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AT IXEAEHE S, CPU #in] UCER R ST 1, 22— AN b B N AT —
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Ab, 3 ST ER T B AR IR AR F T 45 ] PC AT N .

2. P05 (ID, Instruction Decode): W84 34T :0S, F=AEEHIES, M55 R,
P A A A 4R . HeAh, B RS I R T s B A A T B A K S

3. 4T (EX, Execution): PATEATIE, LLAA ST AN Kk B oot B 7R itk
b T R K 2R R 45 53

4. Viff (MEM, Memory Access): X T load 1 store 84, Vil 47«
5 al (WB, Write Back): #4045 5 [0 2] %5 f7 45 1
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Figure 2.5 Data hazard in pipeline architecture
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AR, KRB HFTHREIN 1a (900, ALU [R5 255 MEM W B2 (87
5 ALU [08R1F5C 1. TI0A0E rd 6 WB ITBORRIT IS, — S &
B, TR 2a.
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O SCTRE — R HIFE CPU HPIIEOR, eSS IS Ha S SR, I HoOvE ]
REA A4S RABAE R . PATIZIRAF BT BB 0 SC Tl &5 . e BN CPU &
Fy e — AR EE A ER )

ARG — F A EE LA 5 S EIRE L. 23 3245 A Ab BB AR PAT I BEM 5 ¢
MR e P AR ERZEATH, £ PC WENE)E, A 3 NEAMKEIR
(PC=>IF=>ID=>EX). W T IR AmIES] 7 BANRKE Y, 7038 R 4047 H,
AR TR IR B SR BRI K L b, L R BRI, X9
FATVIRIM 53 3 AT KBGO, AR SR T, 75 BEIR SR A A () i ) 4.

BEA B 73 SCTIN 7 582 A ) SR LU ARG TN A, A fif X I e b s A0 L A st bk 4
SR

Sebr b, FATAFNIE, T S5 58 5 10 —— & sV (3 AR AR T LAL s Bk A 7] £ )
M1 SCAR 2 MM R o SR, XIFAEM LR TE . TN 02— M, AT 2
EIER, IR B bk A P 5000 80 77 ) o S SR s B 45 SRR R R K, U A i R
WA, R PR &5 R A7, I BB RO AT IR AT 4 -

XF TR ZHAEDL, FEI &AL A AR bk (7€ RISC-V H 2 bk fhi8) #4703, IF
HERIRZ IR 7 SCHMHLERE 2 2R O80T 158 I B

Taken

Not Taken

Predict taken Predict taken
Taken
4
Not taken Taken
\ 4
Not Taken
Predict not taken Predict not taken

Taken

Not
Taken

Figure 2.6 State transition for 2-bit dynamic prediction

FERERT 2 R SCIINERFPIRESF A2 I, R 2 A Sci R eI e, Tl
RICA R M SRR . ERSEBLRE A T A 2 LRk s, THEERE 0,
LAETE R JERL, MTHEEE 2 A0 3 AR 72 2

224 ZHER: B©i=F
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2.3 Xt RV32I il RV64l )52 8 Fr
23.1  HIHER

Figure 2.7 RV321/RV641 design diagram

ST 2 RN T SRR S B RV321 I RV64l 38 AT 5l NIB T, EaMa
WS o

232 BHRABTER
DLV 2N 7 528303 RV321 T RV6AT TS ) B 76 B 3 45 41 1 B 7T

i) ALU #1550 ALUOP32b 5 1, BN T RV64l L7 /E s iti;

i) WAEBURRIG, SN T FNFRTEN, %, FEREmMN, B2
A, iES% 3.2.5 il I,

iii) ALU opl ) MUX &%, PC A1 0 #4827 MUX % A ut, LUI #5820 1F
4 opl, AUIPC a4 H PC YER opl;

iv) 14k, ImmGen, Control, ALU, Memory, F1 BranchTest .70t 75 Bt 47 5 57 LA
R Z MRS, MTAE G S E T AT e .

233  ALU #4855

T A CPU s T, IO\ 1 4 il il B A b B I ME & . ALU #%Hf1 B e % i) ALU
IR DA SCRET A $84, 7E RV32L4G 4 H, B 1) alu_op_sel 554k T
R 2ERFEA 1) funct3 A instr[30] 7B
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alu_op_sel ke

0000 Add

1000 Subtract

0001 Shift Left Logical
0010 Set Less Than

0011 Set Less Than Unsigned
0100 Exclusive Or

0101 Shift Right Logical
1101 Shift Right Arithmetic
0110 Or

0111 And

234 Ak

RISC-V 38 A# 2 4 35K, RSIC-V {14308 A E %, ffH PC AEX 4k,
DA 53 SCHR A H AR 4 Z B B AN, Sk 9847 SCHR AP LA X 3. 4R
1M RISC-V BB RF 2 F K EEMTE S, FrA 2 S 28 2 23 SR B AR o 3¢
AP AN

KItE, jal 4849 20 AL bE R AS 30T DARERS 27 AP MFE B, B B4 ET PC
JHAG +1 MiB EE S . B, R0 SCHR A 12 ARk w2 38 4 A e 1 N
AL, ERE T PR EARIRIR 13 N L.

jal
31 12 11 76 0
offset[20[10:1[11]19:12] rd 1101111
beq
31 2524 2019 1514 1211 76 0
| offset[12]10:5] | w2 sl | 000 |[ofet4:111) | 1100011
jair
31 2019 1514 1211 76 0
\ offset[11:0] | st [ o0 [« | 1100111

ARiE “HihEAwFS” £ RISC-V SO Ly 5 N BAL i, Bl jal 1 beq £52-H1 Y offset J2k
fEHT [12:1] TIANZE [11:0], S offset d8H BN A3 b —A> 0 A& H LR A5
LI A% B o

' Computer Organization and Design RISC-V Edition: P264
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R JALR 184 IR RS I A 2502 LA N e L, TR, PC A BLT L
P LA R -

o HNE (HhbE +4)

o A HI (FEBA)

o JAL (FERANL 1)

e JALR (ET#AL)

235  EEEIT
W B e W T 28PN 5 Load #11 Store #HKHITE S, B2

i LB, LH, LW, LBU, LHU, SB, SH, SW in RV32I,
. LD, LWU, SD in RV64I.

