 00000 0001111 | Tfence.
000000000000 00000 00 00000 1110011 T ecall
000000000000 00000 000 00000 1110011 | Iebreak
csr rsl 001 rd 1110011 I esrrw
csT sl 010 rd 1110011 I csirs
CST sl 011 rd 1110011 T esrre
osT zimm 101 rd 1110011 T cstrwi
csT zimm 110 rd 1110011 | I essirsi
csr zimm 111 rd 1110011 | Icsrrel
31 27 26 25 24 20 19 15 14 1211 7 6
0001000 00010 00000 000 00000 1110011 R sret
0011000 00010 00000 000 00000 1110011 R mret
0001000 00101 00000 000 00000 1110011 R wfi
0001001 rs2 rsl 000 00000 1110011 R sfence.vma
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SHIESHR

m ecall
FEA R (Environment Call). I-type, RV32I and RV641.
T g R BT i e sk AT B

31 2019 1514 12 11 76 0
| 000000000000 | 00000 | o000 | 00000 1110011
W ebreak
IRILET & (Environment Breakpoint). I-type, RV32I and RV641.
I Y S O g A SR
31 2019 1514 1211 76
| 000000000001 | 00000 | o000 [ 00000 1110011
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CSRIESILMR

TA <@ -+
CSI'IC rd, csr, rs1 t = CSRs[csr]; CSRs[csr] = t &~x[rs1]; x[rd] =t
BB ARERNREFTAESE (Control and Status Register Read and Clear). I-type, RV32I and
RV641.
ICFE MR ZF AR & esr IR 1o 8 ¢ RIGA7ds <[ TR A SN esry B 1 TGN
x[rd]-

31 2019 15 14 1211 76 0

| cst | w1 | o | «d | 100 |
csrrci rd, csr, zimm[4'0] t = CSRs[csr]; CSRs[csr] = t &~zimm; x[rd] =t
ZRPECORB FR RIS T FE S (Control and Status Register Read and Clear Immediate). 1-

type. RV32I and RV 64]
ARG A8 osr HPIMARDA o 0 ¢ AL R REM T BIEL zimm Fieq3 L5 R &5 L5 N
esry PHE SN x[rd] Cesi PRAEREIIET 5 A0 B AR,
51 2019 15 14 1211 76 0
| cst | zimm[40] | 111 | | 1110011 |
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CSRIESIF

+Hd

CSIIS rd, csr, rs1 t = CSRs[csr]; CSRs[csr] =t | x[rs1]; x[rd] = t
B AL GIREF HE (Control and Status Register Read and Ser). I-type, RV32I and RV641.
IR A AL cor TN £o 0 ¢ FIZFAEES <[rs el as WG N esr, P £ 5N

x[rd]-

31 2019 1514 1211 76 0

\ st | sl | o0 | w 110011 |
CSIICi rd, csr, zimm[d'O] t = CSRs[csr]; CSRs[csr] = t | zimm; x[rd] = t
Z PG IR EARREF F B (Control and Status Register Read and Set Immediate). I-type.

RV32I and RV641.
IR A A AEAS esr PIRAEN 1o JL  RUHAE )4 RSB zimm S0 sk &5 S5 A
esty PHE ¢ G x[rd] Cosr SR8 5E 5 AL AT S PiAAE ).

31 2019 1514 1211 76 0

| st | zimm[40] | 110 | [ 1110011 |
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CSRIESIF

+Hd

CSITW rd, csr, zimm[4:0] t = CSRs[csr]; CSRs[csr] = x[rs1]; x[rd] = t
G BB REFT HE (Control and Status Register Read and Write). I-type, RV32I and RV641.
PR B A7 i esr HIRMEDN 1o JEAFAFR xsITIAETS N esry PHE 1 BN x[rd]-

31 2019 1514 1211 76 0
sl | ool | 1110011

csrrwi rd, csr, zimm[4:0] x[rd] = CSRs[csr]; CSRs[csr] = zimm

SPPEEE BRI KA BB (Control and Status Register Read and Write Immediate). I-type.

RV32I and RV641.

O TR G AR cor TPIOAEE WA x[7d] 1, P T Y JEMI LIS zimm TS A

st

31 2019 1514 1211 76 0
cst | zimm[40] | 101 | 1110011
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RS IFR

Sret ExceptionReturn(Supervisor)
R 7F3"§ BNl 9}-1‘1’1@(5111)611 isor-mode Exception Return). R-type, RV32I and RV641 KBl 54 .
U\I PR R A A B i I, Y B pe N CSRs[spec]s BRI EE Y CSRs[sstatus].SPP,
CSRs[sstatus].SIE &y CSRs[sstatus].SPIE, CSRs[sstatus].SPIE JjJ 1, CSRs[sstatus].spp 4 0.
31 2524 2019 1514 1211 76 0
0001000 | 00010 | 00000 | 000 | 00000 | 1110011 |

mret ExceptionReturn(Machine)
# 55’[‘;"?3&.%’% i ©] (Machine-mode Exception Return). R-type, RV32I and RV 641 R 4242
ML i A BERE IR 1] o 4% pe W E N CSRs[mepe], AR ¥ B Ik
CSRs[mstatus]. MPP. CSRs[mstatus] MIE & 1% CSRs[mstatus] MPIE. Jf [L#f
CSRs[mstatus] MPIE 24 1; £ 11, G SCRE T P B, W4 CSR [mstatus]. MPP & B A 0.
31 2524 2019 1514 1211 76 0
| oo011000 | ooot0 | ooooo | ooo | oooo0 | 1110011 |
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e SIFRE

