LC3 % LCY

IS A , Wiero- Arc\nﬁec\ﬂureJ mad fro 3mv\w\'w\a

LCH

BR

Controller:
o Decode N D_MEI\i -y 6 states
_ | i T e 5 control signals
Add_1 instr[15:12) IN"“ux[ ¥ | ‘Le ‘ DRLUX ] n MX:m PC
BR INmux[0] Mwe MEM EN
inst 15:0] regFile a
1] s I . Instruction execution:
I_MEM one cycle
PC = [ instr{8:6] 2 2
:‘ ™ ey | inst[5:3] - ? = [ - INmux[:1:0] clock:
& o o § 1 e 2.5 (memory delay)
inStr[8:0] s E -
él CLK instr]2:0] g funel20)
Word Size  Registers Memory (split) Instructions
16 bits 8 @ 16 bits  16-bit addresses ALU, LIM, LDR, STR, LEA, BRR
16-bit ALU RO ...R7 word addressable ALU operations:
PC two address modes: ADD, SUB, AND, iOR, NOT, NOR, INC, DEC

register-base, immediate

Word Size: 16-bit

Registers: 8 @ 16-bits +
PC, IR, MAR, MDR, PSR,
interrupt VECT

Memory (unified): 16-bit
word/address/addressable

13 instructions:

LD, ST, LDI, STI, LDR, STR,
ALU, LEA, BR, JMP,

JSR, JSSR, TRAP

ALU ops: ADD, NAND, NOT
BR ops: =, <, >,
>=

<=,
4 addressing modes:
PC-relative, PC-indirect,
register-relative, immediate

I/0: keyboard, display

LC?3 - o

e T et
ij PROCESSORBUS s
— o ol I .
o ’j - o - PSR REG
REG_FiD
addrA.rllh. E : |
3 O |, stackOps %‘» E
[\ =
o —t =
_b}‘é‘ _ .3 . LI. P[l rol _jé
fac MDR a8 I =
MEMORY-I0 BUS ﬁ'?l" | =1 _
Jj; J-:E jmpk e = Controller:
' B - 60 states
e n 50 control signals
PC, IR, PSR,

Interrupt Vectors

Instruction execution: 4 to 10 states + (1 or 2 memory delays)
clock: 0.1 (memory delay)



MEMORY

ADDRESS SPACE:
16'h0000 to 16'hFFFF (16-bit MAR)
Memocy
ACCESS OPERATIONS:
< |b bits = read or write one word (instruction or data)
. PC WORD SIZE:
. 16-bit (16-bit MDR)
3
x1Z 4 ADDRESSABILITY:
BR +2, 1-word (2-byte)
A x]23 5 access is at 16-bit boundaries
most machines have byte addressabilit
5 x1234 ‘ 4 &
wste_g x123'F
Wnav_4
o PUZZLE
[ 4
‘ Write a program in LC3 or LC4 machine code which alters its first two instructions

using data A and B:

(1) instr_0.opcode <== instr_0.opcode + A (only opcode is altered)
(2) instr_1.opcode <== instr_1.opcode + B (likewise)

Program is independent of program'’s location in memory.
PC points to the BR instruction.

Data A and B are in consecutive words of memory.
Below B are more instructions.

state-by-state operations (notation and display)

RTL (Register Transfer Language)

Wire paths

MAR <== PC

IR[15:12]--->FSM.opcode

(PC content copied to MAR on next clock tick)
== 1, all other controls == 0)

(IR's upper 4 bits connect to controller, FSM.opcode)

LC3 verilog testbench display (see projects/LC3trunk/lib/test.jelib)




LC 3 LC3 fetch instruction:

State 18:
MAR <== PC
PC <==PC + 1
State 33:
MDR <== MEM.out
X
State 35:
IR <== MDR *
¥gee Trisledes I memey-To Bus

Branch on int: 1 _ GateALLY
[int]
1 |_r:Mnn_e.'L']"E E_:_jﬂ—tnuﬂl‘r ‘
ME MOSY ""::‘ MPLT OUTPUT
- 7
Branch on R: 4q weafl w K-
"R=("
+ + — d&.\&\DVS
" erruf Mid BYS: — address bus
hmilny
\l —  Covlre] bus
. in Electric, LC3