LD #523&E M T RV64L, & MNAFFINE A 64-bit {7 58 AIEHE 2177 77 45 1 rd ¥ -
LW $523@ T RV64AL, & MNAAEFInE—> 32-bit £z 58 K8 I HAT S8 2 64 fir
JEAF N B AE A1 1d Ui o

LWU 5 43@H T RV64L, AFIMZ, "EXt 32-bit i 58 AT 0 FF 59 e .
AU, LH A LHU # 52 X HRCHF 16-bit (&, LB Ml LBU 3Z#F 8-bit fJ{&. SD,

SW, SH, #l SB #8443 A7 %7 4775 rs2 HUMIK 64-bit, 32-bit, 16-bit, A1 8-bit HIXT R AI{E
BINAT .

Huhb A 2 LLE AN AL . X5 F SD LD $84, Ml RS 422 8 FIASEL (— AW
TR 8T . il

1d x9, 240(x10) // Temporary reg x9 gets A[30]
1w x10, 240(x10) // Temporary reg x9 gets A[30][31:0]

N T TR, AU A R, X SR, B TR N AU 2 T FER AN
RI Bf F J ATTT 648 CPU

A€ s i (K0 Kt C 28 2 WA R 55, AT DU S ) RS2 AT A7k B B, 58
TR TR BEAT AR

* https:/stackoverflow.com/questions/28707615/loading-and-storing-bytes-in-mips
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| Given following code sequence and memory state (contents are given
in hexadecimal and the processor use big Endian format), what is the
state of the memory after executing the code?
add 583, Szero, Szero
1b St0, 1(5s3)
sb $t0 , 6 (553} r"'uen“(d) = OxFFFF30FF

oo0000000| 24 ° What value is left in $t0?

0000000O0] 20 $t0 = 0x00000090
00000000] 16
10000010] 12
01000402 8 mem(4) = OxFF12FFFF
FEFFFFFF | 4 $t0 = 0x00000012

009012A0[ 0
Data Word Address [Decimal) 4

3 What if the machine was little Endian?

Memory

[ SCEiE ] 2558 LTI HLAS S 7 S AT A AE BPIRES (WA LN EER R, AL BR8]
K F) o

o TEPUT T BLTHLEASZ 5 WAF PR BRI ?
o FARA S0 HHIMERMA?
o WURBLEAE /N P e ?

‘add $s3, $zero, $zero ‘

XAJTEHATINE $s3=0+0, FLHFAFE $s3 BIMEIKE N 0.

\1b $te, 1($s3) ‘

XA TE N AE A BN — S BB AE A $t0 o AR bR 1(Ss3) $2 4L,
BB $s3+1 o HELZE 0+1=1 WA IS — AN GERIRAN T2 MIPS 11,
A RISC-V T ik AL BEANR]) o pH T FRAT IS FH (9002 Ko 7 (R 2848, FRATTRL “ Ko
et 17 LA 4 AT HeR AT

byte: 6 1 2 3
00 990 12 Ae

FHOANFEHRA 00, FH—NFWHRE 0. FreAFRAIFEFIT 90 INak N F1F4 $t0.

| sb $t0, 6($s3) |

XETEE A7 S0 I — DN RN A, WA bE 6(8s3) fie. AT, X
A B R H b 2 $s3+6.

byte: 4 5 6 7

FF FF FF FF

14



| FF FF 90 FF |

BUAE, WORZERE /i W 2 (RSIC-V A A Y A i ) X R A 7 19 48 A7 T LA
“CONERSEAT” BB EEAT RS, BTRLEE AR NS = SRR S IR A T AN

| 1b $t0, 1($s3) |

RG-S MNAFHIAE 1 AR LR B A A7 8% $t0 o (ERIUAEFRATRI AL R /N 5 HE A1
(K1, BT ARRATTEE B0 2 75 47 4% R 12,

byte: 3 2 1 (4]
00 99 12 Ae

£ A

| sb $t0, 6($s3) |

XAJEE A AR $t0 T, Wt R 12 FAERI N AR bE 6. [FIREAE A /)i P 24 «

byte: 7 6 5 4

FF FF FF FF

byte: 7 6 5 4
FF 12 FF FF

eI AT R AR BT R A FE R A 0, KU S AN AL, DLLRER IR
¥ [23:16] B SR H 0x90 , FF HLAE 0x90 5 A FIEM b, ERES .