Wfl while (nolnterruptPending) idle
45 B (Wit for Interrupt). R-type, RV32I and RV64I K EUE 4
IREBEATRPAR FRIE P, WAL A P i i 1 iR A

31 2524 2019 1514 1211 76 0

| 0001000 | oolol | oooco | ooo | ooooo | 111001l |

sfence.vma rsi, rs2 Fence(Store, AddressTranslation)
HE A 1) A B2 (Fence Virtual Memory). R-type. RV321 and RV64L FrEUE 4

AR I 452 1 R UL M 8 Dbt 2 i 1) L A E N HEA T A o 2 7520 IIJ‘: JI A7 Mk 1 3 1 AT
oxsEBggmls AW, SO x[rs 2 BRI IS T TR e EA T HE . Y s =0 I, R T iE B L
A5 M) (P AT ML P PR AT s T, AORS Srp Lm‘uum; X[rs T]0F) UL [ M-

PEIEATHE T
31 2524 2019 1514 1211 76 0
0001001 | 2 | w1 | o000 | ooooo | 1110011 |
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EHPIRSSERFR

mtvec (Machine Trap-Vector Base-Address)

BASE
MXLEN-1

21
BASE[MXLEN-1:2] (WARL) [ MODE (WARL) ]
MXLEN-2

Bl TP
bR
[#% 2] Figure 3.8: Machine trap-vector base-address register (mtvec)

MODE = Direct
> BASE: trap AOFRERIEIBIE, HHFRIENFHIIT
> MODE: #—ZBFEHAOREIERES:

Direct: FREHY exception fl interrupt 245 BASE =
PC #BBEEEEI BASE fEERYMEELE, -

Vectored: exception &% 3([E Direct; {B
interrupt BN\ CIBIELAEIEE S ZUHES]

Value [ Name ;g%
0 | Direct | All exceptions set pc to BASE.

Vectored | Asynchronous interrupts set pc to BASE+4xcause.
>2 Reserved

e
/ b-

Description

-

[£:% 2] Table 3.5: Encoding of mtvec MODE field. MODE = Vectored




; *J %lp\ﬁﬁ%i' 'ﬁé’i

mepc (Machine Exception Program Counter) ISAS MiST

MXLEN-1 0

mepc
MXLEN
[#2% 2] Figure 3.21: Machine exception program counter register.

> H trap %R, pc SEEIRA mtvec iERELLE, R
hart £i88 mepc HLHFESHET—FIESAMLE, 2
HAIFER L trap BHTJLLERISTHEY mret 188, ZI8S
218 mepc FPEWRSEI pc b (SEILEEIRIER) .

> TE4ME trap BEEFEPREAIILUER mepc BIEEXTINZE
mret RGBS ERY.



; *IJ %'L’\

#5851

mcause (Machine Cause)

MXLEN-1 MXLEN-2

x
[uterrupt |
1

[£% 2] Figure 3.2

> & trap RER, hart RIgEIZHFRBEMIEL] trap RE

HIRE.

> B Interrupt 9 1 BHFR T 2480 trap A interrupt,
FENE exception,

> FIRAY Exception Code FFHRARSHY interrupt &
exception fYFhE,

Excoption Code (WLRL)
MXLEN-1

2: Machine Cause register mcause.

Tnterrupt | Exception Code | Description
1 0 | User software mterrupt
1 1 | Supervisor software interrupt
1 2 | Reserved for future standard use
1 3 | Machine software interrupt
1 1| User timer mterrupt
1 5 | Supervisor timer interrupt
1 6 | Reserved for future standard use
1 7 | Machine timer interrupt
1 8 | User external interrupt
1 9 | Supervisor external interrupt
1 10 | Reserved for future standard use
1 11 | Machine external interrupt
1 12-15 | Reserved for future standard use
1 >16 | Reserved for platform use
0 0 | Tnstruction address misaligned
0 1 | Instruction access fault
0 2 | Tllegal instruction
0 3 | Breakpoint
0 4 | Load address misaligned
0 5 | Load access fault
0 6 | Store/AMO address misaligned
0 7 | Store/AMO access fault
0 8 | Environment call from U-mode
0 9 | Environment call from S-mode
0 10 | Reserved
0 11 | Environment call from M-mode
0 12 | Instruction page fault
0 13 | Load page fault
0 14 | Reserved for future standard use
0 15 | Store/AMO page fault
0 16-23 | Reserved for future standard use
0 24-31 | Reserved for custom use
0 32-47 | Reserved for future standard use
0 48-63 | Reserved for custom use
0 >64 | Reserved for future standard use
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; *J %lp\ﬁﬁ%i’ fiFF

mstatus (Machine Status) ISGAS Mis?
a1 30 23 22 21 20 19 18
[5DT WPRI ]TSR]T\\ ]T\ M \I\R [\l M [\IPR\ I
1 8
16 15 H H

l ll m 2

g

2 l 0
T

1 T 1

1 1 T T

[£:3% 2] Figure 3.6: Machine-mode status register (mstatus) for RV32

» xIE (x=M/S/VU) : FRIAFHIF (1) HEXHA (0) M/S/U KT
BLFERE. % trap RER, hart 28538 xIE 885 0.

xPIE (x=M/S/U) & trap RERATFREF trap REZHIRY xIE (&

> xPP ' trap REMATFRE trap &‘EZBUE‘JM&?&SUE

&a&ﬁ UPP

@

Level | Encoding \un

BtFECES RAF SR, =il 2 | o w s
RTEEHE, EREE.

