CS/ECE 252

Exam 3 Review

11AM section
2015 November 20



Before we get started

Homework 7 due at beginning of lecture
Exam 3 on Monday, November 23rd, during class

Homework 8 will be released on/by Wednesday, November 25
HW8 due on Friday, December 11th, at beginning of class

Quote of the day:

“Success consists of going from failure to failure without loss of enthusiasm”
-- Sir Winston Churchill
1874-1965

Today: Exam 3 Review



Tnstruction Joescription | Tor 2 JEFFect on operands JEFFect on specials Texamp1e
Load/Store instructions
[TdT Load immediate reg 16-31 Je-bit value [opL = op2 IncPC; sreg: none 1di ris, 25
mov Move reg reg. opl = op2 incPC; sreg: none mov rl, r2
1d Load from RAM reg [ op1 = RAM[r26 + 256*r27]  |incPC; sreg: none 1d r1, x
st Store in RAM x reg RAM[r26 + 256*r27] = op2  |incPC; sreg: none st X, ri
= n [ ]
[add [Add reg reg [opL = opl + op2 TnchC; sreg: NZC aad r1, r2 - -
sub Subtract reg reg op1 = opl - op2 incPC; sreg: NZC sub rl, r2 1
inc Increment register reg none opl = opl + 1 incPC; sreg: NZ inc rl
dec Decrement register reg none opl = op1 - 1 incPC; sreg: NZ dec r1
[and [And reg reg op1 = opl & op2 incPC; sreg: NZ and r1, r2
or or reg ree opL = opl | op2 incPC; sreg: NI or r1, r2
eor Exclusive-or reg reg. opL = opl * op2 incPC; sreg: NZ eor r1, r2
com Complement, Not reg rone opL = ~op1 incPC; sreg: NZ com 1 Instruction |pescriptien [Type |Enceding | Exanple
neg Negate reg none op1 = -op1 incPC; sreg: NZC neg rl Load/store Tnctructions
asr Arithmetic shift right reg none opl = opl >> 1 incPC; sreg: NZC asr rl
e unmodi fied 1di Toad immediate 4-bit reg, 8-bit imm |1116 ITIT RRRR_IIIT |1di ri16, 45 = 1116_45[7:4] rl6 _45[3:6] = 1116 0616 6666 1101
p Conpare two registers  [reg ree none incPC; sreg: NZC* p r, r2 mov move; copy register 5-bit reg, 5-bit reg [@61611 S_RRRRR_SSSS |[mov rl, r2 = 861811 r2[4]_rl_r2[3:8] = 981611 6_86eel 6ol
b lospect Lmesiate o o ol Zi - ij 5 ZE; jaces il N e, 10 ] hd load from RAM 5-bit reg 10016090_RRRRR_1108  |1¢  r1, x = 1ee1eee_ri_11ee = 1001000_seee1_1100
ori or innediate reg 16-31 e-bit value op1 = opt | op2 incPe; sreg: NZ ori r16, 1 st store to RAM 5-bit reg 1001001 RRRRR_1160  |st X, rl1 = 1661661 _rl 1108 = 1001001_00001_1100
adc Add with carry reg reg opl = opl + op2 + C incPC; sreg: NZC adc rl, r2
sbe Subtract with carry reg reg opl = opl - op2 - C incPC; sreg: NZC sbe rl, r2 Conputation Instructions
Input/Output add add without carry 5-bit reg, 5-bit reg |@66@11_S_RRRRR_SSSS [add ri, eeeel1l_r2[4]_r1_r2[ ABee11_6_Reeel_nola
W ZE?i I(O ;jglsm : S s Jralue;e-63 ;6?3 “Plzl"tm °§1 ?"ng; sregs: none mﬁé 15] sub subtract without carry 5-bit reg, 5-bit reg 006118 S RRRRR_SSSS |sub rl, r2 = 08110 r2[4]_rl1_r2[ = 000119 0_8060l 0010