XIT sb, b 484, (mBEEWLAE | FREEL K3 AN LURR R kI e A 64 /N LuRs
(RIS B4 SRAEAEFIBEE . %7 T sh, 1h, lhu #64, fWBEELAE 2 BIREE, K2 4
FOREE SR 2 A 64 AN LUAF R IR R AP A X T sw, 1w, lwu F5 4,
TR RS 4 B EL ARG 1 BT, ST sd, 1d 384, B 64 LU HET,
B 8 M4

24 Xt RV32M Al RV64M H 2B 7

2.4.1 Booth-Wallace Fei:2%

Za o £ B S (HENIE R/ https://github.com/foxsen/archbase, i FH f) 2
FFIEPMYL CC BY-NC 4.0, & 5Tk E11.

AT RIE
e —A 8x8 ARIEIZSH, AT 5 RIEM SR AT LRI AN

X - Y]pe=—-X v, 274X -y 254 +X-y,- 21+ X -y, -2°
= [Xlpe - (=727 +y6 - 26+ +y1 - 20 + 35 - 2°)

15


https://github.com/foxsen/archbase
https://creativecommons.org/licenses/by-nc/4.0/deed.zh

Hr, 2c BEZ 2 MAMY, fEESMRENF, BEAKIZTS, WERTHEE R
SRERIEH

ZRELLTHIT, -13%6=-78, HH -13 Z#Ie%L (multiplicand) X, 6 J2IHL (multiplier)
Y. Ha M REA 0, TERTREE.

11110011
X00000110
+..111110011
+..11110011
10110010

FEEGIT R, 13%-6=-78, L5 LTI T EAH R 145 5.

00001101
X11111010

.00000001101
..000001101
..00001101
.00011101
001101
01101

10110010

+ o+ o+ + o+

SRS HIEAN R R HITE -
1). A B HFE ST
2). |Ja— AR BEGEIZ A, AR,
% 2 Booth H¥E
Booth 3fei% e xt AU A e, 132X A
[X - Voe = [X]oe - (=97 27 + 96 - 2° + 4 y1 - 28 + 0 - 2°)
=—y; 2" +ys- 25—y - 254 4y 22—y, 2V 4y, 2t —y, - 20

=We—¥7) 27+ Ws—Ye) 2+ -+ o —y1) 2" + (o1 —yp) - 2°

LR R A AL, 1 P210

16



Hep, y =0, B2, ARFSRESHEUEMEREIITER, &5 —HaHR
= A e FaR LA -1 (%) XA ERIEAR % 2 Booth 5035, XM TIRAIMEM 2t
R AE TR 1 LRRFI R R AR B

AR Ay y,” R E -

Yi Yi-1 Zi R z neg
0 0 0 | TFHfE 0 0
0 1 1 +X (2 BIEME) 1 0
1 0 1| -X (2 A 1 1
1 1 0 ot R AE 0 0

R IHPIET, THE 13x6:

00001101
x00000110

00000000 (00)nul
1110011 @ox

000000 (11) null

01101 (01 +X
0000 (00) null
01001110

EREREH AR SE AL, T2 ROy E A s 1 #8730 B B ER 22 455 L8 Jé
CE=AEAR), IHESER—ER—RIEH

% 4 Booth H =
LEFRATRITBIE 4 Booth Sk, & & 7EIAL CPU BE11H1 DSP i1 55 F 2 —Ff sz
P

(XYoo = (s +¥6 —2y7) - 26+ (V3 + ¥4 = 2y5) - 2% + -+ (Yo + Yo — 2y1) - 2°
Radix-4 Booth FEA K 2 AN FAKI 3k, MR 3 ANE R4 31—,
AR 2 DIPTSR, SE UL, REEAL 2 A1, K4 RmUWE, TR IREONE N4
F0-3, MANAE 0,1 (FEARFEFITRIEL, 50k 2 Booth 5y%). X237 AL A it ik
e, RS — IR LB A IR, SR, BRI 3, IXZMMER . (RL
0. 1 3% 2 RMAEIEN, FOVENI W RFERNFE, HE2ER 3 Z2RAEN") h T E%
Feld 3, FATH Booth By EH AN 2,1,0, - 1 F - 2,

Vi1 Vi Yi-1 Z; R z0 zl neg
0 0 0 0 | LH#fE 0 0 0

* https://www.brown.edu/Departments/Engineering/Courses/En164/BoothRadix4.pdf
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+X (2’s complement)

+X (2’s complement)

1 1
1 1
2 +2X (2’s complement) 0
-2 -2X (2’s complement) 0

1 1

1 1
0 0

-X (2’s complement)

-X (2’s complement)

0
0
0
1
1
1
1

0
1
1
0
0
1
1

—lol~|lo|l~|o|~

0
0
0
1
1
1
0

=N == L =N =

EAlE

20, z1, neg RAEARSLHHAF FHBIHME S, Hod 20 WG T2 M1 LRFBAL, 21 Bk
M 2 LRI AL, neg EMRE M EAMUBGEIZ R, EARW T EURFUR FR N 1 (1
AL neg 155).

XL RS T BAT R RIS 0] LN BB SRR, Hod

20=y,®y,,, z1=, ~ Vi ~ Y, )+ Y yyi), neg =y, (~y.,))
booth_encoder BHH T SLIIXANBHE, 724 booth FIATHREMIX = M5 5.