:I
3 11 Machine

>

M

DHa



RISC-VRELLIE

lllb*E

m 7ERISC-VrR, FEBARAEA(Trap)

U

o
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RISC-VRELIERE: @(HEE7, Top Half

Trap &%, Hart BEIITI TIRSHEE ISCAS A

> B mstatus §9 MIE (%I MPIE R, ;&2 mstatus B9 MIE R
EI, BREBARERSEEEL.

> 8% mepc, [Ei PCHREHN mtvec, (REITEHR, WF
exception, mepc IERSEREWMES,; WTF interrupt, BiERE
HFEFRSE S T—RIBESHIE. )

I ]
] = T
] =P = ]
1 ]

i
i
=
¥

¥

| T | ) BT | | | Y ncton ]
Exception Interrupt

> RIE trap 978 E mcause, HRIEEER mtval igEBMINEE.

> 18 trap BEZAIRIBRIRINREFTE mstatus f9 MPP g, Bt
hart fRIENEXRA M (HBERRRTICTE(EM Level TRbA trap,
hart B%10#%%] Machine {&30) ,




RISC-VRELIETRE:

4R Bottom Half

{*F (save) HBiiEHlifaY
ETFXEE (FUFB mscratch)

AR Ci55A/Y trap handler

M trap handler FHEHRE,
mepc BERTTHEEERE

K& (restore) ETFXHIE
2

1T MRET $8SiR[EF] trap
ZHIRIRTS,

trap_vector:
# save context(registers).
csrrw  t6, mscratch, t6 # swap t6 and mscratch
reg_save t6

# Save the actual t6 register, which we swapped into
# mscratch

mv t5, t6 # t5 points to the context of current task
csrr t6, mscratch # read té back from mscratch
sw t6, 120(t5) # save té6 with t5 as base

# Restore the context pointer into mscratch
csrw mscratch, t5

# call the C trap handler in trap.c
csrr a0, mepc

csrr al, mcause

call trap_handler

# trap_handler will return the return address via a@.
csrw mepc, a@

# restore context(registers).
esrr t6, mscratch
reg_restore t6

# return to whatever we were doing before trap.
mret
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1 #include "platform.h" 1 #include "o0s.h"
2 2
3 # size of each hart's stack is 1024 bytes 3 g/
4 -equ STACK_SIZE, 1024 4 * Following functions SHOULD be called ONLY ONE time here,
5 5 * 50 just declared here ONCE and NOT included in file os.h.
6 .global _start 6 %/
b 7 extern void uart_init(void):
B -text 8  extern void page_init(void);
. ftajt- © harte with i 1= 0 9  extern void sched init(void);
! park hares with 24 = 10 extern void schedule(void);
11 csrr t0, mhartid # read current hart id 11 extern void os main “f.oid)).'
12 mv  tp, t0 # keep CPU's hartid in its tp for later us |, extern void EEap init(voi(;l)'
13 bnez t0, park # if we're not on the hart 0 13 = ’
o # we park the hart 14 o void start kernel (void)
16 # set all bytes in the BSS section to zero. art initQ;
7 la a0, _bss_start — I
0 12 2l Tbesend uart_puts("Hello, RVOS!\n");
19 bgeu a0, al, of B -
5ol . . 19 page_init () ;
21 sw zero, (a0) & -
22 addi a0, a0, 4 21 Erap inig() ;
23 bltu a0, al, 1b 22 .
21 2: 23 sched_init();
5 # Setup stacks, the stack grows from bgffom to top, so we put 24 i
26 # stack pointer to the very end of j#e stack range 5 os_main();
7 s11i t0, t0, L # shift t the hart id by 1024 26
28 la sp, stacks + STACK SIZE # #€t the initial stack pointer 27 schedule() ;
29 # to the eggOf the first stack space 28
30 add sp, sp, t0 the current hart stack pointer 29 uart_puts("Would not go here!\n");
31 # to j#€ place in the stack space 30 while (1) {}; // stop here!
32 31 by
33 j  start_kernel # hart 0 jump to c 32
34 33
park:
wEi
i park
stacks:
.skip  STACK_SIZE * MAXNUM CPU # allocate space for all the harts stacks
.end # End of file
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extern void trap_vector(void);

void trap_init()

