Output: Read Data 1 (32), Read Data 2 (32)
Register $0 is constant 0.
Moore and Mealy FSMs: In a Moore FSM, outputs only depend on
current state, in Mealy FSM, outputs depend on the current state and
on the inputs.
MIPS ISA
N $0,...,$31 N2 W DMNX IO WAN .$2 ODNNND MNYN (D004
D> ¥ General Purpose Registers™ qona .$s0 — $s7, $t0 — $¢9, ... »a>
JPNONN NMpan SV N2INON NNNN) 1AV Program Counter-n NN
(0v»2 2) half-word ,000»2 P2aYNd WON IO byte-addressable :)y95¢
.(Dv»1 4) word™
YR PN MR NN YTHRN 0N Tpn 0) :Von-Neaumann 57
YR 779 Tpn :Harvard 97 self-modifying code oy TTmnn>
TP 39TYS YR Ny
R-type T1p
[op (6) [ rs(5) [ rt (5) [ rd (5) | shamt (5) | funct (6) |
NN rd @ MNVUM NYNIN MPHN SV DIVDI ON s, rt @ op = 000000 e
N2ya 9M2 funct e shift >awa P wnwn shamt e destination register
TPND N TPONIIN
$t1 + $t2) add $t0, $t1, $t2 N7
I-type TP
[op (6) [rs (5) [ rt (5) [ imm (16) |
rt ,source register - rs e NYIWYH M2 op e
32767-5 —32768 y2 signed Ty NN
($t0 < $t1 + 4) addi $t0, $t1, +4 0
($t1 < Mem [$t2 + 8]) lw $t1, +8 ($t2)
(Mem [$t2 — 4] +— $t1) sw $t1, -4 ($t2)
($t1 = $t2 on target = (PC + 4) + (offset 2)) beq $t1, $t2, +7
J-type 1P
[ op (6) | offset (26) |
target = ((PC + 4) &0xf0000000) | (offset << 2)
NV2Y TD IVANDRD DR YNYN Fat N 1 20DDIN  JUPIVDINITINDS
MO20N MMpo
slt $at, $s0, $s1 ; bne Fat, $zero, x
nop sll $zero, $zero, 0
1i $s0, 0x12345678 [ Iui $at, 0x1234 ; ori $s0, $at, 0x5678
Sra natn n2no $v0, $v1 nenn oy §al, . .. $a3 DVINVNIN NP
Jr $ra :spnon NwN jal foo PPN MNP
on $tx, $ax, $ra V1IN :Caller-saved-y Callee-saved £9094
.callee-saved 0N $s*, $sp 0V IN .caller-saved
addi $sp, $sp, -4 ; sw $ra, ($sp) $ra DN PNTO (NNOHN
lw $ra, ($sp) ; addi $sp, $sp, +4 $ra NN NWO
DPSPNAT NN $s072 NYNNYNY 8PN NPT
Epilogue: addi $sp, $sp, -8 sw $ra, +4($sp) sw $s0, (3sp)
Prologue: lw $s0, ($sp) lw $ra, +4(3sp) addi $sp, $sp, +8 jr $ra
MIPS Single Cycle
Fetch Decode eXecute Memory Writeback
NWY DAV DNYRIN DV 67N NINY opcode N NN P Yapn Control N
0IYYYN OV 67N NN 9aApNY ALU control qona v 1OV 0OIyN NN
M2y) ALUop 5¥ D02 »W (NTPon NN 02510 0N - R-type My npnd)
[(D15YN OV 67N DY THNDNY MRV 10 ~ R-type
Multi Cycle
NPV YTNN IR 0IMYY 07V single cyclema ©25vn 2 ©IVDMT PO
data™) instruction 720 LALU-N DR¥IN DX IWY THNY ,DI00)9010
.DXa8n NNON NN control O N NN
Pipeline
JF/ID, ID/EX, EX/MEM, MEM/WB :025¥n y2 D007 90
:hazard "o
e Structural hazards: hardware cannot support a combination of in-
structions
e Data hazards: Instruction depends on the result of prior instruction
which is still in the pipeline.
e Control hazards: branch resolution depends on the result of a previous
operation

($t0 <

imm e destination register

bt $s0, $s1, x

:data hazards=b m»ang

V992 MON WY NN YN MTMPaN 95 IR N¥yY :Bubble (interlock) e
KabiY)