LIAVRE T i Ja RS, T BTN, Bk, s AR
A ER 7 Bk 25 Wallace o 4 T SEILIX —2 48, booth_selector FEHARIEIX = M5 5K
PR B R B AR o B 23 AR P AR 58 4 HGR T 8 TR B Y E AR N 2 B /= 1) e

HRHEE, AERATE 5!
NI EA RS 13 3L 6:

00001101
X00000110

1110010 1+:(100)-2X
011010 (011) +2X

0000 (000) null
00 (000) null
01001110

Stepl: £5 FeEANIERE 0 75 2] 00000110(0);

Step2: %f 100 #E4T booth 4t (AT y, #LLFRIZARR 1), 100 BWE -2X, a2
z0=0, z1=1, neg=1;

Step3: FEAERE— AN, WRBTREARERENL, B TEUL, AT LURR S 4 LS
& 1 ALIE T CX R FEAR BT SEEL 7)), 185 00011010, K28 neg &2 1, FrlA
FA LR R %, 193] 11100101, [FIBSFEN B 1 (1562 neg HI1H), neg MMEHE
FENT — NG n AR, IR — AT B A2 K™ A e 24 1 2 MBI X
(R

RCA #(65) u_rca(
-a (ppLul),
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.b ({64'de,n[ul}),
.cin (1'b@),
.sum  (pp2c[u]),
.cout ()

)5

Stepd: KA N oK1 3 MELEE, 011 BBRE 12X, LM 2 ML A .
StepS: kELERAE, R R FeEH 000 A1 000 242, FEIRE TLTHIRAE.
Step6: ¥ Fr A H /A INALR, 193] 01001110 (8°d78)

PRIV 24IERF] T 0000 A1 00 2 (B fsLLk, BATSE T —Fitie, X&5 Wallace HiAH
KH

Booth Z Bk L FINTEERAE BN N b 2 7 N2, — 2/ iniZia Sk a1 s i R A A
NOP(T#AF)AENRT .

Wallace #°
mF] E— R RG], S22 8 Wallace M IRVEE . Wallace #¥54F 3 > Booth
FERER O BUE RSN, AT B 2 MR . FERE 7 —F 32 47 Wallace
B, Ak LUIXAME] T 51, 11100101 # R IE R R AL E CSA, [FIFE, 01101000 Al
00000000 (5 =/NEB43A). 00000000 (5248 R (58 PYASEE 0 B MiE B A EE 2 4
CSA H.70.
00001101
X00000110

1110010 1+:(100)-2X
011010 (011) +2X

0000 (000) null
00 (000) null
01001110

Wallace 4 {9454 AT OB I i R EATHERE, B i A BRI E R 2 2258 booth %
P -

ZH | Wor | RE A i
0 |0 2 10%3 10%2
1|1 1 7*3 7%2
2 |1 0 5%3 5%2
300 1 3*3 3%2
4 |0 1 2%3 2%2
5 10 2 1%3 1¥2

TSR R AL, B P21s

19



6 1 1 1*3 1*2
7 1 0 1*3 1*2

FF evki2 51 Wallace S [P 2 A IIVEZS 5. 0H 3 MaT A av by cin A1 2 M sum.
coute ‘Effi [} CSA (Carray Save Adder, A7 {REEINEAS) MiAJZ RCA (Ripple Carry
Adder, 17 HEAINERS ), Herb AL OR B DAL E — 0 ik, AN RAT B A =,
M58 T HEIR

L1l ! Ll L1l L1l
|| @A|| CSA | $A|| mA|| $A|| $A|

Fon ] [or] [oa] [oa

T e e

[ ] csA I_‘lSjA_l [ ] |<|3A||_ |TST| [oa]

|_cg‘%_1 = LSA Y | |CSA |
N

|_|CSjA_I Lo |
|

Lo |

Lo |

CSA

Figure 2.8 —F} 32bit [ Wallace #f

ABLIEH Wallace # (1 SEHLAN_EEIFT7R #8584 (9 booth Zn ith [ B AL % (14 1 7.1 (8]
M), BRI, HBI\BRHTTIEN T A AT RUK LA B, IR P AN 2, 7]
DASE R IR K e 8, 36 B A0S bl A AE I IR iR

ESIE
S 4 8 3 R 0 S BT T

20



o ®

cout

cout i>— S

cin —m8 cin

Figure 2.9 {6 B4 I TH 2 42 028

TS S A AR B A R R &R, Hop

s=a@b®cin, cout=a-b+@®b)-c
AR R ST 5,

s=a®b®cin, cout=(a®b)?cin: (a-b)=a-b+(a@®b)-cin
BRI TR R

a@®b=a-b+a-b, and 1+A=1

BREYERETT I, AU SEELRA 3 HAEETTER, TA UK SEH R 3 4 (MUX &
2%).

Z ARG, AR SELEFE MOSFET R E A 8+8+6+6+6=34, A LM =
N 8+8+6+14=36.

7 Xilinx FPGA W, A% K MUX #.90, CARRY4 3475545 F i F A 30 i SE Bk 4
A LUT %5

242  SRT B

¥

Gk EBESH T Computer arithmetic algorithms, Koren, Israel.

SRT BRikit— M AR EERES L, 2 — MRl Sk, walR i, 1E8RIEHh
R AR T A EORR G T LA Lo o AR SRR PR IA A S AR R AR KL MR
RAEAF A I RE IS

BREMKERIEVIN, Wl B EEARNTERERE, RETTHe AR E %L, BRI
W 2 1) SRT vk, BANEREE 4 14 SRT Bk, W& CPU A i FH ) [ i st
He,

FERXTIITURRT, A LB H— TIPS EIA 2 2.
FATHAT LU R (BRI,
X/D=(Q,R)

21



Hof, XOZWEREL DR, Q2M, RERK. FIEAIE X q,r HBINE I
meE AR RAL, AR R SRR ED .