1. See top.Mem-10-Bus
To 32, Decode

--- address decode
--- tri-states

(5« Aﬂ) c) --- control bus

2. See test.testinstr

--- initializing memory



LCy ) 'Fe'l"-‘-‘\ iv\s'l'r Uc+|'o“

BR
takaBR PCplusOna]15:0] 4
D _MEM
Decode - .
. ck —
& + an s adde P a
A i
1 A.dd_1 | | | | | - .n\n'urrMJ.'l.'.'Ji
; N 1] e - P sshin b
v . - INmux[G] LA MEM ER
IR[15:12] regFile
PCoul[1510] wAIITE OMEMoLp 1)
. auf 13 g
‘ I'IEH1.F'C[15.‘:I] IR 17 8] s d >,. ........................... sl 59 autl e !
\ I MEM ALLru1115n]
PC IR{E:E] A 52 uf15:
el R )
: s [ [ 5 e R T
~ Rpso: | B i .
—> R ,E . R[5:3] i i RegFle N 1:0]
clk é - wd N &
&, dbley ——7 DRux e e
u)d,l‘S éen —l_r
PO o SEXTA '
d IRLE:0] s = mmed[15:0]
1“1 CLK rag_in[1510]
IH[‘EG] ............ :"5, A A e A -

PC <== PC+1 (not until next clock)
PC ---> |_MEM.addr

|_MEM.out ---> bus IR[15:0]

LC4 instruction format, ADD:
RL+R3 = R

address from PC.out
0000 010 011 110 000 to I MEM.addr:

word from |_MEM.out is
ALU R2 R3 R6 ADD word "on" the bus IR[15:0]:

IR[15:0] == 16'00000010011110000
Opcode S1 S2 DR FUN

b‘.+5-.15...12 11..9 8.6 5..3 2...0

..................................... 3 \aKe B PCF‘USDHGHE:O] m R
Decode: -
Decode D_MEM
IR[15:12] ---> Decode.opcode[3:0] "‘(i"l" - T e
3 fatial ] N u Rme | DR P o :
. ‘o B BR []INmux[O] Mwe oL
Decode output (control signals) IRi15:12] regFie |4 :
(instruction is BR) é"@‘“’c[wﬂ] gF'C"”‘:”::EM IRI11:6] R e out i
[1:0] (steer data to regFile) L b S I de y
1 H out15:0 |
(regFile write-enable) o oL - X
(D_MEM write-enable) | L | T S R A T ?\ '
(select IR field for DR) A B e
o IR{E:D] i . . SE”‘J mmed 18 s
PP R s— =




Operand Fetch:

(Select which registers to get data from,
controls regFile's output muxes:)

IR[11:9] ---> regFile.S1[2:0]
IR[8:7] --->regFile.S2[2:0]

(Get data from registers:)

regFile.out1 ---> out1[15:0]
regFile.out1 ---> out2[15:0]

(out1 and out2 are buses)

Execute:

(Select which ALU operation, controls ALU's
output mux:)

IR[2:0] ---> ALU.func[2:0]
(Get result from ALU:)
ALU.out ---> ALUout[15:0]

(ALUout is a bus.)

Store Result:

(Select ALU's output to send to IN:)
INmux[2:0] ---> INmux.select[2:0]

(Select which register to write:)
DRmux ---> regFile.DR[2:0]

(Send data to register:)

reg_in[15:0] ---> regFile.IN[15:0]

(Write data to register on next clock tick:)

Rwe ---> regFile.Rwe



LC3 Ins'l'rwf('foh Forma"l'c

LC3, ADD:

Reﬁi <r_ﬂl sz

R( «— R2+R3
0001 110 010 000 o1
ADD R6 R2 R3

SRa ﬁ_ﬁ*“_: SKI
DR

Opcode DR SR1

SR2

b‘.'h-. 15..12 11..9 8..6 5.3 2..0

vV

LC3, LD:

(PC-relative addressing mode)
MAR <== PC + IR[8:0]

R7 « Mew\[PC + PCé’ffsc'H]

(address is within (PC +/- 511))

b}')'.s :

0010 111 11111 1000
LD R7 -x8

Opcode DR PCoffset9

15..12  11..9 8......0

PC "points to" memory location.
Data's location is near where PC is pointing.