NIV ONNN PRI NAVIN RNV YNNI INNINA wunvnb :Forwarding e
TIOX) MAPY NPVRIPIR MW SNV NIY SWNd  .DIVDNID NDID)
Forwarding EX/MEM — ID/EX

MNN INMND OO IMND XIIPN 2INIO WaN [ Transparent register file o
RINY

:control hazards=Y m»ans

.branch=nNNN NP NOY NNINN OY MTIPS YN :Always fetch not-taken e
NV 095 pipeline~a Y370 MNXNIY MTIPONN 09 IR NPYI branch~N ON
D000 IR IN PIDTD INX NMIYVND

0NN INRS MTIPS MND P ysann branch N :Delayed branches e
P .NIPN Y32 Mysann branch N NN YW MIRNMIY MTIPON OV
.nop DYY IWAN NY DN - NNV DVO NPVIDY MTMIPS 1> AD»ampov

N 9% N> N2y fetch™n 2Ywa :Dynamic branch prediction e

09Ny DYV

[ Gate [ State | Input | Output |
NMOS 1 On 9 [ I
0 (any value other than 1) Off Any /
[ Gate [ State | Input | Output |
PMOS 0 On g Weéik 0
1 (any value other than 0) Off Any /

SV DV NI HNPYNY 1NM PMOS-1 "3 TNX YN ©yw D » 15
PoONN PIDT TAR PON OXR .0 SY DVYa N NMOS-n "3 »nv pom |1
(Z noxm) M2d YN
(mot) ' :MOIN 21,. .., Ty DNV ,0/1 DD :DMINDIA DNV
.mand) x Ty ,(nor) z | y ,(xor) x @ y ,(and) xy ,(or) x +y
"W MY MIAPIWY MTINYI MMNMYY TD MTMYM MMNYN NN ATO) 099 NN
nNd DY NMINRN NYava 1 Ty Dy DO’2N NN mMDOY N¥IY LTAN V22 1N
D17 ANV Dnd 0NN TN D ,2 MPN 0N 02NN DONNRY 02250 MNaY
.DONYN NND DY NP0 NIN 1290 9O
0”NY PN
Decoder: Input: n bits, a number between 0 and 2™ — 1.
Output: 2™ bits, output j is 1 <= input number = j.
We can create any function using a decoder and OR gates.
Encoder: Input: 2" bits, “one-hot” - exactly one bit is set to 1.
Output: n bits, representing (in binary) the location of the 1. If not
unary, output is not defined.
Multiplexer: Input: 2" input bits and n selector bits.
Output: one bit which gets the value of the input indexed by selector.
Half Adder: Input: z,y.
Output: sum = x @y = 2’y + zy’, carry = zy
Full Adder: Input: z,y,ci—1
Output:  z,y, si, ¢i. Built by chaining HA (z,y)’s sum to
HA (¢;—1,sum), which is s;, and ¢; is OR of both carry outputs.
Ripple-Carry Adder: If C,,_1 = 1 then there’s overflow.

So C, S1 C Sn-1 Ch-1
HA (mo, yo)—o>FA (ml, y1)—1> ... FA (:L‘nfl, yn71)—>
Ripple-Carry Subtractor: (—y) = (’y' + 1), so:
So S1 Sn_1
1 —FA (o, yé)&FA (xl,yll)& . FA (zn—1,yn_1
Signed overflow detection: carry into MSB # carry out of MSB.
Carry-Lookahead Adder: g; = x;yi,pi = Ti + Yi, Ci+1 = gi + DiCi
(open the definition for every 1)
Comparator: © =y <= z—y =0/ Py = 0, unsigned = > y
<= computing x — y yields no unsigned overflow, signed z > y <=
z > 0 > y or same sign and x — y is non-negative by MSB.
Unsigned Multiplication: p; [j] = a[j]b[i], P = 2'p;
D2MtN
VA2 NINYND 0N VoY TY DPOPN It Propagation Delay :tpq
DNNYND PPoan VOPNY
W72 NMINYND DNnn V59N TY 0N It .Contamination Delay :t.q
NNYNY oNNNn VOPNY
20 nrnY PN D-v edge 95 T tsetup
0% vNY TN Dw edge MINN Y thold
Aynn Clkw NN 2¥°NN0 Q9 NPV IR itpeq
Q2 wd Clk2 "»wn YN iteeq
teycle 2 tpeq + tpd + tsetup YT thotd < teeq + tea WYY
IC x CPI x Clock cycle :n¥1 ot
9w DWHNNYN 12 YR PONN - Fraction Enhanced 1003 970N PN
NY YV PON IMN 19 0D 29 - Speedup Enhanced