T

8 * set the trap-vector base-address for machine-mode # interrupts and exceptions while in mach:
9 x .globl trap vector
10 w_mtvec ({reg_t)trap_vector # the trap vector base address must alway:
11 Ly 89 .align 4
12 " trap vector:
12 reg_t trap_handler(reg_t epc, reg t cause) 91 ¥ save context (registers).
l‘} =2 . g2 C5rrw t6é, mscratch, té # swap t6
5 reg_t return pc = epc; o3 reg save t6
16 reg_t cause code = cause & o —
17 L . N N
18 o if (cause & %8000 ) (€ if # Save the actual té register, which i
19 /* BRsynchronous trap - interrupt */ 96 # mscratch .
20 © switch (cause code) { 97 mv  t5, t6 # t5 points to the cor
21 case 3: 98 csrr t6, mscratch # read t6 bacl
22 uart_puts("software interruption!\n"); 99 SW t6, 120(t5) # save t6 with t5 as 1
23 break; 00
24 case 7 01 # Restore the context pointer into msc
25 uart_puts("timer i ption!\n"}; csrw mscratch, t5
26 break;
! case . # call the ¢ trap handler in trap.c
28 uart_puts("exter ption!\n"); csrr 20, mepc
29 break; s mep
30 default: csrr al, mcause
31 uart_puts("unknown async exception!\n"); all trap_handler
32 break;
33 } # trap_handler wWill return the return
34 } else { csrw mepc, al

/* Synchromous trap - exception */
3 N = %d\n", cause_cede); # restore context(registers).
37 panic("COPS! What I do!"; csrr t6, mscratch
32 , //return_pc += 4; reg_restore té
i # return to whatever we were doing be:
11 return return pc;
12 = mret
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int Eask ereate (void (*start_routin) (void))

14 void start_kernel (void) if (_top < MAX TASKS) {

15 B{ ctx_tasks[_topl.sp = (reg_t) &task stack[_top] [STACK SIZE - 11;
16 uart_init(); ctx_tasks[_topl.ra = (reg_t) start_routin;
17 uart puts("Helloc, RVOS!\n"); _top+t;
s - . . return 0;
- L. 18 void sched init() } else {
19 page_init(); 19 { return -1;
20 - . )
.. 2 w mscratch(0) ;
21 trap init(); ; T - o }
22 B i
23 sched_init(); void task yield() i 7oid user_task0(void
24 { N
N . 9 uart_puts("Task 0: Created!\n");
25 05_m ; ; '
o _main() schedule () ; while (1) (
= BEREERIE () ; } uart_puts("Task 0: Running...\n"):
28
29 uart_puts("would EEapItes o ;
,:w.' while (1) {}; // stop here! task_delay (DELAY) ;
31 Ly task_yield() ;
30 /* NOTICE: DON'T LOOP INFINITELY IN main() */ }
31 void usﬁmainl{void) }
32 o . .
33 task create(user task0) void user_taskl(void)
. _ . {
3 .
;4 task create(user_taskl); uart puts("Task 1 1n") ;
35 L) while (1) {
26 void SEHEqHIE () uvart_puts("Task 1: Running...\n"):
27 { task_delay (DELAY) ;
28 if (_top <= 0) { task_yield();
29 panic ("Num of task sh 7 }
30 return; 8 }
31 } 29
32 30 /* NOTICE: DON'T LOOP INFINITELY IN main() */
33 _current = (_current + 1) % _top; 31 void os main(void)
34 sStruct context *next = &(ctx_tasks[_ current]); 32 {
switch to(next); 33 task_create (user_task0);
34 task_create(user_taskl); 6
35
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Interrupt | Exception Code | Description
[ | % )\ _t 1 0 [ User software fnterrupt
1. . - -
1 1 | Supervisor software interrupt
N = \ ¥ _ 1 2 | Reserved for future standard use
m [EEEMITE NEHE, code =7 1 .
void Erap test() 1 4
il 1 5 r timer interrupt
= /* 1 6 | Reserved for future standard use
* Synchronous excep =1 1 7 | Machine timer interrupt
* Store/RMO access 1 8 S
L x / 1 9 | Supervisor external interrupt
*(int *) = ; 1 10 | Reserved for future standard use
1 11 | Machine external interrupt
4 % 1 12-15 | Reserved Jor Juture standard use
onous exce =5 1 >16 | Reserved for platform use
ess fault 0 0 | Tnstruction address misaligned
| 0 1 | Instruction access fault
. 0 2 | Tlegal instruction
* (int
¢ 0 3 | Breakpoint
0 4 | Load address misaligned
0 5 | Load access fault
" 3 L Store/AMO adds isalicnod
0 7 | Store/AMO access fault
Hello, RVOS! - .
T Frvironment call from U-mode |
HEAP_START = 800070d4, HEAP_SIZE = @7ff8f2c, num of pages = 32752 0 9 | Environment call from S-mode
TEXT: 0x80000000 -> Ox8000337cC 0 10 | Reserved
RODATA: ©x8000337c -> 0x8000365a 0 11 | Environment call from M-mode
0x80004000 -> 0x80004004 0 12 | Instruction page fault
0x80004004 -> Ox800070d4 0 13 | Load page fault
0x80010000 -> Ox88000000 0 14 | Reserved for future standard use
Created! 0 15 | Store/AMO page fault
Running. .. 0 ; Reserved for future standard use
Sync exceptions!, code = 7 0 Reserved for custom use
panic: OOPS! What can I do! 0 3247 | Reserved for future standard use
0 48-63 | Reserved for custom use
0 >64 | Reserved for future standard use




