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CPU MEM CPU MEM

(a) MSLD BT — KN A (b) H— D5 [T — & /N A

A (Address) : 7 R L ANA
D (Data) : 7 — & /N A
DI (Dataln) : 7 —& /N A
DO (Data Out) : 7 — & /N A
R/W (Read/Write) : V — R/Z 1 M5
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CPU MEM

MA (Memory Address) : A €17 KL A
IR (Instruction Register) : g4y L ¥ A &
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0 ATBVREIFINA FTRIND, 1N MI8Lw
MZZFLW

o FIZIE, “AA4 Y - ARVDHKEIX8FH - /N1 KNT
Hd”ENDEUIZHD

ViV 10 #EETOELR 2 HEETOEE

K (1) 10° 210 =1 024

M (AF) 10° 2%0 =1 048 576

G (¥74) 10° 230 =1 073 741 824

T (77) 102 2% =1099 511 627 776
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AE ) OFEFHE

SRAM

RAM :

(Random (Static RAM)

Access DRAM SDRAM(Synchronous DRAM)

Memory) \ (Dynamic ¢ RDRAM(RAMBUS DRAM)
RAM) '

DRDRAM(Direct RDRAM)
Memory MROM(Mask ROM)

ROM

(Read PROM(Programmable ROM)

Only EPROM (Erasable PROM)

Memory)

EEPROM(Electronic EPROM)

~ RAM Disk — FLASH Memory
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SRAM - 4 Words * 3 Bits/Word

A[1:0] DI[2] DI[1] DI[0]
D
= D
T— D
—
we ———D)
Word 3

D-Latch

DO[2] DO[1] DOI[0]
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SRAM 2 )L [A] 5%

WL

BL BL BL BL
pl p2
’—4
n4
n3 n4 n3 ol 2
WL —
(a) RAME IV (b) RAM Ytz )L [R] #%
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SRAM: 16 Words * 4 bits

Din3 Din2 Dinl Din0

WE

i AL

\ 4
HIAART A N&
_ TVFv—Y

WIRARTAN& HIRABRTIN& HERAARTAN&
- TVFY—Y - TVFv—Y _ TVFr—Y

7— ko

A0 ——

Al ——

St

e e e e
e
e ] e

—t A FUT | (S VR TV T | | A FYT ] [ VR T T

v v \ v

Dout3 Dout2 Doutl Dout0

7KL
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SRAM T 7 D]

32K x 8-bit SRAM IM x 8-bit DRAM
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SRAM — @it U

CS

S
|
Ry
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1-bit DRAM )V

1 N2 Y Y A% DRAM &)V

. gk
i ()

7 /«*\'ﬂ”/\/& (aVFoH)

1-bit DIFHR % RFF UKl 5 726
[V B V7 LwyazpniErdd
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77 RLVAEHT R
L A% FV T 1-bit

vk (%) #

RE—D—2N
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DRAM F v 7 D4

IM x 1-bit DRAM IM x 4-bit DRAM IM x 16-bit DRAM

A: 7 RUVA, D: 7—4&, OE: /11 *—7)V (Output Enable)
RAS: 177 R L Z##R (Row Address Strobe)
CAS: %7 R L Ai#ER (Column Address Strobe)
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CAM (Content Addressable Memory)

RAM CAM
Address Data Data Address

Found
(a) RAM (b) CAM

@ Figure (a): In a RAM, a data word stored in a location is
returned by supplying that location’s address.

@ Figure (b): A CAM searches the entire memory to see
whether a given data word is stored anywhere in it.
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@ Structure

Bit 2 Bit 1 Bit 0
— — —
SL2 SL2 SLI SLI SLO SLO
ML3 TG
Word 3 C C C
{ H
WL3 3
ML2 S
WL2 g Found
ML1 VL1 =
w1 :
WLI1
MLO LD
oo
WLO
— S S —
t f f
D[2] D[1] D[0]
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CAM Cell

SL SL

ML

nl | — [ 3
_{ n2 D ZF D nd }—

WL
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Cache or TLB Built with CAM

Address

Priority encoder

pattern hit data pattern hit data

(a) Select a data word via encoder and decoder (b) Select a data word directly

@ Figure (a): Multiple matches in CAM are allowed.

@ Figure (b): Multiple matches in CAM are not allowed.
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BfiRA R —T - A€

@ V—REATA VRN —TINLLHIIAEY - Fu 7
BERONY 7 (BIZIE, 4NV ) THEKTDZ LMNT
x5

@ V= UTX I TR ARIZZD LD B AT FEKIZ
FMEERET D 4NV INENTNEEIZT 72 23X N,
77— R« 7 RUVADFAL2-bit h34 X2 76 —D % EIR
I5DIfHDND

7 RV A 7 RV 7 RLVA 7 RV A
1 2 3
6 7
8 9 10 11
12 13 14 15
INV 0 NV NV 2 NV T3
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AT & CPUDMHE

100,000 [
10,000
1,000

PgE

100

1 |

1980 1987

CPULAAS VY AEYDIIZF Yy Y aAE) 2HET D
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F vy Y aRXEY

FyvyaldEdE INEEDAEY THY., CPUE ALV AEY
DFICHEIND T LT, CPUNT 7L AF2HEDFm NI — R
ST =RERDLIRLSF Yy VA RAEVIIKINL TH <

CPU AL VAEY

N RAEY
A — RiZ#EW DRAM: &/ KAREAEY
CPUMAAL VATV DHDT RUANLT—R Ei A &,
FrvyallZTDT—X%2EZXTHEL, TOHCPUMNHIHEUL T
RUAMNSE T =R E2HAREDI L LS, AL VAT DRDY
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vy > aMEhE

T, : Fyy¥a- 77t AKH

T, : ATV - AEY - 7 7% AKH
h kv bh#E;1-h IAHK

T :EHAEY - 77 ARM

T=hT,+(1—h)T.+T,) =T, +(1—h)T,

Hi:

T. = 1ns

T, = 50ns
h =95%

T=T.+(1—-h)T, =1+40.05%50=1+2.5=3.5ns

Speedup = 50/3.5 = 14.29 = 1429%
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*Fyyvva- JovIilE

@ Direct Mapping
T I EEET D5HNE vy Y aNORED—EATIC R E
55HAEAAVI N -y THRAEED

© Fully Associative Mapping
TRy 7 eF Yy Y aNOEROGHICERETE S e 7
W TIVT T4 THRNEED

@ Set Associative Mapping
Ty 7 EF vy Y aNOREDEY MIRET S AXNE Y
N TYVYT T4 THREED, By hedT7uv IV —
THOZLTHb, 7D/7iﬂm¢ét/bW@E DI
BEXNS, Ty hRNIZnflO 7By 705554, nv
1Y N -TIITT2THRALEED
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*Fyyvva- JovIilE

TN TIVT T4 7T XAV -3y vy k- TVITT4T
RFEOTTOY 71EFTART REOTOY 7 %IE RFO T 21ty bOH
DEATICALETE % TE5DIF4FEHDH DFTRTOHAICEET XD
(12 mod 8) (12 mod 4)
7‘3‘7701234567 01234567 01234567
&5
RN
Fyv¥a BB 0 1 2
1111111111222222222233
%;/701234567890123456789012345678901
AEY
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Alpha AXP 21064 & ¥ ¥ = H##

Address

. . Jay s
Jay 2y -7 RV F7tv h
<21> <8> <5>

L z7 [~ Fuo2]

Dataln

T~ Cache size
\

Total RAM bits

64

KL ~p
AEY

SRR EDASERP S R
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2o -y - TIVTTA4T

, . TJEY Y
Jav s -7 RVA AWk
Address
<22> <7> <5>
2T AV TIIA Dataln
| 2
ALY 8y F=4
<I>  <22> <256> l I
128 128
7ay s Jay s

KL ~p
AEY
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LRU Replacement Algorithm

@ Clear the counters and valid bits of all the blocks
when the computer is started up.

@ If a cache miss occurs, replace a block whose counter
value is a 0. If there is more than one such block,
replace any of them. Set its counter to the largest
value 15 (suppose there are 16 blocks in a set), and
decrease all other counters whose values are not 0.
WEe call such a counter a saturated counter.

@ If there is a hit on a block whose counter value is k,
set the counter to 15, and decrease all other counters
whose values are larger than k.
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LRU Counter Changes

BO
B1
B2
B3

BO
B1
B2
B3

LRU counter LRU counter LRU counter LRU counter
0 BO 3 BO 2 BO 1
0 Miss Bl 0 Miss Bl 3 Miss Bl > Miss
0 \_> B[ o \_> B2 o \_> B2 3 \_>
0 B3 0 B3 0 B3 0
(a) (b) (©) (d)
LRU counter LRU counter LRU counter LRU counter
0 BO 0 BO 3 BO 2
1 B2 Hit Bl 1 Miss Bl 0 B2 Hit BI 0
2 B2| 3 \_> B2| 2 B2| 3 \_>
3 B3 2 B3 1 B3 1
© ® (9] (h)

V¥ a— SRR L 3%
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Cache in between CPU and Memory

p_a[31:0] m_a[31:0]

p_dout[31:0] m_din[31:0]
p_din[31:0 m_dout[31:0]
P. L

]
Memory
m_ready
a[]: address

dout[]: data out

din[]: data in

strobe: memory access

rw: read or write

m_ready: memory ready
p_ready: ready for processor
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Block Diagram of Write Through Cache

p_dout[31:0] » m_din[31:0]
p_a[31:0] » m_a[31:0]
index tag tag index m_dout[31:0]
clrn
clk
A A
p_din[31:0]
valid c_write match p_rw | cache_hit

p_strobe —» m_strobe

p_rw m_rw
uncached —»

p_ready m_ready
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‘timescale 1ns/1ns

module d_cache (
input [31:0]
input [31:0]
output [31:0]
input
input
input
output
input
output [31:0]
input [31:0]
output [31:0]
output
output
input

reg
reg
reg

[23:0]
[31:0]
wire [23:0]
wire [31:0]
wire [5:0]
wire

integer

// direct mapping, 2%6 blocks, 1 word/block, write-through

p_a,
p_dout,
p_din,
p_strobe,
p_rw,
uncached,
p_ready,
clk, clrn,
m_a,
m_dout,
m_din,
m_strobe,
m_rw,
m_ready) ;

d_valid [@:63];
d_tags [0:63];
d_data [0:63];
tag = p_al31:8];
c_din;

index = p_al[7:2];
c_write;

address

data out to mem
data in from mem
cpu strobe

cpu read/write command
uncached

ready (to cpu)

clock and reset

mem address

mem data out to cpu
mem data in from cpu
mem strobe

mem read/write

mem ready

cpu
cpu
cpu

1-bit valid
24-bit tag
32-bit data
address tag
data to cache
block index
cache write

AV a— KL
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always @ (posedge clk or negedge clrn)
if (!clrn) begin
for (i=0; i<64; i=i+1)
d_valid[i] <= 0; // clear valid
end else if (c_write)
d_valid[index] <=
always @ (posedge clk)
if (c_write) begin

=

// write valid

d_tags[index] <= tag; // write address tag
d_data[index] <= c_din; // write data
end
wire valid = d_valid[index]; // read cache valid
wire [23:0] tagout = d_tags[index]; // read cache tag
wire [31:0] c_dout = d_datal[index]; // read cache data
wire cache_hit = p_strobe & valid & (tagout == tag); // cache hit
wire cache_miss = p_strobe & (!valid | (tagout != tag)); // cache miss
assign m_din = p_dout; // mem <-- cpu data
assign m_a = p_a; // mem <-- cpu address
assign m_rw = p_rw; // write through
assign m_strobe = p_rw | cache_miss; // also read on miss
assign p_ready = ~p_rw & cache_hit | // read and hit or
(cache_miss | p_rw) & m_ready; // write and mem ready
assign c_write = ~uncached & (p_rw | cache_miss & m_ready); // write
assign c_din = p_rw? p_dout : m_dout; // data from cpu or mem
assign p_din = cache_hit? c_dout : m_dout; // data from cache or mem
endmodule d_cache.v
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d_cache_tb.v