(VAW &SF
1, =pBri1—q;-D
Hep, prdst, fEdk 2 HiEh ek 2, k45D R 4.
PR BRI
RNy JAATNTBZENRE, n MYMER X, B8 B =2 IhL,
R=2r,_,—q, D=2%,_,-2'q, ,D—q,D=--=2"X—-QD

FEQEIRITLAHT, FATBHESIE D 28 n W, JEHAMEHERIG, JATFETZE
XFRAH n bk, X —MEFEERMTT, RATS/EESE SRT Sk 3T it .

CAPS I

R =X

D :=D<<n -- R and D need twice the word width of N and Q

fori:=n-1..0 do -- For example 31..0 for 32 bits
R:=2*R-D -- Trial subtraction from shifted value

(multiplication by 2 is a shift in binary representation)

if R >= @ then

q(i) =1 -- Result-bit 1
else
q(i) =90 -- Result-bit o
R :=R+D -- New partial remainder is (restored) shifted value
end
end

-- Where: X = dividend, D = divisor, n = #bits, R = partial remainder, q(i) =
bit #i of quotient from MSB

AL R IR W, T SR (0,1} -

_{1 Jif 21, =D
=0 ,if 2r,_, <D

FRE N, THE 13/5=(2,3):

® https://en.wikipedia.org/wiki/Division_algorithm
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v 00001101
01010000

2000011010 <D q0-0
200110100 <b qi-0
2201101000 >=D q2-1
3000011000

42300110000 <D 30

R 00000011

w)

B

-

Fitt, FATES T Q=0010, LK R=0110, XZIEHRISEE. T, W& E L
s

ARiF “RE” BWAETR q /& 0 FATHL AWK E R R AR EL
JRR R BRiE
ARERRIEAE B {-1,1} TAE (0,1}, PUmi 2RI seBL i R — R HI W 2 A%

I HAA AT — IR, BE BN E LR, FEARKIE 2 R E Rk
AU

R =X
D :=D<<n -- R and D need twice the word width of N and Q
fori=n-1..0do -- for example 31..0 for 32 bits

if R >= @ then
q(i) := +1
R:=2*R-D

else
q(i) := -1
R:=2*R+D

end if

end

- Note: X=dividend, D=divisor, n=#bits, R=partial remainder, q(i)=bit #i of
quotient from MSB.

LA R A IR, R AL R (-1,1):

_{1 ,ifZTi_IZD
U=1-1,if2r,_, <D

MRAEIXAN L, 3B & A -1 A+ 1 AR AERR T e IR 5 AT 3%
BRAFR BA MR Bln.

0. FF4h: Q = 11111111
1. MR IET: P = 11101010
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2. bR I M = 00010101
3. Fk: P-M=Q=11010101

HiZEE I EARIR R 2a 8, K¥EMEEE —D <R <D, #lW 52=G,-) H
B, BATFHEEREEE N IEE, REZEE D MBI R, FB QHE 1 FTFEHFEH
).

3 2 SRT (i
SRT BRiE o vr O VR NRIAL, IXAMEIL N L/ Ik AdiZs 5, BELR T {-1,0,1}. @
7 2 R U AR B T

1,if2r,_,>D
g={ 0,if=D<2r_,<D
—1,if 2r,_y <D
ERE FERAEK S kT, BRERRECE N, BRSO 9. (H27E SRT Rk
o O FTANE, AT TR SR R B AN RALN, REEIEAEL 2
TS

f£ SRT Sk, H— R A BREM RS, Xl AR, Sk
B — D -

AT KL B — DB, FE 113=32), XM g 8 MRy,
8°d11=00001011, 8°d3=00000011.

0 0.0010110 ~n=1
D 0.1100000 m=s

BeBRE 11 40150, TRRECH 6 N ATF 0, FRATE BREGFE AT 5 LRS- £ 0.110000,
FIREBR B AL 1 LERFR 3] 0.0010110. 2 (IEARIREUE 5-1=4. 2 BREI R AL 0
EHEBRE AR W R BREI RS AT BN T R B IR A 2, X B RS BB AN T
B, AT ERATIEA T .

[ R ) = B 3 3 S ) T N N EA T 1 3  RE Re g DA R 2 % S e S PS A B
1D BRHIZE [1/2, DTGB A, a2 0.1xxxx FI 1.0xxxx(FA BRI %), XA T EL
ek BEA B B AL IOE, AN FREAT AL e I e . TEREE IS UL R, Bl i bR A X
KT 12, BAMEES SHEG/FSMOME, Fib—IL7E% 3 AN hEs.

0 0.0010110 ~n=1
D 0.1100000 m=s

120 0.0101100 <12 q1=0
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BOBRBATER, EHZIERERIAR: r=2r_, —q; - Do TEHEAMEREAET
[1ES

0  0.0010110 ~n=t
D 0.1100000 m=5

120 0.0101100 <12 q1=0
210.1011000 >=12 =1

2 -D1.1111000

B3 221,1110000 >=12 ¢3=0

4 231,1100000 >=1/2 g4=0

HI T S R B -1 MENRAL, B AE R BN s i . (B2, R
EHL RARIMVEE, FIRATFES v4 L D, JFHLREBE 1:

0 0.0010110 n=1
D 0.1100000 m=>5

120 0.0101100 <12 q1=0
210.1011000 >=112 q2=1

2 -D1,1111000

322 1.1110000 >=172 g3=0

4 231.1100000 >=12 ¢4=0

R D 0.1000000 q=0100-1=0011

AEBIL TS RO m 7, EXAMFHE 5, FATHEIEA R T 00000010 (8'd2) 1
NEAHIAEL 00000011 (8'd3) 1 N ITR .