m AT B

m staff.ustc.edu.cn/~lIxx

m staff.ustc.edu.cn/~cswang

m Buh: fERmH, FIFA—RISC-VERHRIFRSE
B RISC-VigSFi, &, IAFNISA, 3R

m RISC-VIESF, B, 1L, IR

B 3T LAEE, —FHRuE!
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O ZEEREEL T RS
v HiTR% (XOiRduRREHS)
v B{TRE%
O & EREERD
v ITENSE
v ifERask
v MEBERES
O ZEES /SIS
v Rk FRISEESIHMES TENRERAR S 2%
v SRS TIENS R RS S 2%
O B R&KS, mEEDEARRS
v AEBR%: EECPURNSIE S EENEEEET
v RGRL%: ERCPURITENRERNEMEIRIIEERE, LAIRF
REI/ORE (I/02L)
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v RRRERERER
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O SR
v IR
- BEMYIBEESR, SESAIRN. B BETK. SN
MY RHFIFE

v INBERFIE
- ARG E—IRGIITIRE, Wb, KRR, BRI
v ST
- EXEIRE HESHERT ARENEEEE
« EACPURIESHABAES, CPULHRIESHABLES
v BSIEMEE
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SRS IETEsEER

O/ 2RV BEIE TR
v ,JB%JJh . IBEIEHUE D ERIE]
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NAMERRIELT RS e lERE

ISA VESA
A8 (PC.AT) EISA STD (VL.BUS) MCA PCL
PS5 P AHL
&M | 80286386, | 36486586 | Z0VIh | iage. pCAT L;“; ;{; PowerPC,
Rk / 33MB/ IMB/ 266MBY OMB/s | 13IMB,
Pvie 15MB/s B/s s s | aomBs /s
BREE 164t 2K 8 fir 24 24 24
%}‘E 8MHz 833MHz 2MHz 66MHz 10MHz 0~-33MHz
HEHA EE3 B i
i 7id L S E il L &3 #p
Mok 24 32 20 32/64
Ak ) 8 6 Pt 6 R 3
e 143 90 109 49
64 Ui & Aaf oz Awl af ] af
FRLE af )
SikfrR | kMR | FERER | FEREA | FEREH ZH A




Sk EREtatnhlR

O 6l (1) REREE— " 2E&RMhFTESNFTHE, RIR— 2R
ST &R, DX 3MHz, BEHRSD?

(2) ill]%— SELRHARHITIEEMUEE, SRR HURERFH66MHZ

, Eléa*%mf%’/m
7
(1) BRLEHRAD TR, SENHEERAT - I/f, — NeEEREER
HIEEADFR R, WB
D,=D/T=Dxf=4Bx33MHz = 132MB/s
(2) D=64b=8B
D,=D/T =Dxf=8Bx606MHz = 528MB/s
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v IBRRSEINEEER, BRSERZEN—EIETREIDE
v BETFRSRIVEERENTMER, REREIVENERTHRES —
FEOMEEER, TR T EAEOSREINERER
- BRREGVERTHORORWNABAED, SRFTEIEOREFHRT
O ISAE £k Industry Standard Architecture
v IBMJISRFI216(ICPUMMHEHAY, NFRATREL
v [ERE AR ERETE, (SSCPURTEMASRAILILL S %=
Y ARG, MEIFEaEIRERA
v FEEIREEV BT CPUSIDMA (EiEFMtiAR) BOkEE
v REATEPSMHzZ, BRAIEHAISR16MBps, SUEE1607, HlItE&24(4
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v EISAER E RS &InE, SISARERE
v M\CPUDBEHREEFIN, TS MaEFERNREARRNER
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v EERE32(, MHERER32(7, ¥ EDMAIGESeREIA2%2
O PCIEZ; Peripheral Component Interconnect
v SNEISMMEEIERLE, IntelTF1991E S
« JB7FCPURTER, SEFI33MHZFI66MHzA= LA eh
- HUELS2(U, B ERI64ANI; (EHENEZ132MBpsEl528MBps
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O STD: STDARLTF1987FKIEEEFHtRE (IEEE9S1ERAE)
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BEITE iRtk S e R
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EISA 32 8§ MHz (¥437) 33 MBps
VESA
32 33 MHz (CPU) 133 MBps
(VL-BUS)
o 32 33 MHz (¥#37) 132 MBps
64 66 MHz (J437) 528 MBps
66.7 MHz (JH57) 266 MBps
AGP 32
133 MHz (¥57) 533 MBps
RS.232 RUBE | gietumies (1EY) ABIBEESEE (B
ST fFiRERE) ZERtREEO
EETRBWSE 1.5 Mbps (USB1.0)
USB iTiEN ) SR GE 12 Mb . ((USBl 0)
S _ w Z Ibps .
DT = )
B 480 Mbps (USB2.0)
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RapidIO: 1Gbps ~60Gbps
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3GIO: 25GB/s, Intel’/AMD

§ FuturelO: 10GB/s, IBM,Compaq,HP
@ Serial AGP, Serial ATA, Intel
E  ARM AMBA-AHB-APB-AXI
.g Intel QPI
§ IBMPLBOPB
PCL-E
£
Q
®
e
[7)