‘timescale 1ns/1ps
module d_cache_tb;
reg [31:0] p_a, p_dout, m_dout;

reg p_strobe, p_rw, uncached, clk,clrn, m_ready;
wire [31:0] p_din, m_a, m_din;
wire p_ready, m_strobe, m_rw;

d_cache dcache (p_a,p_dout,p_din,p_strobe,p_rw,uncached,p_ready,
clk,clrn,m_a,m_dout,m_din,m_strobe,m_rw,m_ready);
initial begin

clrn = 0;
clk =1;
p_a = 327h00000100;
p_dout = 32’h0000000V;
p_strobe = 1;
p_rw =0;
m_dout = 32’h00000000;
uncached = 9;
m_ready = 0;

#10.001 clrn = 1;

#70 m_dout = 32’hffffffff;
m_ready = 1;

#20 p_a = 327h00000000;
p_strobe = 0;
m_dout = 32’h00000000;
m_ready = 0;

AV a—RiEE L ( 2024 412 A 12 H (K)
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d_cache_tb.v

end

end

#60 p_a
p_strobe
#20 p_a
p_strobe
#80 p_a
p_dout
p_rw
p_strobe
#100 m_ready
#20 p_a
p_dout
p_strobe
p_rw
m_ready
#20 p_a
p_strobe
#20 p_a
p_strobe
#20 $finish;

32’h00000100;
U3
32’h00000000;
327100000104
32’h5555aaaa;
U3
1k
U5
32’h00000000;
327h00000000;
0;
0;
0,
32’h00000104;
U3
32’h00000000;
0;

always #10 clk = !clk;
initial begin

$dumpfile ("d_cache.vcd");

$dumpvars;

endmodule

d_cache_tb.v

AV a— KL
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Waveform of Data Cache Read

[D0000100 100000000 100000100 {D0000000

100000000

[D0000000 JFFFATAT_ J00000000 JFFFT_ J00000000

1

[D0000100 100000000 100000100 {D0000000

100000000 JFFFFAEEE JD0000000

100000000

oo e e e e e e e e T e ey
50 nz 100 ns 150 nz

000ns: Address = 0x100, memory read, cache miss
080ns: Memory data ready, write cache
100ns - 160ns: Do not access memory (strobe = 0)

160ns: Address = 0x100, memory read, cache hit
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Waveform of Data Cache Write

00000000 jD0000104 00000000 JD0000 104100000000
00000000 J5555zaaa 00000000
00000000 00000000 J5555aaaa 00000000 J55553aaa

[ |

00000000 00000104 100000000 {00000 104300000000
00000000
B m_dn 00000000 15555aaaa J00000000

oy m:dnbe

4 m_rw
4 m_ready

260ns: Address = 0x104, memory write, cache miss
280ns: Write cache; 360ns: write memory ready
380ns - 400ns: Do not access memory (strobe = 0)

400ns: Address = 0x104, memory read, cache hit

> TEBUK AL IV a— &R & #EE (11) 2024 4E 12 H 12 H (K)  44/94



Pipelined CPU + Caches

| IF | D | EXE | MEM | WB |

no_cache_stall = i_cache_hit & (d_cache_hit | ~d_mlwsw);

d_mlwsw d_cache_hit

A\

2

ecancel Register

file

MUX i_cache_miss DEMUX

Address Data Ready
Level-2 cache or main memory
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.text

main: # ... ( PO

sum: add x6, x@, x0 # (11c) x6 <- @ (subroutine entry)
loop: 1w x9, 0(x4) # (120) x9 <- memory[x4+0]

addi x4, x4, 4 # (124) x4 <- x4 + 4 (address+4)
add x6, x6, x9 # (128) x6 <- x6 + x9 (sum)

addi x5, x5, -1 # (12c) x5 <- x5 - 1 (counter--)
bne x5, x@, loop # (130) if x5 != @, goto loop

ret x1 # (134) return from subroutine 100
.data
.word 0x000000f2 # a[0] Oxf2
.word 0x0000000e # a[1] Oxf2 + Oxe = 0x100
.word 0x00000200 # a[2] 0x100 + 0x200 = 0x300
.word Oxffffffff # al3] 0x300 + (-1) = Ox2ff
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Waveform of Instruction Cache Miss

loop: 1w

x5,
x1

x9,
x4,
X6,
x5,

( PC)
x0, loop # (130) inst
# (134) inst
0(x4) # (120) inst
x4, 4 # (124) inst
x6, x9 # (128) inst
x5, -1 # (12c) inst

cache
cache
cache
cache
cache
cache

hit
miss

hit (1w in IF)
hit (1w in ID)
hit (1w in EXE)
hit (Iw in MEM)

Y =

TEBUK AL

IV a— &R & #EE (11)
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Waveform of Data Cache Miss

loop: 1w

x5,
x5,
x1

x9,
x4,
X6,
x5,

x5, -1 # (12c) data
x0, loop # (130) inst

# (134) inst
0(x4) # (120) inst
x4, 4 # (124) inst
x6, x9 # (128) inst
x5, -1 # (12c) inst

cache
cache
cache
cache
cache
cache
cache

miss(lw in MEM)

hit

hit, canceled

hit (1w
hit (1w
hit (1w
hit (1w

in
in
in
in

IF)
ID)
EXE)
MEM)

Y =

TEBUK AL

IV a— &R & #EE (11)
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Waveform of Data Cache Miss

loop: 1w

x5,
x5,
x1

x9,
x4,
X6,
x5,

x5, -1 # (12c) data
x0, loop # (130) inst

# (134) inst
0(x4) # (120) inst
x4, 4 # (124) inst
x6, x9 # (128) inst
x5, -1 # (12c) inst

cache
cache
cache
cache
cache
cache
cache

miss(lw in MEM)

hit

hit, canceled

hit (1w
hit (1w
hit (1w
hit (1w

in
in
in
in

IF)
ID)
EXE)
MEM)