_ ExecTimegq __ 1
Speedupoyerall = ExecTimenew — (1—Fraction Enhanced) Fraction Enhanced
Speedup Enhanced

)=

—9 . —6
nanosecond = 1077 seconds, microsecond = 107" seconds

990099
SR latch:
reset Q
C IR0 [0 a]
o 0]0 ’ ’
SR Latch - ol 1 g 8/ %2 C{
1]o0 Q Q' 1 [ o
11 Q Q' ol o
g (D[ WE [ Qi [ Q]
D Latch = o D 0 Q Q
0 [ 1 Q 0
(level 1 i 0 1
triggered)
e [DIWE [ Qi1 [ Q]
—win wen —° e D 0
D Flip-Flop ——— - D11 8 8
(edge D [ 10 Q Q
triggered) D 0=1 Q D
MIPS Register File: Input: Read Reg 1 (5), Read Reg 2 (5), Write

Reg (5), Write Data (32)



.N2NON T DY 1POD DD ,NAIND NMND DIAMD DXTAYN NV
Exceptions

Cause™2 M) Nwn Mo EPC register-a PC X 00V ,NNDY INND
DVDNIN .AYIAP NIND2 NYYANN NIIYN DY PPN DNNP) register
MNPH DY PI DNMIN NIIPY WINY D909 DIV XY D Cause”y EPC
NN P DWYRYN 00 D MWD Py XY §k0, $k1 010DmIn IR .MThn
Unknown instruction :MxIYY MNNONT I8V D DR RO NOYINN NOIYN
.(ID), Division by zero (EX), Unaligned address (MEM)
D'stage™a pipeline 2 DIYIDPN NND NPNY N e :pipeline by nyya
DIVYPIVDYRN Y5 NN 5VAY PIY @ .ANY INMNNY stage™d MPTY | DNV
NOVW brancha N9 exceptionn DN e branch mispredictiond NMTa 0NN
IP NO NI IN DNPO
pipelinen TINY exception™n Sy YN NN AYNY NN YYD NN
.writeback 25%2a P71 YON DAY

Complex Pipeline
M OIN .D”DY DOPPD MND NN NP NP 935 Unified pipeline 2
Non-unified-a .stalln 5 NX NSym 72301 INvY Forwarding 79
DNV D2YYI 010D MND MNY MNP pipeline
TPINN NIV ATIPON PIT INY DNPIY INTIP NTPs oX :WAW hazard
NP*ADN NINN NTIPANY 95 NAND INY NINPN NTIPINY NPND 913 N
YT 7708 WAW yind »75 RAW 0y P9 mya i »wdy Ty NN Muyd
920 MYNNN VIDIWD 191 PP NI NN 100N Y Yy