+ Packet Switched \H y” Very High
» Point-to-Point Frequency

P q ol

| Bridged Hierarchy

Broadcast

i i E— —
< 133MHz
Examples: PCI, PCI-X

Single Segment

Broadcast

< 33MHz

Examples: CompactPCl, VME
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PCI Express Example Connectors

BANDWIDTH
: I Single direction:

Dual Directions

HWL4HE  Peripheral Component PO
Interconnect Express x4 ;i::i;.;i‘i;:%;ion 0 /8001

hoe g i SNE T BT Dual Directions. bps/1.6 G
EZWHMY 20045
2HE Intel xs

BANDWIDTH Single direction g 1.6 GBps
Dual Directions:

x16

DWIDTH Single direction: 40
Dual Directions:
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v 5 TR E—REFEIR, BETCPU. BE. MENNEZRE
v A ERETECHNERS, BETIEENRBPE
v ALABIST] FIRS 28R ERAICE "Bk FREFEZEMLE,
v B IS HRN BT IS ZEITERERT




F<Crossbar

IQPI: 19.2 GB/s (

2:208 4361 8

14.0)

cbric: 13.0 GB/5 (5.9 bidi,
4.2GB/s out, 31 GB/s in)

(2x 10@ 52G1/s dif)

Fabric: 13.0 GB/5 (6.0) A
(2 x 10 @ 5.2G1/s dif)

Fobric: 12.5 G/ (5.7 bidi,
4. GB/s out, 3.0 GB/s in}
(2 x 10 @ 5.0G1/s diff)

|

|

At ot o

Blade 2

Blode 4 Blode 6

sl 5] =
Blode 8 10X7 10X 8 16 Multi-Cabinet Links

Grey links are used for
multi-cabinet on 645

Fabric: 12.0 GB/s (5.6)
{2 x 10 @ 2.8GT/s il

These links can be used for
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+« 1996 - 1997
o CPU performance improves by
« N=400/200=2
« program performance improves
+ N=100/55=1.81
+ 1997 - 1998
o CPU performance - factor of 2
e program performance
« N=55/325 =17
+ 1998 - 1999
o CPU performance - factor of 2
e program performance
+ N=325/2125=1.53
+ 1999 -2000
o CPU Performance - factor of 2
e pragram performance
+ N=2125/156=1.36

Semnds

100207

byy o

Il cruTime

0204

B onme

6020

1024

1699 2000
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Performance for Web Surfing

*

Assume 50 seconds CPU & 50 seconds /O

1996 - 1997
+ CPU performance improves by
« N =400/200 =2

- N=100/75 = 1.33
1997 - 1998
» CPU performance - factor of 2
« program performance
- N=75/62.5=1.2
1998 - 1999
+ CPU performance -f actor of 2
« program performance
- N=62.5/56.5=111

Seconds

) 10000
» program performance improves by 90,00
0.0 o

80.00 —
70,00
60.00 3
50003

40.00 3

Bl cFU Time
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RVSC-V SOC: FE310-G000

B Freedom E3102&SiFiveXEF= 53

B The Freedom E310 (FE310) is the first member of the Freedom
Everywhere family of customizable SoCs

m Designed for microcontroller, embedded, 10T, and wearable
applications

B The FE310 features SiFive’ s E31 RISC-V Core (RV32IMAC)

B BRI TIRKE
B Running at 320+ MHz

< . ]
Debug Unit Platform-Level Interrupt Control = , !
G" Ty -—l“"lll!“(ﬁ (| ({1 ‘
— : v
SiFive “E31" i © . : - q9
RV32IMAC 4 - -
16K-1$ GO - il 1 |
16K-Data SRAM - o - - =
m 320+ MHz “_-,"D.' - - !l‘l'l
= s =Y

Y = IATLT
TileLink Interconnect Clock Gen “ R L' 2RRRRRTIRRE
-y J=
Power Management




FE310G-0000 GPIO Complex
UARTO 3.3V MOFF Pads
. \ UARTL 1.8V MOFF Core
! E31 Core Complex ! PWMO (8-bit)
- - [o]
| [nstruction Cache Ref T [M) H waé (JJ:E E;) GPIC
! Instruction Cache ! C( -bit)
! 16KiB. 2-way) : 25t
! EIS'a\'ch Fre('I:ictmIn - ! o Qs
| nstruction Fetch h o ~
' Instruction Buffer ! ] QSFI0 I QSPI Flash
Inst. Decompressor o
! : ! % OTP (BKiB)
| ' <
! N ! @ Mask ROM (BKiB)
| RV32IMAC I =
! ! Clock Generation —
e [: vddp.
3 Multiplier/ Divid i o PLL vsspll
| uiop Perc‘ Mider vl a HFXOSC hfxoscin
; Load/Store M = | hfxoscout
i Data SRAM (L6KIB) 8 i {i] HEROSC
| I —
| Debug Module @ l ~Biiaye-on Doman 1}
TG HTARC Debug RAM (268) £ 1 | v 1 1.8V AON Pads
, . 3 LV AON Core
| eip Platform-Level - % i : a3 Backup Registers ' t o
} Interrupt Control fniffbgjrs ] ; : = hfclkrs :Eﬁﬂ_iﬂt_l
I i = Z17 I 1pmu_out_.
! SL Core-Local Interrupt @0 Jle—{{‘we Reset SyncL,:: = corerst | dwakeup_n
r O ]
i Control = rteempip| D ™ RealTime Clock i
I 1 ]
! ! wdogempip! -| Watchdog :psdlfaltclk
| : Hi | LFROSC Epsdlfaltclksel
0 1
= erstn
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FE3104F145C 2