Y =

TEBUK AL

IV a— &R & #EE (11)
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Waveform of Data Cache Miss

addi x5, x5, -1 # (12c) data cache miss(lw in MEM)

bne x5, x0@, loop # (130) inst cache hit
ret x1 # (134) inst cache hit
# (138) miss, will be canceled
# (138)
# (138)
# (138)
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Waveform of Data Cache Miss

# (138) miss, will be canceled
SW x6, 0(x4) # (00c) inst cache hit
1w X9, 0(x4) # (010) inst cache miss

# (010)

# (010)

# (010)

# (010)
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BT R ALY R LA

AT R LA WY R LA
7079 AhX

0 0
4K [ > 4K
8K 8K

12K 12K
——— 16K

RAEAE Y 20K
——————— 24K

28K

YIEEAE Y

A

g AN _I
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RET RL ALY T KL A

AT R LA WY R LA
7079 AhX

0 > 0
4K > 4K
8K > 8K
12K 12K
> 16K
'ﬂiﬁg\){ € ]) — 20K
> 24K
AR NN 28K
0 A YA€)
4K B
8K C
12k

{RAEAE Y

A
9 75 Hi 1 )

TRBUK A AR av¥a—afEk e e (11) 2024 412 A 12 H (K) 53/94



R=VLLTAV K

@ IREAENIZ=DOD 7 T AIHHIND:

Q R VENENDEEY A X TOAYv I 2RKEOED
» R—VIF4KB H 5 64KB IZ[EHE I D

Q I AVNERENDIAIEYA X - 7OV I %RFEFOED
* Y ITAYV MDY A XA ETHD
* AR T AV NI NS "5 22 N1 R ETIZASR
« N T AV NI1INA NTHD

N Ny 1 N Y

R—=YHRX AV NAR
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AT R LA

Wiy R LA

R=YVRZHOARET RV ALY T R L AANDZ
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R RV AZW — 2 T A Y A

AT KL A

ALY - AEY
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RISC-V Virtual and Physical Addresses

Virtual address
31 22 21 12 11 0
| VPN[1] | VPN[0] | pageoffset |
10 10 12
VPN: Virtual Page Number

Physical address
33 22 21 12 11 0
| PPN[1] | PPN[0] | pageoffset |
12 10 12

PPN: Physical Page Number
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RISC-V Page Table Entry (PTE)

gill 20 19 10 9 8 7 6 5 4 3 2 1 0
| PPN[1] | PPN[0] |RSW D |A[G|U[X|W][R]|V|
12 10 2 1 1 1 1 1 1 1 1

@ The physical page number of the root page table is stored in the satp register.
The V bit indicates whether the PTE is valid.

@ The permission bits, R, W, and X, indicate whether the page is readable,
writable, and executable, respectively. When all three are zero, the PTE is a
pointer to the next level of the page table; otherwise, it is a leaf PTE.

@ The U bit indicates whether the page is accessible to user mode.

@ The G bit designates a global mapping.

@ The A bit indicates the virtual page has been read, written, or fetched from
since the last time the A bit was cleared.

@ The D bit indicates the virtual page has been written since the last time the
D bit was cleared.

@ The RSW field is reserved for use by supervisor software; the
implementation shall ignore this field.
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RISC-V Address Translation

Virtual address Main memory
31 22 21 12 11 0
| Virtual page number | Virtual page number | Page offset |
Root page table
1-’age table entry le— satp register
Page table entry

Page table Page table
m.J base address

Physical address
33 12 11 0
Physical page number | Page offset
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RISC-V RV32 Memory Management

Supervisor address translation and protection (satp) register

satp 31 Virtual address 0 Memory
[T [ peen | [vPNIO]VEN[OI] offset |

Base »Y @ Address .

Root page table entry | PPN | |VI - Data
Base »Y ©) Address .

Page table entry | PPN | |VI: Data

33 11 0

R ® Address

Memory data Data I: Data
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Translation Lookaside Buffer Design

31 2221 12 11 0
[ veni VPN(O] | Offsetin page | Virtual address
- Page table entries
1 (Valid)
CAM RAM
pattern i 1S P -~
vpn_index -~

LRUcnt 24 o 5 vpn F we ppn

we tlbhit

di

tlb_write
pte_in

o_strobe D_. tlb_hit

33 v 12 11 0
Physical address PPN | Offset in page |
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Waveform of TLB Miss
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Virtual address 0x00000000 is mapped to physical address 0x80000000
Virtual address 0x00001000 is mapped to physical address 0x80001000
Virtual address 0x00002000 is mapped to physical address 0x80002000
Virtual address 0x00003000 is mapped to physical address 0x80003000
Virtual address 0x00004000 is mapped to physical address 0x80004000
Virtual address 0x00005000 is mapped to physical address 0x80005000
Virtual address 0x00006000 is mapped to physical address 0x80006000
Virtual address 0x00007000 is mapped to physical address 0x80007000
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Waveform of TLB Hit
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Waveform of TLB Miss
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Cache and TLB Accesses in Parallel

e

Virtual Virtual page number
address | s | Block | B |
TLB m-bits k-way set
associative cache
Real | Real page number | Offset in page
address

[

Real page number

Real address tag

Cache_hit Data word

Cache and TLB access in parallel: The cache size
should not be larger than 2™k bytes where k is the
number of ways in a set and 2™ is the page size.
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Pipelined CPU + Caches + TLBs

| IF | D | EXE | MEM

no_cache_tlb_stall

Physical
address

Physical
address

A\

ecancel

Address Data eady
Level-2 cache or main memory

Ly

2

Register
file
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Pipelined CPU + Caches + TLBs