Register } #Tyglﬁs ;il} vzvritebelxck [ In bypass (WB) ‘ In RF ‘
$1 1
$2 1
$31 1

VY IX PY2 W ONY NP VXN D5 IR DUV 753 NN 1OTY) DP»o Y531
5532) cycle™n yMN2 DIV NIYH 2INDD D) NYYL MY 20 DV stall
.(register file~n N3N
Instruction- .222pN2 MTPO 190N Y170 MM :Superscalar Pipeline
NN decode~M fetch~n 25wa ,U-V Pipeline=2a ,nnnT> .level parallelism
AWND V-pipe 9 U-pipe > 0799) ©2aYWN INY IN) .MTIPS 2 Dys Yo2
MO MTMPY 9ava P71 vmum 95N YINY 9150 X on’ Yann V-pipe
NN NVONNN V-2 o U a 0) wnnvno Mmoo mMO2on MmMps .nmon
.decoder-a N0 V-pipe 2 wnnwnd
NIV 11999
1220 v Page Offset=5 Virtual Page Number=> nbs19mn 315%2 namnd
cache XN TLB v .10 n2mn2Y Virtual Page Number nanny RAM-2
D39 5V 0PN SV
page™2 95Mm set#"v oM ON :overlapped TLB and cache access
.N2INON ONIND 9apNa cache=> NWID ’NNND IWIN offset
cache Y¥ NIPN2a P9 Y¥aANN NINON ONIN :virtually-addressed cache
MON N TP NIND NMND DN DINY DYIN9 MWW 1PN YIAN .miss
NTND >0 reverse TLB 798 cache miss~21 ,cache~a 702 19y 0w
N2IND DMND NN RO NINN NNY GRY
OOOE
<o YV AToN 280 MY Mmand MNP :Reorder Buffer (ROB)
MNOVPYLIIIND A¥NN DX TDTYM (retire) ROB-nn mxyy» mmps ROB
N 922187 DOV MMPNRN Y OXR ,NTIPI D30 Y170 1»D) NNIY ’ON N DN
MPND OV MONNN MNP NPYID NN PDN NINN LYY MM NN
TIOND D21 OM NOY DVNNYNN DR MODTYN NN YITD NN»ON NTIPIVd
Ruphin))al)
N ON TIPS T TIY NIIPY YN P8P TI90 29 Dy branch Yv NapNa
5v NIPN IR ROB™N 55 NR 7iNnD YONI I NN KD DINPITI9 NNvn
AN ROB-1 Y5 NN 1 retire~ 0 NiNvd P NP> NI exception
T 00T 190N IMND MYHNNYN MTPS 'NY DN :False Dependencies
MW register renaming 9O 29 .J7PP2 YN MYN YWY NIONA TN NI
.pr¥ 9 DX $rx 0N Y5 NonY Register Aliases Table nYav
RAT-N NN 9tNYY >7D QDN ONVPYIIIND VD)0 2IND) retire™n 25v2
N7 ROB n»v Nv NNy imwmvoon mv) ROB entry 952 ,flush "N
N NTpea
2 Opm 1325 Y70 m»o ROB-2 mmpann N2 :Scheduling Queue
55 MaY) MIDM 11 MTIPO NN NN HP»o Y521 PN D 9 N0 ROB
(AR Y115 >T73) 5N NN ROB-2 nTipas N NINnd NOIDW NP
VI NI RO PTYY MTIPAN DX 2912 09vY 1oPp INY NN NN SQ
NN 7N NTIPANY N VX U NAY NINIVN MYNNPNRA NN NMONN OV
.0M NPNY 2T TN NTIPad
TLP
NN OVIN IND ¥ ON YAN instruction-level parallelism Sy 172y YWy Ty
Symmetric Multi = SMP .thread-level parallelism 1MNX P)yn 0779
PO MY DY) DY (MDD) DN DTAYN 190N WY IMIN - Processing
MND MR SY MY - Simultaneous Multi Threading = SMT .9mwn
, 7793 MNVPVLIIIN AN W MY Ty 930 MDD AN 29 ¥ TPND HIAN MY
ROB-n .0mvo amwn NN SQ-N HSvnd .oamvn Darvnnm pon Yax
779932 retirement™) 9NN thread S¥ MTPa ¥ o8N Y521 HNan NN

=
NOT: NAND: <

.Branch Target Buffer-a 9mw) .prediction

AMN DNPIY N3 NINN Y9 branch-n ON :Backward jump predictor

.dynamic branch prediction=n VIV NP NAIM MNND OY»N Mt

strong- :BTB entry 555 0asn 4 oy 0>asn nndn :Bimodal predictor o

ly/weakly not-taken, weakly/strongly taken

.Likely taken branch Sv nmpa v MIPS II-2 :Software hints e

v MIPS IV-a :data hazard-b control hazard »nn> :Predication e

071 MY N ANY NN TIY ONN 289 Ty MPPNYNRY movn, movz MTPo
RAM

y>n omwa DRAM- SRAM w

: '7m Lines
|

it Cell

JPTON 1T NNAVNI NNND)

word (row select) o |

]
Il B .
I N
Il B

DS R R R
High ) §

I Y

Low

Address Data

MWD AN ANaN bit’ -2 2’ 7w bit=a Ty ©w) ,nNo1 :SRAM o
TITHN NN NN N2 ,Vaa/2 79y DY bit’ NX ON bit NN 03 YOI ,INIPa
.cache N2 wown .bit’-5 bit Pa wronN NN
W) NNO2 .Yy transistor DY capacitor NN XN 90 :DRAM 9ot
A9V 1PN NN NN N WLI capacitorTn INY NTWA NN bitTa x Y
NWI XY bit2 0M»Wn IX TITHN ;NN N2 Vaa/2 Ty Y0 Npa
NP YNY 702 Refresh Mwys Ay QoD .N2ND MYNNNA TN NN
201 ANV YAV I9INA NTIV capacitor-a NYYLN ¥ YT NND YD DINNN Y12
DUNT P NN YHYHD DIV MMV IWND DMWY DNIND MTINY XI1IPY
Cache