Available in
Feature Description QFN48
1x E31 RISC-V cores with machine mode only, 16 KiB
RISC-V Core 2-way L1 I-cache, and 16 KiB data tightly integrated mem- v
ory (DTIM).
Interrupts Software and timer m}errupts, 51 penphgral interrupts con- v
nected to the PLIC with 7 levels of priority.
UART 0 Unlyersal Aschhrpnouslsynchronous Transmitters for .
serial communication.
UART 1 Universal Asynchronous/Synchronous Transmitters for
serial communication.
Serial Peripheral Interface. QSPI 0 Control has 1 chip
QSPI 0 Control select signal. v
g X : : v
QSPI1 ::lrsual Peripheral Interface. QSPI 1 has 4 chip select sig- (3 CS lines)
. (2 DQ lines)
Serial Peripheral Interface. QSPI 2 has 1 chip select sig-
QSPI 2
nal.
PWM 0 8-bit Pulse-width modulator with 4 comparators. v
PWM 1 16-bit Pulse-width modulater with 4 comparators. v
PWM 2 16-bit Pulse-width modulater with 4 comparators. v
2 v
GPIO 32 General Purpose /O pins. (19 pins)
Always On :
Domain Supports low-power operation and wakeup. v

108



E31 Corels5iE

m BARNIRFERIT
W SZRKEL

This chapter describes the 32-bit E31 RISC-V processor core used in the FE310-G000. The

E31 processor core comprises an instruction memory system, an instruction fetch unit, an exe-
cution pipeline, a data memory system, and support for global, software, and timer interrupts.

Feature

Description

ISA

RV32IMAC.

Instruction Cache

16 KiB 2-way instruction cache.

Data Tightly Integrated Memory

16 KiB DTIM.

Modes

The E31 supports the following modes:
Machine
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FE310itiil=s|a)

Base Top Attr. Description Notes

0x0000_0000 | Ox0000_0OFF Reserved

Debug Address Space
Ox0000_0100 | OxOOOO_OFFF | RWXCA | Debug
Ox0000_1000 | Ox0BOO_1FFF | R XC Mask ROM (4 KiB)
0x0000_2000 | OxO001_FFFF Reserved

On-Chip Non Volatile
0x0002_0000 | Ox0002_1FFF | R XC OTP Memory Region Memory

(8 KiB)

0x0002_2000 | OxO1FF_FFFF Reserved
0x0200_0000 | Ox0200_FFFF | RW A | CLINT
0x0201_0000 | OxOBFF_FFFF Reserved
0x0COO_0000 | OXOFFF_FFFF | Rw A | PLIC
0x1000_0000 | Px1000_7FFF | RWw A | AON
0x1000_8000 | Ox1000_FFFF | RWw A | PRCI On-Chip Peripherals
0x1001_0000 | 9x1001_OFFF | RWw A | OTP Control
0x1001_1000 | 0x1001_1FFF Reserved
0x1001_2000 [ Ox1001_2FFF | RW A | GPIO
0x1001_3000 | 6x1001_3FFF | RW A | UARTO
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FE310ithiik==[A)- 42

Base Top Attr. Description Notes
0x1001_4000 | 0x1001_4FFF | RW A | QSPI 0 Control
0x1001_5000 | 0x1001_5FFF | RW A | PWM O
0x1001_6000 | 0x1002_2FFF Reserved
0x1002_3000 | 0x1002_3FFF | RW A | UART 1
0x1002_4000 | 0x1002_4FFF | RW A | QSPI 1
0x1002_5000 | Ox1002_5FFF | RW A | PWM 1
0x1002_6000 | 0x1003_3FFF Reserved
0x1003_4000 | 0x1003_4FFF | RW A | QSPI2
0x1003_5000 | 0x1003_5FFF | RW A | PWM 2
0x1003_6000 | Ox1FFF_FFFF Reserved
0x2000_0000 | Ox3FFF_FFFF | R XCA | QSPI 0 Flash (512 MiB) Off-Chip Non-Volatile
0x4000_0000 | 0x7FFF_FFFF Reserved Memory
0x8000_0000 | 0x8000_3FFF | RWXCA | DTIM (16 KiB)

On-Chip Volatile Memory

0x8000_4000 | OXFFFF_FFFF Reserved
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FE310FRERZRAS

B HRTERERI (mstatus.MIE) #EE, FTAHRER AT
B hRRFEEBRAT, NS HRAIFRT
LB INGEi

When an interrupt occurs:

¢ The value of mstatus.MIE is copied into mcause.MPIE, and then mstatus.MIE is cleared,
effectively disabling interrupts.

The privilege mode prior to the interrupt is encoded in mstatus.MPP.

¢ The current pc is copied into the mepc register, and then pc is set to the value specified by
mtvec as defined by the mtvec.MODE described

N Y .
B B
When an MRET instruction is executed, the following occurs:
+ The privilege mode is set to the value encoded in mstatus.MPP.
+ The global interrupt enable, mstatus.MIE, is set to the value of mcause . MPIE.