TR SHIEI, ALAEFA T AFE, (HZEE LT

0 if |2r,_4]1 < 1/2
g =11 if 12241 2 1/2, 14 FID 755 1.
=1 if 12141 = 1/2, 1,y #ID #7551/

H 4 SRT Bk

Bt 4-SRT FRZEFIHE 2-SRT KL, JUMNAFZ AT
1. H—1k.

2. FLL .

3. On-the-fly ##k.

5t 4 1) SRT HAME I 2 LApit AT s, AR RE A2 A i LR R i E o
FI m FORBRERE AL M LLRE, n FORBEREE AL LAY, R 2 Bk, R IE AR
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& m-n, (HAEFER 4 Bk, SRS ECZ (mn)2, FEH, m A n BARRREE RS
B R AT I S XA AL RIS R

BRI 23, BREGE 5, X AERSHP T, RO LT

0 00.0010111 n=0
D 00.1010000 m=4

Horbn=0, B2 BRI, £ 2, WAOTEFE VB . R, fR
ARBOE T EATAF S ALY, WR B MR RE o, W14 K, HAUE 0.01xxxx,
W ar_y Bt Lxxxx, 87 1w TR 500

£ 4-SRT BEMIM B FAHEL T2 2 Bk E N E 8, —MERE QDS %
(Quotient Digit Selection) #% F K Hfi € FifE . LEFRATTRIT IS LSRN, R #% QDS
FHT RTL £

fEH 4-SRT 5iEd, BATEFHEER (-2,-1,0,1,2), XEREITLRE R k=2/(4-
D=2/3. k ZTUREE, 4k 750 R RVErvaR, 0 REWReE T LU
BN -k-D<r,<k-D.

BAVE P kKR E—N B RE 4, P=7,+q-D, HIL,
(-k+q)-D<P<(k+q)-D

W PRI D ZERK R, XA PD E, x My Ahr¥2 QDS A, Wil
SEME—HH
(2/3+2)-D

P=4r,
(2/3+1)-D

(-2/3+2)-D

(=2/3+1)-D

Htt, FATATLEZLL TR QDS %, £75 7 H—1k, FATA MU A HU LA
R E R !
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inaccessible

01.101
01.100
01.011
01.010
01.001
01.000
P=4r_ 00.111
00.110
00.101
00.100
00.011
00.010
00.001

8/3D 553D
2
2 2 1or2
2 |tor2 43D
lor2 1
2 lor2
2 1
2 | 1 |
1 2/3D
[ e | 1
L +—T 1 Oorl|0Oor1|Oorl|Oorl
1 I loort|{0or1| o0 | 0 | 0——6—] 13D
L o——T0 | |
0
0.1000 0.1010 0.1100 0.1110 1.0000

fEiX PD I, REIAOME R 5 0 A I ARKRAG R MR, B4, D=0.1010,
P=00.011, FATSIZIEF | (EAFf, SATTAIH D=0.1010, P=00.010, FafiINiiZ k%

0 1R o

BIFFRE T “0or 17 B0 “1 or 27 MURBRFE IZAL IR A2 T LLLE R 0 thr] DLESE 1,
RS RS — PP F T 5, XAEF T RAVFELZH 0 M1 1, AW 2, fife Tia5i

o

HIANGR) T RRERREZ G, ST LLkSEEA T

0 00.0010111 n=0
D 00.1010000 m=4

40 00.1011100 ql=1
r1-D 00.0001100

41 00.0110000 Q=1
2-D 11.1100000

R+D 00.0110000 g=0101-1=0100

FE AL B QDS R &S, MAEMBAKS 12 #5F L. 7EE—MEHR+, PRIZESI
£ 00.101, D HIESGIE 0.1010, FUEIRATER: 1 /ENRE, R D X0 410, 158

Flrl,
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FE E5¢ i PR AR B b v T 2K
Ay 11 2E 210101, XEEA AN, M.

B2 RO, rERNMNFESEMED, 835 00.0110000 7E AL RIA%E, 0100
VE RN &A% 00.0110000 iEM iZ A m=4, &Z&4535] 00000011=3.
XA A 23/5=(4,3).

ARFEER T H? WAVEEE RS HEITER . % 23/-5=(-4,3),

0 00.0010111 o0
D 11.0110000 m=4

140 00.1011100 ql=?

PATBCE AL FERIENE? B, T EIE DEHONIES (R B, 0.1010, AR5
fli 7 80K QDS kAT A K

0.1000 0.1010 0.1100 0.1110 1.0000
11.111
0
11.110
\6\\3\\
11.101 —
-1 -1 Oor-1{0or-1| 0 0 1T/ 6—T1T—— -153D
11.100
~—=t——-1 |Oor-1{0or-1{0or-1{0or-1
11.011
I =—]_-1 1
11.010
-2/3D
P=4r, 11.001 \
-2 B -1
11.000
-2 1
10.111
\{-lor-Z
10.110
> -l or-2| -1
10.101
-2 \'3\ 2 }lor-2 -
10.100 4/3D
0 -2 -2 }or-2
10.011
-2
inaccessible -83D -5/3D

H5IEHK QDS #AM, BATAFEEFL NARKS, MALE LARKS, SiEEME,
Bln, s D=0.1010, P=11.101, FAINAZIES: -1 fENREE. EIEFOEN T, Wi
D=0.1010, P=00.011 A 1EFET 1.