Y 2119 NIN5Y owaY NN - Temporal Locality e :nOINpY o
DINYNM TP HYNd .2Ipa 2w PN
MOND MIINID YN I NN WY INR - Spatial Locality e
LTINSV Do Swnd apa
[ tag = line# (31-5) | offset (5-0) | (64 5v mwv) :Fully Associative
.cache=a DYpN Y52 NYNY N9 NN YO
[ tag = line# (31-14) [ set (14-5) | offset (5-0) | :Direct Mapped
.set=N 1901n> RNV cache™a TNNX DIPNA P NYAY NN NNV DD

[ tag = line# (31-14) | set (13-5) [ offset (5-0) |:2-Way Associative
.0N2 NYNY N9 NNV MMIPN Y W NNY Y35
™) 7YaN 5T NR b3 ,ways N 990N NN N-2 100) 000 NN VN
X =log, (b),Y =log, (¢/N) 210 .Wwxpn 9T NN
[ tag = line# (31-Y) | set (Y-X) [ offset (X-0) |

Address
5 s

Tog Set  Offset

way™) set 92 72y MMWO TI0NY) tag array-a
MW 551 §»P) valid VA G0N tag N NN s
.Dirty va by Write-Back 5w n7pna) (ann o
pseudo- ¥ DN psuedo-LRU Sv oov>a qona

.LRU

Data Array

way 0
sen 630 6

way #1
o

hit/miss data

AMAT = Hit Rate - Hit Time + Miss Rate - Miss Penalty :1999% 519991
Miss Penalty L1 = Hit Time L2 4 Miss Rate L2 - '~ ,L277 L1 v ON
.Miss Penalty L2

290N cache™n OX D) NP :Compulsory miss e :cache miss M0
- fully associative™a 0y 0P :Capacity miss @ .1I21D NNYNI NW)
S5v 51N :Conflict miss e .cache™a DpN WV NN N5t NP OY DT
NAPY MMV DY N9 Pya W DAR 90N cache N

NP2 DADND PAN NONNY N DR NNAY TN :cachea MMV nadnn
NYN X NN :LRU .temporal locality™> Txm 9an vond Yp :FIFO
Yy :pseudo-LRU-2 wnnwi 1991 1521010 N3N .11 1290 20N N2 ) ROV
IV PINKD PN T DDR NIMY NNIY 9 12Y 1IN’

Request «B» Request «A» Request «E»

ORI s

N 03 1OTY) TN Write-Through-a :hit Y¥ H9p1a cache by Hand
memory INY NP YaN coherency™ 210 Mt .cache N NN DN NI
T2 PN NN JOTYN cache n NN P 19TV Write-Back-2  .bandwidth
219y YaN M ND YV latency N NN T Nt (dirty V2’9 YY) eviction
.coherency MavH

193N 55 NN V) Write allocatea :miss ¥ N9pna cache by Nans
Write--9 NN Mt .cache= 2102 N PN (read miss~> NM1T72) cache >
O RN AT OWURID PIONY MY 2N Write no-allocate™a  .Back
.0”0N NPNONY MOND PN RO Taynn .Write-Through

NNN ANIPY NPNY 912 MONY XY MANINON ONNP ON :Data alignment
nrnd N2a»N P NOwa Sovw NwAT w MIPS 2 .Dcache line »v nsin
.cache line™> aligned

PIDT INNN DMNX DX MNID MII¥ MDON DI :NPOVIINP :PIDT PINT
NN TAN G N2INOY NDIAND OX :NPVIVDONP 2IDTYN ANNN IN NN
YN N2INDD 1IAND DX .NIANIY TIY IMN DX NITIPO N8 ,NMN NIPY RO
DN .MIANDY NN NN NP TN NN (19T 229010 INND) NINH NNP NN