(0000) main: lui x4, %hi(arrayl) # (0000) x4 <- arrayl: 0x5000 virtual address
(0004) addi x4, x4, %lo(arrayl) # (0004) x4 <- arrayl: 0x5000 virtual address
(0008) addi x5, x0, 4 # (0008) x5 <- 4

(000c) call: jal x1, sum # (000c) x1 <- 0x1@ (return address), call sum
(0010) sw X6, 0(x4) # (0010) memory[x4+0] <- x6, canceled

(3000) sum: add x6, X0, x0 # (3000) x6 <- @ (subroutine entry)

(3004) loop: 1w x9, 0(x4) # (3004) x9 <- memory[x4+0]

(3008) addi x4, x4, 4 # (3008) x4 <- x4 + 4 (address+4)

(300c) add X6, x6, x9 # (300c) x6 <- x6 + x9 (sum)

(3010) addi x5, x5, -1 # (3010) x5 <- x5 - 1 (counter--)

(3014) bne x5, x0, loop # (3014) if x5 != 0, goto loop

(3018) ret x1 # (3018) return from subroutine 100 1101 00
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Pipelined CPU + Caches + TLBs

(3018) ret x1 # (3018) return from subroutine 100 1101 00
(301¢) # (301c) canceled

(0010) sw x6, 0(x4) # (0010) memory[x4+0] <- x6

(0014) 1w x9, 0(x4) # (0014) x6 <- memory[x4+0]

(0018) sub x8, x9, x4 # (0018) x8 <- x9 - x4

(001c) addi x5, x0, 3 # (001c) x5 <- 3

(0020) loop2: addi x5, x5, -1 # (0020) x5 <- x5 - 1

(0024) ori x8, x5, Oxfff # (0024) x8 <- x5 | Oxffffffff = Oxffffffff
(0028) xori  x8, x8, 0x555 # (0028) x8 <- x8 * Ox00000555 = Oxfffffaaa
(002c) addi x9, x0, -1 # (002c) x9 <- Oxffffffff

(0030) andi x10,x9, Oxfff # (0030) x10<- x9 & Oxffffffff = OxFfffffff
(0034) or x4, x10, x9 # (0034) x4 <- x10 | x9 = oxffffffff
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Pipelined CPU + Caches + TLBs

0000000000000
O0000000000000000000
000000C0000000000000

i JD00TFE

(003c) and x7, x10, x4 # (003c) x7 <- x10 & x4 = Oxffffffff

(0040) beq x5, x0, shift # (0040) if x5 = 0, goto shift

(0044) jal x0, loop2 # (0044) jump loop2

(0048) shift: addi x5, x0, -1 # (0048) x5 <- Oxffffffff

(004c) slli  x8, x5, 15 # (004c) x8 <- OxFFFFFfff << 15 = oxffff3000
(0050) slli x8, x8, 16 # (0050) x8 <- Oxffff8000 << 16 = 0x80000000
(0054) srai x8, x8, 16 # (0054) x8 <- 0x80000000 >>> 16 = Oxffff8000
(0058) srli x8, x8, 15 # (0058) x8 <- Oxffff8000 >> 15 = 0x0001ffff
(005¢) slt X3, x4, x6 # (005c) x3 <- OxFFFfffff < 0x000002ff = 1
(0060) jal X0, S_X_S # (0060) jump s_x_s

(1000) s_x_s: 1li al, ox7fffffff # (1000) a H = oxfffffff8
(1004) 1i al, ox7fffffff # (1004) a H = oxfffffff8
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Pipelined CPU + Caches + TLBs

(1008)
(100c)
(1010)
(1014)
(1018)
(101c)
(1020)
(1024)
(1028)
(102¢)
(1030)
(1034)

1i

mulh

mul
u_x_u: 1i
u_x_u: 1i

mulhsu

-15

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2

(1008)
(100c)
(1010)
(1014)
(1018)
(101c)
(1020)
(1024)
(1028)
(102¢)
(1030)
(1034)

HOHE H HE HEH R

product
product
a
a
b
product
product
a
a
b
product

high

L = 0x8000000f

low, fused with mulh

high

H
H
L

ox7ffffffe
ox7ffffffe
0x80000001

low, fused with mulhu

high

ox7ffffffe
ox7ffffffe
0x80000001

Y =
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Pipelined CPU + Caches + TLBs

(1040) 1i al, ox7fffffff # (1040) a Q = Ox2aaaaaaa
(1044) 1i a2, 3 # (1044) b R = 0x00000001
(1048) div a5, al, a2 # (1048) div signed

(104c) rem a4, al, a2 # (104c) rem signed, fused with div
(1050) signl: 1i al, oxfffffff2 # (1050) a Q = oxfffffffc
(1054) 1i a2, 3 # (1054) b R = oxfffffffe
(1058) div a5, al, a2 # (1058) div signed

(105¢c) rem a4, al, a2 # (105c) rem signed, fused with div
(1060) unsign: 1i al, Oxfffffff2 # (1060) a Q = 0x55555550
(1064) 1i a2, 3 # (1064) b R = 0x00000002
(1068) divu a5, al, a2 # (1068) div unsigned

(106¢) remu a4, al, a2 # (106c) rem unsigned, fused with divu
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Pipelined CPU + Caches + TLBs

(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

fpu: lui
addi
flw
flw
flw
flw
fadd.s
fsub.s
fmul.s
fmul.s

x0, fpu

al, %hi(array2)
al, al, %lo(array2)

fal, 0(al)
fa2, 4(al)
fa3, 8(al)
fa4, 12(al)
fa4, fa4, fail
fa3, fa3, fa4
fa2, fa4, fa2
fal, fal, fa4

(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

HOHE H H HH R H R

jump fpu
canceled
al <- array2: 0x00006000 virtual address

al <- array2: 0x00006000 virtual address
0x40c00000

0x41c00000

0x43c00000

0x47c00000

(47c00000) + (40c00000) = (47c00300)
(43c00000) - (47c00300) = (c7bf4300)
(47c00300) * (41c00000) = (4a100240)
(40c00000) * (47c00300) = (49100240)