Offset to data is IR[8:0] (negative, in this case).

address
x0218
x0219
x021A
x021B

x021C

Mew

x1234

x5678

x9ABC

LD R7, (-4)

x1234

T \-’n
hade e 2] Pe :&é’
Arith PCoFFgH bR

O|IR Rey file
MDR ’mem MAR
ovt o Q_A_‘}SJ
IR[8:0]T
el +———

R7

x021C

PC

Q. Why isn't this x021B?



Same  4g Lb, L.:)' Usea P\eJ cms‘}ca) of PC
R7 <« Mew\[ R3 + a‘ffse'l'l]

0110 111 011 01 1000 Notation

LDR R7 R3 #22 6-bit value expressed

in decimal:

IOpcode DR BaseR offset6

LC3 asm style C style Verilog style
bis: 15.12 1.9 8.6 5..0 402 55 b

in hexadecimal:

LC3 asm style C style Verilog style
x14 0x14 6'h14

in binary

LC3 asm style C style Verilog style
? ? 6'0011000

LC4, LDR

LDR DR7 SR3 xxxxxx

BR
{akaBR
takaBR PCplusOne[15:0] R—

Decode

: R E—hhwa
e & . Lo RI—>
| | | | mmmmm LW

(no offset arithmetic)

DR7 <== DMEM[ SR3 |

[op DR s2. 1 (e | Pl I S
[0010 111 011 xxxxxx el Rwe s
] IR]15:12] regFile T
out1[15] i
nextPC{1510] ool IRY11 8] ey 1 outl P DMEMougtzal
|_MEM PARY) SO ———
" = P ... f ALLauf15:0]
("x" means "It does not EC_ e 1% ou2 B
matter whether 0 or 1.") s N om0 :
J é i IR 3] e RegFile IMmux]1:0]
k

Fowa clk

SEXTS ; :
cl IRIB:] s I = mmed(15:0]

rag_in[15:0] :
=] CLK = ;

IR[2:0] e T —

IR[8:6] ---> regFile.S2 (select R3)
regFile.out ---> D_MEM.addr[15:0] (address to D_MEM)
IR[11:9] ---> regFile.DR (select to write DR7)

D_ MEM.out[15:0] ---> regFile.IN[15:0] (send content of memory location to register)



So, how world we de e e;uim/em‘ o4 LC3's
LD (PC-relative) om LCY P

1.) Get PC content into a register, R1.
2.) Get offset value into a register, R2.
3.) R1+R2==>R3

4.) LDR DR7 AR3

1)) c sy pocT

R1 <===PC e o5 kot
LEA DR1
[1000 001 XXXXXXXXX ] " CEcEHE |
IR[11:9] ---> regFile.DR e .
H BR MEN Ehau' .
PCplusOne ---> regFile.IN R outtlts
-PCoull1sd] IR1S] sz DMEMout1 30+
nextPC[150] Ef150]
(LC3's LD uses the . |_MEM e——
incremented PC; so, LC4 =c IRga:e] < s ]
uses same semantics.) N e i LS S
IRIB:O] s . SETTB anmetlo. O
[] CLK
P ——
address ... 'me,m
X018 x1234 x1234 | R?
\

x0219 x5678

x021A x9ABC -4

x021B LEART s x021C | R

x021C x021C | pe

x021D

x021E




2.) & Liltle fru‘ckaq_ )

R2 <=== -x4

LIM DR2 -x4
[ 0001 001 1111111100]

IR[11:9] ---> regFile.DR
IR[8:0] ---> SEXT9.in[8:0]

SEXT9.0out[15:0] ---> regFile.IN

3) e4sy

ALU SR1 SR2 DR3 ADD

y) easy

LDR DR7 AR3

immed fq,‘l’c mode acure ssl'nj

...._.;‘rmBH TSI ﬂ
- Decode
P o Iu D 1AL ) B I
A o U | m"|m1 |1
IR[15:12] regFile

gne:dF'C[‘IEII] épcmnam = L "m[ﬁ B _5:01'_'.':*

. _MEM e ALMUED}

PC [ 82 ou2 gy ] :

‘L é S - o m|5{915:0] DR - / ]
IRIBID] s ‘-? ——?f Exm . }
] CLK A g infia0]
P
address mem
x0218 x1234 — x1234 | R%?
x0219 x5678
x021A x9ABC 4
x021B LEA R1
x021C LIM R2 -x4 x021C R1
—

x021D ATUSRTSREDRIADD | - XFFFC|R2 7
x021E

Se, what ()\3 we 3ain?