+ The pc is set to the value of mepc.
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FE310FRERZRAS

m LR

B £FIMERRETEILSCRHPLICHE
m RS AT

* Machine external interrupts

+ Machine software interrupts

* Machine timer

interrupts

FE310 Interrupt Architecture

AON

2

2x UART

2

3K QSPI

3

GPIO

p——32———p

I PWM

12—

Machine External Interrupt—

Machine Software Interrupts/

PLIC

Machine Timer Interrupt—=
CLINTA|

E31

113



Table 46: GFIO Instance

FE310 GPIO Instance Number | Address | ngpio

0 0x19012000 32

B General Purpose Input/Output
Offset Name Description
0x00 | input_val Pin value
0x084 | input_en Pin input enable*
0x08 | output_en Pin output enable*
0x0C | output_val Qutput value
0x10 | pue Internal pull-up enable*
ox14 | ds Pin drive strength ey
0x18 | rise_ie Rise interrupt enable
0x1C | rise_ip Rise interrupt pending
0x20 | fall_ie Fall interrupt enable
0x24 | fall_ip Fall interrupt pending
0x28 | high_ie High interrupt enable
0x2C | high_ip High interrupt pending .
0x30@ | low_ie Low interrupt enable
0x34 | low_ip Low interrupt pending ! o,
0x38 | iof_en I/O function enable | L R
ox3C | iof_sel 1/0 function select ‘ RISEJE | —
0x40 | out_xor Output XOR (invert) [h, I
©x44 | passthru_high_ie | Pass-through active-high interrupt enable - . FALIE
0x48 | passthru_low_ie [ Pass-through active-low interrupt enable . Eh‘

Figure 9: Structure of a single GPIO Pin with Control Registers. This structure is Jepeak]_ﬂl
each pin



Instance Num-

TX FIFO RX FIFO

FE310 UART — ="~ "~
[ FE31 OW@,AP@AUART} %JE’% Offset | Name Description
N it data register
- UART i E \ 0x00 | txdata | Transmit
- UART:ELIJé} lﬁ;—lﬂz ;E ;56. 0x04 | rxdata | Receive data register
= E ( ) Oxe8 | txctrl | Transmit control register
. UART??;-;T{EJ*{H% @xec | rxctrl | Receive control register
H txeny: NE , -
UART int t bl
® nstoplSERfEILAIIEL: 167 or 2 || ek
n tXChtﬁH%?EfEIE—ZHE D F|FO|7§]EI’\J§$Z 0x14 | ip UART interrupt pending
;EEJJ@{ENU%EEE‘;&E ox18 | div Baud rate divisor

B ERARE

Transmit Control Register (txctrl)

Transmit Data Register (txdata) Register Offset ox8
Register Offset o0x0 Bits | Field Name | Attr. | Rst. Description
) " T 0 txen RW 0x0 | Transmit enable
Bits | Field Name | Attr. | Rst. Description
1 nstop RW 0x0 | Number of stop bits
[7:0] | data RW X | Transmit data
[15:2] | Reserved
[30:8] | R [18:16] | txent RW oxe | Transmit watermark level
31 | full RO X | Transmit FIFO full [31:19] | Reserved
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FE310 UART

UART Interrupt Enable Register (ie)

Register Offset 0x10

Bits | Field Name | Attr. | Rst.

Description

B UART{ERIRIE
m UART#I%AH
B i ERXSFRS
m BEUE
u EFHES
B HENFRERR
® Mrx fifolZEEUE, EEIES
W RIEEHE
B [t fifo5NEUE
W tx(FEE, RIXEIE
B HERIESTRE AR SRR

B UARTHEILAARER T,
MR EITRI A

S

0 txwm

RW ©x@ | Transmit watermark interrupt enable

1 rXwm

RW 0x0 | Receive watermark interrupt enable

UART Interrupt Pending Register (ip)

Register Offset ox14

Bits | Field Name | Attr. | Rst.

Description

0 txwm

RO

>

Transmit watermark interrupt pending

1 rxwm

RO

>

Receive watermark interrupt pending

Baud Rate Divisor Register (div)

Register Offset | ©x18
Field
Bits [y Attr. | Rst. Description
[15:0] | div RW X | Baud rate divisor. div_width bits wide, and the reset

value is div_init.

[31:16] | Reserved

tlclk (MHz) | Target Baud (Hz) | Divisor | Actual Baud (Hz) | Error (%)

200 31250 6400 31250 | ©

200 115200 1736 115207 | ©.0064
200 250000 800 250000 | ©

200 1843200 109 1834862 | 0.45

384 31250 | 12288 31250 | ©

384 115200 3333 115211 | ©.01
384 250000 1536 250000 | ©

384 1843200 208 1846153 | 0.16
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FE310HEIME

m SPI

m PWM

m RTC

m WDT

m PMU

B OB EESTM T RRIENRERG A
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m iHEENEA: BB
m staff.ustc.edu.cn/~IIxx

m staff.ustc.edu.cn/~cswang
m SiFive FE310-G000 Manual

m XIF LiR(EE, —FHEs
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