Y =
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Pipelined CPU + Caches + TLBs

(201¢)
(2020)
(2024)
(2028)
(202¢)
(2030)
(2034)
(2038)
(203c)
(2040)
(2044)
(2048)

fsub.s
fmul.s
fmul.s
fsw
fsw
fsw
fsw
lui
addi
flw
flw
fdiv.s

fa3, fa3, fa4
fa2, fa4, fa2
fal, fal, fa4
fal, 16(al)
fa2, 20(al)
fa3, 24(al)
fa4, 28(al)

al, %hi(arraye)

al, al, %lo(arraye)

fao, 4(al)
fal, 8(al)
fa3, fao, fail

(201¢)
(2020)
(2024)
(2028)
(202¢)
(2030)
(2034)
(2038)
(203¢)
(2040)
(2044)
(2048)

HOHE H HE HEH R

ESTE

(43c00000) - (47c00300) = (c7bf4300)
(47c00300) * (41c00000) = (4a100240)
(40c00000) * (47c00300) = (49100240)

al <- array@: 0x00004000 virtual address
al <- array@: 0x00004000 virtual address
40800000

40000000

(408 ) /(4 ) = (4 )

Y =
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Pipelined CPU + Caches + TLBs

(204c)
(2050)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)

fsqrt.s fa3, fa3
fsqrt.s fa3, fa3

finish: jal
finish: jal
finish: jal
finish: jal

finish: jal

X0

X0

X0

X0

x0

)

’

)

’

’

finish

finish

finish

finish

finish

(204¢)
(2050)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)
(2054)
(2058)

HOHE H HE HHHHH R

(40000000) sqrt
(3fb504f3) sqrt
dead loop

canceled

dead loop

canceled

dead loop

canceled

dead loop

canceled

dead loop

canceled

0000000000000
N000C000C0000CE00T
DO0CC0CO00n0n000

= (3fb504f3)
= (3f98370)

Y =
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Waveform of Instruction TLB

(0000) main: lui x4, %hi(arrayl) # (0000) x4 <- arrayl: 0x5000 virtual address
(0004) addi x4, x4, %lo(arrayl) # (0004) x4 <- arrayl: 0x5000 virtual address
(0008) addi x5, x0, 4 # (0008) x5 <- 4

(000c) call: jal x1, sum # (000c) x1 <- 0x1@ (return address), call sum
(0010) sw X6, 0(x4) # (0010) memory[x4+0] <- x6, canceled

(3000) sum: add x6, X0, x0 # (3000) x6 <- @ (subroutine entry)

(3004) loop: 1w x9, 0(x4) # (3004) x9 <- memory[x4+0]

(3008) addi x4, x4, 4 # (3008) x4 <- x4 + 4 (address+4)

(300c) add X6, x6, x9 # (300c) x6 <- x6 + x9 (sum)

(3010) addi x5, x5, -1 # (3010) x5 <- x5 - 1 (counter--)

(3014) bne x5, x0, loop # (3014) if x5 != 0, goto loop

(3018) ret x1 # (3018) return from subroutine 100 1101 00
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Waveform of Instruction TLB

(3018) ret x1 # (3018) return from subroutine 100 1101 00
(301¢) # (301c) canceled

(0010) sw x6, 0(x4) # (0010) memory[x4+0] <- x6

(0014) 1w x9, 0(x4) # (0014) x6 <- memory[x4+0]

(0018) sub x8, x9, x4 # (0018) x8 <- x9 - x4

(001c) addi x5, x0, 3 # (001c) x5 <- 3

(0020) loop2: addi x5, x5, -1 # (0020) x5 <- x5 - 1

(0024) ori x8, x5, Oxfff # (0024) x8 <- x5 | Oxffffffff = Oxffffffff
(0028) xori  x8, x8, 0x555 # (0028) x8 <- x8 * Ox00000555 = Oxfffffaaa
(002c) addi x9, x0, -1 # (002c) x9 <- Oxffffffff

(0030) andi x10,x9, Oxfff # (0030) x10<- x9 & Oxffffffff = OxFfffffff
(0034) or x4, x10, x9 # (0034) x4 <- x10 | x9 = oxffffffff
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Waveform of Instruction TLB

0000000000000
O0000000000000000000
000000C0000000000000

(00001

(003c) and x7, x10, x4 # (003c) x7 <- x10 & x4 = Oxffffffff

(0040) beq x5, x0, shift # (0040) if x5 = 0, goto shift

(0044) jal x0, loop2 # (0044) jump loop2

(0048) shift: addi x5, x0, -1 # (0048) x5 <- Oxffffffff

(004c) slli  x8, x5, 15 # (004c) x8 <- OxFFFFFfff << 15 = oxffff3000
(0050) slli x8, x8, 16 # (0050) x8 <- Oxffff8000 << 16 = 0x80000000
(0054) srai x8, x8, 16 # (0054) x8 <- 0x80000000 >>> 16 = Oxffff8000
(0058) srli x8, x8, 15 # (0058) x8 <- Oxffff8000 >> 15 = 0x0001ffff
(005¢) slt X3, x4, x6 # (005c) x3 <- OxFFFfffff < 0x000002ff = 1
(0060) jal X0, S_X_S # (0060) jump s_x_s

(1000) s_x_s: 1li al, ox7fffffff # (1000) a H = oxfffffff8
(1004) 1i al, ox7fffffff # (1004) a H = oxfffffff8
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Waveform of Instruction TLB

(1008)
(100c)
(1010)
(1014)
(1018)
(101c)
(1020)
(1024)
(1028)
(102¢)
(1030)
(1034)

u_x_u: 1i
u_x_u: 1i

s_x_u: 1li

mulhsu

-15

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2

# (1008) b L = 0x8000000f
# (100c) product high

# (1010) product low, fused with mulh

# (1014) a H = ox7ffffffe
# (1018) a H = ox7ffffffe
# (101c) b L = 0x80000001
# (1020) product high

# (1024) product low, fused with mulhu
# (1028) a H = ox7ffffffe
# (102¢) a H = ox7ffffffe
# (1030) b L = 0x80000001
# (1034) product high