LDR DR7 SR3

1. LC4 architecture and instruction set much simpler than LC3's.

2. But, requires 4 instructions instead of 1.

3. Also, LC4 code size might be 4X LC3's.

4. But, ALU operations have larger code size on LC3?

4. Well, maybe LC4 can run much faster? (but how?)

Q. How can we evaluate the tradeoffs?

x0218 | R3




LCI

R2 <— NOT(RS)
NoT R R5

1001 011 101

bts: 15..12 11..9 8.6 5.0
DR SR1

Reg isTor - Re.j idter Addressin 9

LC3 Operate Instructions (ADD, AND, NOT)

State-9 (NOT):
IR[15..12] ===> FSM.in
IR[11..9] DRMUX RegFile.DR
IR[8..6] ==-> DRMUX =---> RegFile.SR1
ALU.out RegFile.in

DR <== NOT( SR1)

Before: Regfile[101] = 1100101011110000 (R5)
After: Regfile[011] = 0011010100001111  (R3)
Regfile[101] = 1100101011110000 (R5)

A complication:
Which IR bits control regFile's
SR1 and DR selects?

LDR, NOT, ADD, ...  IR[8:6] ----> SR1
ST, STI, STR IR[11:9] ----> SR1
push/pop 3110 ----

LD, ADD, ... IR[11:9] ----> DR
JSR, JSRR, TRAP 3'b111

push/pop 3'b110

We MUX the RegFile's inputs.

Control Signals:

( see, App. C, p. 574)

> SR1 (access R6)

TIR[E6 1 01

1
CarablARATLIX -,:I":l
|
|

_g?‘ AL Y LD Po—oy F:F{:

- b
BRE=rled QUT  CUT

N T S A
18 i H a}.‘-r .Fﬁ |

10-04 o : = i
e8| el SEXT - 1

A e { 7
R —— s\~

501 ~ H FeaTE [ A |

T STATE
e L0 Rvacine| 2 o ]
corro| | ALLK - ',l .
[MjZ|Pfe-LDCE .

 § o

LOMOR —e] MOR | MAR Ja— LOAR ‘

] ME MY ""JL INPLT ‘ oUTPUT ‘
i-_"# : e
firom 35 STATE 1¢

wistabeled m PP A(',Oenc,. C

32
Decod?
IR[5:12]

---> DR (access R7)
---> DR (access R6)

SRImuUX

IR[\I ﬂ 00
Rca‘F’.lc. SK1

Tpllo A0

CcC

To If fekch inde

DRMUX

IR [\l ‘i] 00
11— 01
Tplg A0

I‘{e,a{'-'.lc. hR



ADD (3-register addressing)

State-1:
IR[15..12] FSM.in
IR[11..9] DRMUX

RegFile.DR

IR[8.6] === SR2MUX ---> RegFile.SR1

IR2.0] ---> RegFile.SR2
IR[5] SR2MUX

DR <=== RegFile[ SR1] + RegFile[ SR2 ]

1

uL'.al:uul.m.ﬂllt.lun-c-,;gA
i
|

—4? RUAHRELI Y
%I’. il

ADD R3 RY

RS

18 A
1004
{2 {5Ex7)

0001 011 100 101
bits: 15.12 11.98.6 5 2.0
DR SR1 SR2
32
Dccer.

1

cC

ADD can function two ways:

: DR < SR1+ SR
: DR ¢~ SR1+ immed5"

To 18

LI MDA

7 |

LCx IR —-I?IL

16

[ uoR |

]_ MEMORY
|

—

1 reare ™

STATE

*MACHNE

TICITETY, T

IRI4:03 2

To ALV.B

1. ADD: Get both operands from RegFile, SR1 and SR2
---- register-register-register addressing

2. ADDi: Get one operand from RegFile (SR1) and the other fromIR[ 4 : 0 ]

----1R[ 4 : 0 ] (aka, immed5 in this context) is sign-extended from a 5-bit number
to a 16-bit number.
---- Sign-extending copies the low 5 bits, and then makes the upper 11 bits

all 0 or all 1, depending on whether immed5 is positive or negative
---- register-register-immediate addressing