PLUR 61/ 23/-5=(-4, 3), FEMTLFF S SRT 524,
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0 00.0010111 n=0
D 11.0110000 m=4

40 00.1011100 ql=-1
r1+D 00.0001100

41 00.0110000 R=-1
2+ 11.1100000

R-D 00.0110000 q=-5t1=4

HEERRE, WAREGR AR, R fEd, qMizink 1, RMNiZEZE D
#0.
PLR B+ =2 -23/5=(-5,2):

r0 11.1101001 n=0

D 001010000 m=4

40 11.0100100 ql=-1
r1+D 11.1110100
241 11.1010000 =0
D 00.0100000

R 00.0100000 q=-41=5

R, BB RA W E X, B, -29/-26, {E Matlab 1, 53] -3 1ENRE
ERFREME B AAMFERFS: MAE python 1, REGREBNFFSMHF, &
FEGET, RESRIEN. %S0y, KRELEZIEE, BrafhifiEe
23, [AN-26%2+23=-29,

On-the-fly ##¢’

H T IURBEEAAE RS, RRRIFIEr MR, RATTHE BT AR
EN G — PO HETE . (H2E T EFE TR AN REIR DL RS Fr AR % T 08k
B, AALTE A INE S 2 AU, SRR AT A Nk 28, BB 2 KEIN,
an R Ag A E BT A INE RS, T B A BT AR

On-the-fly Fei e o 1 3R 45 SE e s R se ik 6, EAUUfE 2 4 Flip-Flop Al—
SETR] LI 20 532 Bt TT DA S8 UL R

" Ercegovac, and Lang. "On-the-fly conversion of redundant into conventional representations." IEEE
Transactions on Computers 100.7 (1987): 895-897.
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Q MsEFsfE T AR R N LRI A Q[j]=2{=1qir‘i, FEH AR Q+1] =
QU1+ qjear™U*D, Hrh, Q[j] & Q WISEBRETES j YIRARHILER, q AR, {8
LA F R T qjyq 7RSS

QU1 + g4~V , if Qa1 20
Qljl - Y+ (T - |Qj+1|)7"_(j+1), if qj+1 < 0
G ARE —AEE, FEEEE, AR AR S ARSIRE, B EATE
N A=A 75 QM[j] = Q[j] —r~/, Hr QM =& Quotient of Minus.

o=

QU1+ Qj+17'_(j+1) , 1f Q4120
QM[j] + (T - |CIj+1|)T_(]+1)' if q;+1 <0

AR T LU RS OM X %507 B QM EATSRRE, QML T LIRS DA 24 3 47 7 97
QU1+ (CIj+1 - 1)r_(j+1) . if qj+1>0

QM1+ (0 = 1) = |zl ) 770D, if qjua <0

T r=U+D AT LB qp,, PEEFIF 0 Q S QM MRERSHL. Wik, &A1

F| T On-the-fly 5T HE 1T H AR

QUL ajs1}  if 44120
{QMU]'(T - |qj+1|)}' if qj41 <0

{QU]:QjH_l} , ifq]'+1>0
{oM[1,(r =D —|aj+1])} if qju1 <0

B HIBEE SCHLRE B R B A

Qu+u={

QMU+H={

Q[J'+1]={

QMU+H={

Q QM

v v <

S

¢ G >07? Z

Qreg < 0 E'

Q : Cg § Qj+l

v RS
o~ 0000 | s O

v 4, >0? S

=

QM reg - %

oM, 2

| 3

WA R

0=0M= {all Os, if A AIF
all 1s, if X%
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FRATT AT A ] B0 FR) AR B o3 AR 45 B A R A 5 R AT 78 O 5 S SR A B B B AL A
MBS, BATHIE Q Fl QM Alastk 4 1, BMFYILHL A4 0.

SHIFT_IN (3UE2E (FHERIEE ) W] LAfa] Sl i FAERORHEWT, X T2 4 1ot
(2 2 [T DL B fi] 5 -

o ( fUle L ifq=0
olj+11 = (QM[j], 1'b1,q[0]}, if g <0

. _({QU1,1'p0,q[1]}, if g>0
QM“*”J‘{ QM[jl,~q} , ifq<0

KA T — AN 2 B NI T, B8 1101(-1)00 0 1100100, 52
1101000-00000100

Jo| a4 | el oM[j/

0 0 0

1 1 |01 0.0

2 |1 ]0.11 0.10

3 10 [0.110 0.101

4 |1 |0.1101 0.1100

5 |-110.11001 0.11000

6 |0 |0.110010 0.110001
7 (0 |0.1100100 0.1100011

XiliE SRT BIEMEESNE T -
3 IhgetiR
3.1 XHEMBEREW

The figure below shows the layout of the directories in the example system.

<home directory> Local git directory.
| clean.pl Perl script for cleaning temporary files.
F—core/ The implementation of CPU core.
| F—bench/ Bench codes for CPU core.
| F—rtl/ RTL codes.
| F—sin/ VCS+Verdi simulation environment.
| b—vsim/ Modelsim simulation environment.
L—docs/ Related documentation.

3.2 RV32I Module Design
3.3 RV32M Module Design
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4 B
4.1 B 1 JHSEIHFFHELR

The regularity of opcode:

inst[4:2] 111

- 000 001 010 011 100 101 110 ~32b
inst[6:5] ( )
00 LOAD LOAD-FP custom-0 MISC-MEM OP_IMM AUIPC OP-IM-M32 48b

01 STORE STORE-FP | custom-1 | AMO oP LUI OP-32 64b

10 MADD MSUB NMSUB NMADD OP-FP reserved custom-2/rv128 48b

11 BRANCH JALR reserved JAL SYSTEM reserved custom-3/rv128 >=80b

Besides, inst[1:0]=11.