Y =
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Waveform of Instruction TLB

(1040) 1i
(1044) 1i
(1048) div
(104c) rem
(1050) signl: 1i
(1054) 1i
(1058) div
(105¢) rem
(1060) unsign: 1i
(1064) 1i
(1068) divu
(106¢) remu

al, Ox7fFFFFFf

a2, 3

a5, al, a2
a4, al, a2
al, oxfffffff2
a2, 3

a5, al, a2
a4, al, a2

al, oxfffffff2
a2, 3

a5, al, a2
a4, al, a2

(1040)
(1044)
(1048)
(104c)
(1050)
(1054)
(1058)
(105¢)
(1060)
(1064)
(1068)
(106c)

HOHE H HE HEH R

a
b
div
rem
a
b
div

= 0x2aaaaaaa
= 0x00000001

o O

signed
signed, fused with div
Q = oxfffffffc
R = oxfffffffe
signed
signed, fused with div
Q = 0x55555550
R = 0x00000002
unsigned
unsigned, fused with divu

b EBOCEEEBE
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Waveform of Instruction TLB

(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

jal

fpu: lui
addi
flw
flw
flw
flw
fadd.s
fsub.s
fmul.s
fmul.s

x0, fpu

al, %hi(array2)

al, al, %lo(array2)

fal, 0(al)
fa2, 4(al)
fa3, 8(al)
fa4, 12(al)
fa4, fa4, fail
fa3, fa3, fa4
fa2, fa4, fa2
fal, fal, fa4

(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

HOHE H H HH R H R

jump fpu
canceled
al <- array2: 0x00006000 virtual address

al <- array2: 0x00006000 virtual address
0x40c00000

0x41c00000

0x43c00000

0x47c00000

(47c00000) + (40c00000) = (47c00300)
(43c00000) - (47c00300) = (c7bf4300)
(47c00300) * (41c00000) = (4a100240)
(40c00000) * (47c00300) = (49100240)

Y =
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Waveform of Instruction TLB

(201c) fsub.s fa3, fa3, fa4 # (201c) (43c00000) - (47c00300) = (c7bf4300)
(2020) fmul.s fa2, fa4, fa2 # (2020) (47c00300) * (41c00000) = (4a100240)
(2024) fmul.s fal, fal, fa4 # (2024) (40c00000) * (47c00300) = (49100240)
(2028) fsw fal, 16(al) # (2028)

(202¢) fsw fa2, 20(al) # (202c)

(2030) fsw fa3, 24(al) # (2030)

(2034) fsw fa4, 28(al) # (2034)

(2038) lui al, %hi(arraye) # (2038) al <- array@: 0x00004000 virtual address
(203c) addi al, al, %lo(array@) # (203c) al <- array@d: 0x00004000 virtual address
(2040) flw fao, 4(al) # (2040) 40800000

(2044) flw fa1, 8(al) # (2044) 40000000

(2048) fdiv.s fa3, fae, fal # (2048) (408 ) / (4 ) = (4 )
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Waveform of Instruction TLB

0000000000000
N000C000C0000CE00T
DO0CC0CO00n0n000

(204c) fsqrt.s fa3, fa3 # (204c) (40000000) sqrt = (3fb504f3)
(2050) fsqrt.s fa3, fa3 # (2050) (3fb504f3) sqrt = (3f9837f0)
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
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Waveform of Data TLB

(0000)
(0004)
(0008)
(000c)
(0010)
(3000)
(3004)
(3008)
(300c)
(3010)
(3014)
(3018)

Y =

main: lui
addi
addi
call: jal
sw
sum: add
loop: 1w
addi
add
addi
bne
ret

TRBOR R 21

x4
x4
x5
x1
X6
x6
X9
x4
X6
x5
x5
x1

)

B

B

)

%hi(arrayl)
x4, %lo(arrayl)
x0, 4

sum

o(x4)

x0, x0
0(x4)

x4, 4

x6, x9

35, =l

x0, loop

(0000)
(0004)
(0008)
(000c)
(0010)
(3000)
(3004)
(3008)
(300c)
(3010)
(3014)
(3018)

x4 <- arrayl: 0x5000 virtual address
x4 <- arrayl: 0x5000 virtual address
x5 <- 4

x1 <= 0x10 (return address), call sum
memory[x4+0] <- x6, canceled

x6 <- @ (subroutine entry)

x9 <- memory[x4+0]

x4 <- x4 + 4 (address+4)

x6 <- x6 + x9 (sum)

x5 <= x5 - 1 (counter--)

if x5 != 0@, goto loop

return from subroutine 100 1101 00
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Waveform of Data TLB

(3018) ret x1 # (3018) return from subroutine 100 1101 00
(301¢) # (301c) canceled

(0010) sw x6, 0(x4) # (0010) memory[x4+0] <- x6

(0014) 1w x9, 0(x4) # (0014) x6 <- memory[x4+0]

(0018) sub x8, x9, x4 # (0018) x8 <- x9 - x4

(001c) addi x5, x0, 3 # (001c) x5 <- 3

(0020) loop2: addi x5, x5, -1 # (0020) x5 <- x5 - 1

(0024) ori x8, x5, Oxfff # (0024) x8 <- x5 | Oxffffffff = Oxffffffff
(0028) xori  x8, x8, 0x555 # (0028) x8 <- x8 * Ox00000555 = Oxfffffaaa
(002c) addi x9, x0, -1 # (002c) x9 <- Oxffffffff

(0030) andi x10,x9, Oxfff # (0030) x10<- x9 & Oxffffffff = OxFfffffff
(0034) or x4, x10, x9 # (0034) x4 <- x10 | x9 = oxffffffff
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Waveform of Data TLB