ou rite to I/0 register  |value 0- re: rite op2 to o incPC; sreg: none out 18, r ; N X p
. & s SSiEE i inc increment 5-bit reg 1001010 RRRRR_0011  |inc r1 = 1001010 _r1_8e11 = 1001010 _00A1_0011
Control-Fion dec decrement 5-bit reg 1661610_RRRRR_1616  |dec rl 1661610 rl1_181¢ 1661610_66661_ 1010
rimp Relative jump ‘z/;i;e 20485001 none: oore: ?zcﬁzf:eg e 2:2 : and logical AND 5-bit reg, 5-bit reg |e@16e@_S_RRRRR_SSSS |famd rd, 6e1606_r2[4]_r1_r2[3:6] @01000_0_6A061_0a10
brea Branch if equal Value: 64 to +63  |rone one ¢ 7 set, pepesopl;  |orea 2 or logical OR 5-bit reg, 5-bit reg [861616_S_RRRRR_SSSS [or rl, r2 = 861618 r2(4]_rl_r2(3:8] = 0G1616_0_BGGG1 0010
incPC; sreg: none breq -3 eor logical exclusive-OR 5-bit reg, 5-bit reg [661661_S_RRRRR_SSSS [eor ri, 661601 _r2[4]_r1_r2[3:0] 601001_0_66061_0010
re BrAnchELf fotveqlal Ualle: 764 foliea  Jnone none iﬁciéfi; pesperopls E::: % com logical complement; NOT 5-bit reg 1661012_RRRRR_0088  |com rl 1001616_rl_0200 1091010 _000a1_0000
s aranch if same or higher Jvalue: -64 to 463 |none f ¢ clear, pesperopt; |orsh 2 neg negate 5-bit reg 1001010_RRRRR_061  [neg r1 = 10@1010_r1_ee1 = 10@1010_0@ea1_caal
[1ncPC; sreg: none rsh - asr arithmetic shi rigl -b1 reg F 2, asr _rl_t £ !
) incPC rsh -3 ithmetic shift right 5-bit 1001018_RRRRR_8161 1 1001010 _rl_pie1 1601610 00001 6101
orio Branch if lower Value: -64 to +63  fnone none g:cgcée;E:”:Z;ZP“ e, cp compare 5-bit reg, 5-bit reg [866161_S_RRRRR_SSSS |[cp rl, r2 = 666161 r2[4]_rl1_r2[3:6] = 000161 6_BGGGL 0010
rcall Call relative address  |value: -2048 to  fnone ush pest pe=pesopt; rcall -10 subi subtract immediate 4-bit reg, 8-bit imm |e161 ITTT RRRR_ITIT |subi ri16, 45 = @161 45[7:4]_r16_45[3:6] = 8161 6616 6666 1101
) 2047 incPC; sreg: none andi logical AND immediate 4-bit reg, 8-bit imm |e111 ITTT RRRR_ITIT |andi ris, 8111_45[7:4]_r16_45[3:8] @111_ge1e_eeen 1101
o Return fron subroutine  rone "o BP.Pe) SRES none e ori logical OR immediate 4-bit reg, 8-bit imm |11 TTTT RRRR_ITIT |ori ri6, 45 = 6118 45[7:4]_r16_45[3:6] = 8116 6616 666G 1101
== cpi compare with immediate 4-bit reg, 8-bit imm |@@11 ITTT RRRR_ITIT |cpi ri17, 45 = 8611 45[7:4]_r17_45[3:6] = 8611_0616 6661 1181
push Push register o stack [reg rone RAH[=p] = opl [incPC; sreg: none push r1 adc add with carry 5-bit reg, 5-bit reg [666111 S RRRRR_SSSS [adc ri, = 806111 r2[4]_rl_r2[3:8] = 606111_6_66661 0010
sp=sp -1 . “ i S
566 e - g Y yiicpes Tregs fone 56 it sbc subtract with carry 5-bit reg, 5-bit reg |@@@618_S_RRRRR_SSSS [sbc ri, #eee16_r2[4]_r1_r2[3:8] ABee106_6_Reeel_nola
op1 = RAM[sp]
Setting sreg Setting sreg for cp Input/Output Instructions