Sign-extending the IR immediate data bits:
IR[4 : 0] ---> SEXT.in ---> ALU.B

Rejﬁle
ADDi R3 Ry x5 5

IR 0001 011 100 1 00101

14 sR2 SRl

bits: 15..12 11.98.6 5 4..0
DR 5R1 imng/;' 0000 0000 0000 0101

bit 5 i mux sefect

Q. How many different sign extenders are needed in LC3?
Instructions w/ immediate data: LD LDI LDR ST STI STR ADD ...

There are 5-bit, 6-bit offsets, 9-bit, and 11-bit offsets

A-B? ===>Do A+ (-B)
2s-complement with immediate constants.

Suppose: Ain RO, Bin R1

1001001001

NoT R1 R1 R14— NoT (R1)

0001 001001100001 R'lé'(-m)
ADD R1 R1  #1 R1 < R1+1

0001 0110000010

ADd RZ RO R RZ < RO R

RZ <~ RO - Rl (B4, R1 wow hea. ~B)
A B



LD DR  «x0AF

0010 011 010101111

b‘.‘h: 15..12 11..9 8......0

Load/Store ( LD / ST ; pc-relative addressing )
load a register from memory / store register in memory

DOES Address ARITHMETIC
LD
State-2:
IR[8..0] ---> SEXT-9x16 ---> ADDR2MUX
PC ADDR1MUX

(ADDR2MUX + ADDR1MUX) ---> MARMUX

MAR <===PC + IR[8..0]

State-25:

MDR <=== MEM.out

} * +Tri-s'{'a. es

State-27: m Mio gys

DR <=== MDR

!!Iem ora,
24
l. 2019
LD R3 OAF

R2 ‘)+0AF
0005 |<{ 0005 = 209

o AFRILIY

\~ GatepiC
Ho (£

I‘r. 3 =]
1L ] ,
PCMUX e

-i L0 HEG
G i = (L]
L ”lh ? | saa sAr | sl
BR2Lel QUT  QUT A
)

Fa A

3+

LD IR |

AR < PC+ PCoffcetd

PC <== PC+1 0010 0000 0001 1010  (x201A)
+SEXT(IR[8:0] ) + 0000 0000 1010 1111  (xOOAF)
MAR <== - 0010 0000 1100 1001 (x20C9)

R2 <== MDR <== MEM[ x20C9 ]

(x0005)

- FIITE e W
STATE &=
g (TP 2 ] A
AL
COMTROL|  ALUK a

8

Gatefl L

1
!
‘ !
1

P QUTUIT |

25
MDR < MEM

%

To 13




LDI R3 x1CC (-x3¥)

Memary
1010 011 11100 1100 - .
bits: 15..12 11.9 8.0 MDR|FFFF< ’ |
FEEF]|77£7
L&é:yry.indirect.addressing) MAR | 4 92E ? ; -34
ol Pointer Variables LDI R3 X"3"l ,7( A ,l C
State-10:
“ MAR <=== PC + IR[8..0] IR 1¢C | o . A1D
State-24:
“ MDR <=== MEM[ PC + PCoffset9] .
State-26:
states PR 0005 | FrFF
' MDR <=== MEM[ MAR | PC | 4ALD |,
State-27: R <o MDR ﬁHer P4
Memory
State-26: .
MAR <=== MDR . 1
e MDR <=== MEM|[ MAR | | FFFF 19£9
State-27: °
DR <=== MDR MAR| FFFF :
-3
RB . 26 R
3£‘\e’ 27 I )
R3 [ 0005 MDR| 0905 .
25 L 0005 FEFF
Samity check ) y 4 A 1010
1 4=0100Q A=10l0 D = o] B ol
$A1D =10 | \C = | ¢ 110
rFFCC + +f= 11 09 5 10|
Y 9GE] 1 001 1 11001 171001 E 1110
41D
-3 4
Y9E 9



o From 34

MAR <== PC + PCoffset9

2 1=
oA LE
LOAEG
2 | saa sAr | s
BR2—Le QUT  OUT [o7 S
L] r L]

LC3, What we've got so far:

NOT R1, R1

ADD R1, R2, R3
ADDi R1, R2, x10

AND R1, R2, R3 [5_5-1.[, o'afJL&L &% 6 (fs BQ) (‘IL,-LIS’]Q Z_

ANDi R1, R2, #13

LD R1. R2, x-34~ decimal
ST R1, R2, x-34

LDI R1, R2, x-34
STI R1, R2, x-34

~ 9.
o ow Gt et = 2258 (4=51)
he

X



Mot addressing renge — lb-bit IRGig] TA[:()

LDR/ STR (register-indirect addressing)

Pointer in a register
LDR
State-6:
IR[11..9] ---> RegFile.DR
IR[8..6] ---> RegFile.SR1
RegFile.SR1out ---> ADDR1MUX
IR[5..0] ---> ADDR2MUX
MAR <== BaseR + offset6
State-25:
MDR <== MEM[ MDR ]
State-27:
DR <==MDR

LDR R3IRE xOC

0110 011 110 o001101

bits: 15..12 11..9 8.6 5....0

/\ OFf;e‘ll 4 =, oo
Full Vbt aﬁxressfng

Memory Mem Ré ) pol'n (
address content
0005
" X0012: ABCD °ffsctd = 0D
R1 0012

x0200: m—
LDR |0200

Overall Effect I d, how 0( ,J ne jbj

DR <=== MEM[ BaseR + Offset6 ]
A/'\ Qééres‘s [lé"bff')

W RC?



LEA

(immediate addressing)

State-14:
PC ---> ADDR1MUX
IR[8..0] ---> ADDR2MUX

MARMUX ---> RegFile.in

DR <= PC + PCoffset9

LEA R3 1FD (-3)

1110 011 11111 1101

b’»’)'_s'. 15..12 11..9 8.....0

Me mery Con"'cn*
X01FE:
X01FF:

x0200: 1110101 111111101 ( PC <==x0201)
x0201:

0200

R5 <=== PC + SEXT( 1FD )

\&111 1111 1111 1101
0000 0010 0000 0001

0201 + FFFD = 0201-3 = O1FE

meM

OIFE

LEA =3

020)

R5

Pc



Lcy S)(&,J[es

LC3

S‘Ta?f €3

-
MAR-SP
[PSR{E]

Y MAR, EP=-EP41

SP-EP1

[PER[1E]
\ ]

VECHDT—i00
MDR<-PSA
PSR{1E}—

A
/ J
[ Saved S5P«-5P

oting SPo-Savan_ USP

)

)

568

To 18

Tol

(DF!;—I\-ST.:SH:.

(DR:-P:«:*B)H

one s'lLﬂ:l'e e\ Each state branches to all other states. Which branch is
, taken depends on next opcode fetched from IMEM.
‘M}Vt)ihén

BRR
.‘
o3 &

apperdls ¢ The Microarchitecture of the LC-3

10
MAR <-PC
PGP+ ———
N1, = "
2 0y sy Tl VedtoreNTY
e Figure £.7) PEA[10:8]-Priodty
\_fm_""'nn"'“ ) MOR--FSR

Fl \ PSR[15}e
| \__[PsAriEp

‘ ]

Saved USPe-SF |
SP.-Saie0 857

v

Vaoior--x01

MDR«—FSR MAR, 3P--5P-1
PEA[15]—D

\_ PR e 4
f \ ~ Wrbe}
r \

o Tods

2 Ta 18
PC-BaseR
sat GO o ,'l

A7<-PC Ta 1B

f | |

[ nf g \ \'\ L s #
fl r.mnj:cﬂm] G ”«1 \ r—1_;||'| 5 "‘”D
) S

\ PCe-PC4afi11] |
- |
| MOR=—MMAR]

. ;1—/ | ;
R i ll'l \‘\ To 1B . p?ﬂ ~y -
MAR.-Bsafi \ l

_§1 p \{ Tel8 l #
kl.'\mﬂ‘:-PC-rcﬂBJ

10
PC-MDA )

gt OC

NOTES
Bacfif : Base + SEXTjolfsetf]
PCealtf : PC + SEXT|ofisatd]
16 i PCsaltt! : PC 2+ SEXTlaftseti1]
Ifugm.un]ﬂ-mnn 3
R N
Toi8

"0P2 may be SA2 ar SEXT[imm]




LC3, What we've got so far:

LC4, what we've got so far

NOT R1, R1 ALU SR1 SR2 DR3 ADD
ADD Ri. R2. R (also SUB, AND, iOR, NOT, NOR, INC, DEC)
ADDi R1, R2, x10 LDR DR1 AR2
AND R1. R2. R3 STR SR1 AR2
ANDi R1, R2, #13 LIM DR3 x0A2
LD R1, x-34
ST R1, x-34 LEA DRI
LDI R1, x-34 WhIf ---------------------------
STIR1, x-34 ats et
BRR CR2 AR7

LDR R1, R2, x23
STR R1, R2, x23

Simulate LD
LEA R1, x0100 LEA DR2
LIM DR3 x-34
""""""""""""""""""""" ALU SR2 SR3 DR2 ADD
What's left: LDR DR1 AR2
BR x123 e
Simulate LDI
JSR x123 LEA DR2
JSRR R4 LIM DR3 x-34
ALU SR2 SR3 DR2 ADD
JMP R7 LDR DR1 AR2
TRAP x23 e
Simulate LDR
(interrupts and exceptions) LIM DR3 x23
ALU SR2 SR3 DR2 ADD
LDR DR4 AR2
Simulate LEA
LEA DR2
LIM DR3 x23

ALU SR2 SR3 DR2 ADD



—— Instruction set summaries
—— LC4 details are in header comments in lcasm.c,
—— LC3 details are in Patté&Patel, Appendix A.

—-— Notation:

—— SEXTi = i-to-16-bit-sign-extension

—— d = decimal, h = hex, b = binary, x = hex, # = decimal

—— LC3 branch Condition Codes: N = negative, Z = zero, P = positive
/)=

//—— LC3 instructions

/== syntax semantics

//—— ——————————————

//-— ADD R1 R2 R2 Rl <=== R2 + R3

//—— ADD R1 R2 #3 Rl <=== R2 + SEXT5( d3 )

//—-— AND R1 R2 R2 Rl <=== R2 AND R3

//—— ADD R1 R2 #3 R1 <=== R2 AND SEXT5( d3 )

//—— NOT R1 R2 R1 <=== NOT( R2 )

//—-— LD R1 x89 Rl <=== MEM[ PC + SEXT9( h89 ) ]

//—-— ST R1 x89 Rl ===> MEM[ PC + SEXT9( h89 ) ]

//—-— LDR R1 R2 x89 Rl <=== MEM[ R2 + SEXT6( h89 ) ]

//—-— STR R1 R2 x89 R1 ===> MEM[ R2 + SEXT6( h89 ) ]

//—-— LTI R1 x89 Rl <=== MEM[ MEM[ R2 + SEXT9( h89 ) 1 ]
//—-— STI R1 x89 R1 ===> MEM[ R2 + SEXT9( h89 ) ]

//—-— LEA R1 x89 Rl <=== PC + SEXT9( h89 )

//-— BRnzp x89 PC <=== PC + SEXT9( h89 ), if (N==n | Z==z | P==p)
//—-- JMP R1 R1 ===> PC

//-— JSR x89 R7 <=== PC; PC + SEXT11l( x89 ) ===> PC
//-— JSRR R1 R7 <=== PC; Rl ===> PC

//—-— RTI PC <=== MEM[ R6 ]; PSR <=== MEM[ R6 + 1 ]
//—— TRAP x8 R7 <=== PC; MEM[ h8 ] ===> PC
[/

//-— LC4

//-— Register Notation:

//—= S = source, D = destination, A = address, C = condition

//—= syntax semantics

/)= ———————————————

//—— ALU SR4 SR3 DRO ADD R4 + R3 ===> RO (also, SUB, AND, iOR, NOR)
//—— ALU SR4 SR4 DRO NOT NOT( R4 )===> RO (also, INC, DEC)

//—-— LIM DR1 h36 R1 <=== SEXT9 (h1l36) (bits 15-8 are 1; if h36, they are 0)
//—-— LDR DR4 AR5 R4 <=== DMEM[ R5 ]

//—-— STR SR3 AR6 R3 ===> DMEM[ R6 ]

//-- LEA DR3 R3 <=== PC

//-= BRR CR1 AR7 R7 ===> PC, if R1<0; else PC+l ===> PC