0000000000000
O0000000000000000000
000000C0000000000000

(003c) and x7, x10, x4 # (003c) x7 <- x10 & x4 = Oxffffffff

(0040) beq x5, x0, shift # (0040) if x5 = 0, goto shift

(0044) jal x0, loop2 # (0044) jump loop2

(0048) shift: addi x5, x0, -1 # (0048) x5 <- Oxffffffff

(004c) slli  x8, x5, 15 # (004c) x8 <- OxFFFFFfff << 15 = oxffff3000
(0050) slli x8, x8, 16 # (0050) x8 <- Oxffff8000 << 16 = 0x80000000
(0054) srai x8, x8, 16 # (0054) x8 <- 0x80000000 >>> 16 = Oxffff8000
(0058) srli x8, x8, 15 # (0058) x8 <- Oxffff8000 >> 15 = 0x0001ffff
(005¢) slt X3, x4, x6 # (005c) x3 <- OxFFFfffff < 0x000002ff = 1
(0060) jal X0, S_X_S # (0060) jump s_x_s

(1000) s_x_s: 1li al, ox7fffffff # (1000) a H = oxfffffff8
(1004) 1i al, ox7fffffff # (1004) a H = oxfffffff8
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(1008)
(100c)
(1010)
(1014)
(1018)
(101c)
(1020)
(1024)
(1028)
(102¢)
(1030)
(1034)

u_x_u: 1i
u_x_u: 1i

s_x_u: 1li

mulhsu

az,
a5,
a4,
al
al
az,
a5,
a4,
al
al
a2,
a5,

-15

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2
al, a2
OX7FFFffff
OXTFFFffff
=

al, a2

# (1008) b L = 0x8000000f
# (100c) product high

# (1010) product low, fused with mulh

# (1014) a H = ox7ffffffe
# (1018) a H = ox7ffffffe
# (101c) b L = 0x80000001
# (1020) product high

# (1024) product low, fused with mulhu
# (1028) a H = ox7ffffffe
# (102¢) a H = ox7ffffffe
# (1030) b L = 0x80000001
# (1034) product high

Y =
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Waveform of Data TLB

(1040) 1i al, ox7fffffff # (1040) a Q = Ox2aaaaaaa
(1044) 1i a2, 3 # (1044) b R = 0x00000001
(1048) div a5, al, a2 # (1048) div signed

(104c) rem a4, al, a2 # (104c) rem signed, fused with div
(1050) signl: 1i al, oxfffffff2 # (1050) a Q = oxfffffffc
(1054) 1i a2, 3 # (1054) b R = oxfffffffe
(1058) div a5, al, a2 # (1058) div signed

(105¢c) rem a4, al, a2 # (105c) rem signed, fused with div
(1060) unsign: 1i al, Oxfffffff2 # (1060) a Q = 0x55555550
(1064) 1i a2, 3 # (1064) b R = 0x00000002
(1068) divu a5, al, a2 # (1068) div unsigned

(106¢) remu a4, al, a2 # (106c) rem unsigned, fused with divu
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(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

jal

fpu: lui
addi
flw
flw
flw
flw
fadd.s
fsub.s
fmul.s
fmul.s

x0, fpu

al, %hi(array2)

al, al, %lo(array2)
fal, 0(al)

fa2, 4(al)

fa3, 8(al)

fa4, 12(al)

fa4, fa4, fail

fa3, fa3, fa4

fa2, fa4, fa2

fal, fal, fa4

HOHE H H HH R H R

(1070)
(1074)
(2000)
(2004)
(2008)
(200c)
(2010)
(2014)
(2018)
(201¢)
(2020)
(2024)

jump fpu
canceled
al <- array2: 0x00006000 virtual address

al <- array2: 0x00006000 virtual address
0x40c00000

0x41c00000

0x43c00000

0x47c00000

(47c00000) + (40c00000) = (47c00300)
(43c00000) - (47c00300) = (c7bf4300)
(47c00300) * (41c00000) = (4a100240)
(40c00000) * (47c00300) = (49100240)

Y =

TRBOR R 21
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(00004

(201c) fsub.s fa3, fa3, fa4 # (201c) (43c00000) - (47c00300) = (c7bf4300)
(2020) fmul.s fa2, fa4, fa2 # (2020) (47c00300) * (41c00000) = (4a100240)
(2024) fmul.s fal, fal, fa4 # (2024) (40c00000) * (47c00300) = (49100240)
(2028) fsw fal, 16(al) # (2028)

(202¢) fsw fa2, 20(al) # (202c)

(2030) fsw fa3, 24(al) # (2030)

(2034) fsw fa4, 28(al) # (2034)

(2038) lui al, %hi(arraye) # (2038) al <- array@: 0x00004000 virtual address
(203c) addi al, al, %lo(array@) # (203c) al <- array@d: 0x00004000 virtual address
(2040) flw fao, 4(al) # (2040) 40800000

(2044) flw fa1, 8(al) # (2044) 40000000

(2048) fdiv.s fa3, fae, fal # (2048) (408 ) / (4 ) = (4 )
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0000000000000
N000C000C0000CE00T
DO0CC0CO00n0n000

(204c) fsqrt.s fa3, fa3 # (204c) (40000000) sqrt = (3fb504f3)
(2050) fsqrt.s fa3, fa3 # (2050) (3fb504f3) sqrt = (3f9837f0)
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
(2054) finish: jal x0, finish # (2054) dead loop
(2058) # (2058) canceled
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AEE XTI (100 A% 4+ 100 £X)

@ Explain the cache, MMU, and TLB, and why the
cache, MMU, and TLB are required in modern
computers.

© Suppose h = 98%, t. = 1 ns, and t,, = 6 ns, calculate
the effective memory access time and speedup.

@ Referring to P33, calculate the total RAM bits
required by a direct-mapped cache: CPU address: 32
bits; block index: 11 bits; block size: 16 bytes. And
what is the cache size (in KB)?

@ Option (+100 5): Design a pipelined CPU with
instruction cache & TLB and data cache & TLB.
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