The example of RISC-V pseudo instructions can be found in risc-v specification v2.2 p109,

from which we can deal with the assembly codes.

RV32I Zfilli§ 4R
it 47

KA s e iR At
1 ADD Add. YES
2 SUB Subtract. YES
3 SLL Shift Left Logical. YES
4 SLT Set Less Than. YES
5 SLTU Set Less Than Unsigned. YES

Rope 6 XOR Exclusive or. YES
7 SRL Shift Right Logical. YES
8 SRA Shift Right Arithmetic. YES
9 OR Or. YES
10 AND And. YES
11 JALR Jump And Link Register. YES
12 LB Load Byte. YES
13 LH Load Halfword. YES
14 LW Load Word. YES
15 LBU Load Byte Unsigned. YES
16 LHU Load Halfword Unsigned. YES

Fpe 17 ADDI Add Immediate. YES
18 SLTI Set Less Than Immediate. YES
19 SLTIU Set Less Than Immediate Unsigned. YES
20 XORI Exclusive Or Immediate. YES
21 ORI Or Immediate. YES
22 ANDI And Immediate. YES
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23 SLLI Shift Left Logic Immediate. YES
24 SRLI Shift Right Logic Immediate. YES
25 SRAI Shift Right Arithmeic Immediate. YES
26 SB Store Byte. YES
S-type 27 SH Store Halfword. YES
28 SW Store Word. YES
29 BEQ Branch if Equal. YES
30 BNE Branch Not Equal. YES
31 BLT Branch Less Than. YES
Brope 32 BGE Branch Greater or Equal. YES
33 BLTU Branch Less Than Unsigned. YES
34 BGEU Branch Greater or Equal Unsigned. YES
Ustype 35 LUI Load Upper Immediate. YES
36 AUIPC Add Upper Immediate to PC. YES
J-type 37 JAL Jump And Link. YES
38 FENCE NO
39 FENCE.I NO
40 ECALL NO
41 EBREAK NO
other 42 CSRRW NO
43 CSRRS NO
44 CSRRC NO
45 CSRRWI NO
46 CSRRSI NO
47 CSRRCI NO
RV641 EiliFe 44 (I L RV32I)
it 15
KA s #< Eiipay SR
1 ADDW Add Word. YES
2 SUBW Subtract Word. YES
R-type 3 SLLW Shift Left Logical Word. YES
4 SRLW Set Less Than Word. YES
5 SRAW Set Less Than Unsigned Word. YES
6 LWU Load Word Unsigned. YES
7 LD Load Doubleword. YES
8 SLLI Shift Left Logical Immediate. YES
I-type 9 SRLI Shift Right Logical Immediate. YES
10 SRAI Shift Right Arithmetic Immediate. YES
11 ADDIW Add Immediate Word. YES
12 SLLIW Shift Left Logical Immediate Word. YES
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13 SRLIW Shift Right Logical Immediate Word. YES
14 SRAIW Shift Right Arithmetic Immediate Word. YES
S-type 15 SD Store Doubleword. YES
RV32M il &
At 8
By 5 < iR S
1 MUL Multiply.
2 MULH Multiply High.
3 MULHSU Multiply High Signed Unsigned.
4 MULHU Multiply High Unsigned.
R-type
5 DIV Divide.
6 DIVU Divide Unsigned.
7 REM Remainder.
8 REMU Remainder Unsigned.
RV64M #4EF & (In_E RV32M)
&t s
bzt e #He iR FHeA
1 MULW Multiply Word.
2 DIVW Divide Word.
R-type 3 DIVUW Divide Unsigned Word.
4 REMW Remainder Word.
5 REMUW Remainder Unsigned Word.
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42 [F 2: BAT B

42.1 =B 1: RSB R

H3#H: 2023/7/23

W75 a7b05c264b7f45¢27a81ddc02184c6dceec29fdf9

R 25 AT, KA TARINR IS TR ZI A A7

C code

#include "stdio.h"
int main() {

int a = 14;

int b = 15;

int c;

c=a+ b;

return 9;
¥
Assembly code
addi x2 x@ 14; //0// 00000000111000000000000100010011
addi x3 x@ 15; //1// 00000000111100000000000110010011
add x1 x2 x3; //2// 00000000001100010000000010110011
sd x1 8(x2); //3// 00000000000100010011010000100011

422 B 2: BNFIZEEL

H#: 2023/7/29

M35 1d28ab2a485737b8bd90fa777fd550d5183b705¢

R a0 HAAEN, HHENT NI A 3R A,

C code

#include "stdio.h"
int main() {
int N = 10;
int sum = 9;

for(int i=1; i<N; i++){

sum =

sum+i;
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}

| return 0;

)

Assembly code

addi x1 x@ 10; //0// 00000000101000000000000010010011
addi x2 x0 1; //4// 00000000000100000000000100010011
addi x3 x@ 0; //8// 00000000000000000000000110010011
add x3 x2 x3; //12// 00000000001100010000000110110011
addi x2 x2 1; //16// 00000000000100010000000100010011
blt x2 x1 Al12; //20// 11111110000100010100110011100011
sd x3 8(x1); //24// 00000000001100001011010000100011
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