H if 1t i i if 1. 1 B EEEEEE— ™ T T
% et prresileige 1t O eemsere dleen oORD; T 17 in Toad from 1/0 register  |5-bit reg, 1/0 reg 16116 A4 RRRRR AARA  Jin rl, 16 = 18116 1016(5:4] 1 _10163:6] = 18116 _01_60661_ooo0
add, addi, adc  C: set if opl + op2 > 255 if (opl < op2) else clear C PORTD: 10 reg 18 out store to I/0 register 5-bit reg, 1/0 reg 16111_AA_RRRRR_AAAA fJout 18, rl1 = 18111 _T018[5:4]_r1_T018[2:8] = 18111_¢1_88@al_colo
sub, subi C: set if opl < op2 (unsigned) SPL: IO reg 61
neg, asr C: set if opl was odd SPH: IO reg 62 -
<be C: set if opl + C < op2 (unsigned) Control-Flow Instructions
rimp relative jump 12-bit imm 1166_IIIIIIII1111 ~imp & = 1166 4 = 1106_006600000100
’;dei"e“)"e :Zgl:m_ ﬁ: Specations 141 36, TEBLEBLGERE) breg branch if equal 7-bit imm 11116@_TTIIIII_@61 breg 2 1111686_2_a01 = 111100_8GA6A16_aa1
byte _byte(label_name) 0,1,1,2,3,5,8 hig 1di r27, hig(label_name) brne branch if not egual 7-bit imm 111161 ITITIIT 661  [brre 2 111161 2 901 = 111161 066616 001
string -string(label_nane) "hello world” brsh branch if same/higher 7-bit imm 111191 ITIIIII @66  [brsh 2 = 111101 2 908 = 111181_0000010_000
brlo branch if lower 7-bit imm 111166 ITIIIII 666 [brlo 2 = 111166 _2_000 = 111166 6666616_000
Program layout rcall relative call subroutine 12-bit imm 1161_ITITIIIIIIIT rcall -23 = 1161_-23 1181_111111161801
Prog memory T <) [F =) urite reg 2 to output ret return from subroutine other 1001_0101 0000 1000 |ret = 1061 0101 0008 1666 = 1601_0161_06000_1000
1di r31, 91 00 ;x in rl,y in r2 1di r31, 255
out 62, r31 else lep r1, r2 out 17, r31
1di r31, 136 bar breq foo_code out 18, r2 Etack Instructions
out 61, '3; —’*“Pt o rest of program T push push register to stack 5-bit reg 1661881_RRRRR_1111 push r1 = 18e1881_r1_1111 = 1881081_866a1_1111
;222 ?;:g?u:iions e s in rl,y in r2 Tx '1: i,y in 12 pop pop_register off stack 5-bit reg 1661839 _RRRRR_1111 pop_rl = 1661666 ri_ 1111 = 1631666 _/6661_1111
code for functions cp rl, r2 [1di r31, 10
code for functions brlo foo_code lcp r1, r31 Format Legend: Type Format
de for functi bar line 1 b f d
sz: ;Z: J:ZSZ:Z b:: 11:: 2 S underscores_are_used_for_readability 5-bit reg (CCCCCCC_RRRRR_CCCC
progran_beg: bar line 3 Lf Cc>=y) C = opcode 5-bit reg, 5-bit reg [CCCCCC_S_RRRRR_S555
223: iz‘r ::: E:Zz- ;ﬂpc:;;?e}m”t é: ﬂ riéy A R = first register 5-bit reg, I/0 reg CCCCC_AA RRRRR_AAAA
i baadet o0 11he 1 Jorsn Fon esus S = second register 4-bit reg, 8-bit imm |CCCC TTIT RRRR _ITIT 3
code for main prog. foo Line 2 A = 1/0 register 7-bit imm CCCCCC_TTTITIL_CCC
goderfar main proe? ;::gi)::;t_ I = immediate 12-bit imm CCCC_TITIIIIIIIIT
rest of prog. other CCCC_CCCC_CCCC_Ceee




INST=PM[PC]

Cheatsheet 3° |
ea S ee " P breqg Idi,subi,cpi ~ Id,st,add,sub,cp 3

U] A s gy

C h a te r 7 [OFF=SEXT16(INST[11:O]) ] [OFF:Z? SEXT16(INST[9:3]):01] [REG:I,INST[7:4]] REG=INST[8:4] Decode
y i 00109, 2001 00001 00010,

. subi,cpi add,sub,cp Id,st
State Machine e
| rimp breq Idi [VALI:RF[REG]]] [ADDR:RF[ZG],RF[27]]
| 0011 01001
subi,cpi add,sub,cp
‘ [VAL=INST[11:8],INST[3:O]] [ REG2=INST[9],INST[3:0] ] Id st
| 00101 01010,

T
add,sub,cp

[VAL2=INST[11:8],INST[3:0]] VAL=RF[REG]
- 91111 00110
< ]

subi,cpi sub,cp ada Execute

[VAL:VALl-VALZ] [VAL:VAL1+VA LZ]
01100 01011

subi,cpi,sub,cp add

rimp, breq
\

i

[VAL=RAIVI[ADDR] ] { RAIVI[ADDR]:VAL] Memory
10000 10001

L g ke & ””””””””’7 ey 15
Id Write
PC=VAL back
SEXT16: sign extend 10100,

to 16 bits

rimp, breg




Cheatsheet 4: Chapter 7, Microarchitecture

Note that this MUX ALONE selects the bottom value when select line is 0

and TOP value when select line is 1. The reason is | overlooked it when

drawing all the diagrams and its too much work to go fix it. din dout L addr dout}—
AN W
din
L ADDR
wWe
in doutl— il
i:” o —taddr  dout din doutl— L
[ —din coust]addr doutl—ldin dout —{we M A QF-
——din
e e REG b VALL 1 Ig Sreg_outhH RAM
PC INST E )
~— sregin
din dout din doutH
— e —{op
]
REG2 RF VAL2
PM I ALU |—din dout
L T11:0] e il li
Lo tla_ —h w:;n ou SREG
| |
Qs —din doutH
[11:8],[3:0]— ~jwe
VAL
PL]lsel INST_we REG_sel OFF_sel RF_sel VAL2_sel A_sel RAM we VAL _sel
PeMg REG_ue OFF_we RF_we VAL1_we B_sel SREG we VAL_we
- VAL2 we ADDR_we - -
Hinst_in REG2 we ALU_op
. if addition:  ALU op=20
State Machine Controller i diniaction: ALU op= 1




Exam 3 Topics - Chapter 6

Encoding Principles - section6.2, lecture18 slide18
Encoding - section6.3.2, HW6Q13; lecture18

Decoding - section7.2.1.1, section7.3.1through7.3.7, HW6Q14; lecture18

color legend: book, homework, lecture



Exam 3 Topics - Chapter 7

Microarchitecture - section7.2, lecture19slide3-5
State Machines - section7.2through7.2.1.1, HW7Q1, HW7Q2, HW7Q11, HW7Q12, lecture19slide8-15, lecture22slide4-11
Microarchitecture execution stages - lecture19_slide10, section7.2through7.2.1.1, HW7Q5
Circuit components - section7.2.2, HW7Q12, lecture20
wires and buses (bus = collection of wires) - section7.2.2, HW7Q7, HW7Q8
memories - section7.2.2
arithmetic logic unit (ALU) - section7.2.2, HW7Q8
multiplexer (mux) - section7.2.2, HN7Q7, HW7Q8, lecture22slide12-19
program memory (PM) - section7.4.1
random access memory (RAM) - section7.4.1
register file (RF) - section7.4.1

program counter (PC), status register (SREG), and auxiliary registers - section7.4.1, HW7Q4, HW7Q6,
lecture19slide16, lecture23slideb, lectures25-27

color legend: book, homework, lecture




Exam 3 Topics - Chapter 7 (continued)

Instruction Implementation
|di - section7.3.1and7.4.2, HW7Q9, lecture19slide17-19, lecture20slide13-20
|d - section7.3.2and7.4.3, HW7Q9, lecture19slide20-22, lecture23slide6-20
st, add, sub, cp, subi, cpi, rimp, breq - section7.3.3through7.4.4
even more - lecture26slide10-19
From lecture26slide19: implementing instructions will be on the exam
exam won'’t ask you to implement any instruction that involves /O registers

State Transition - section7.2.1, HW7Q11, lecture22slide21-23, lecture24slide5-21, lectures25-27
Tracing Instruction Execution in Hardware - chapter7, HNV7Q11, HW7Q12, lectures25-27

color legend: book, homework, lecture °



MUX: Notation & Selection

Use the selector to indicate which input should be used as output.

0 Inl 2@2_?__ In2
8




4din dout}

AUX registers

- Auxiliary registers have three ports: din, dout, and we

-  When we is low (0) dout ignores din, and continues to be set to what din was
before we went low.

- When we is high (1) dout = din

WE 0 1 0
DIN 1 1 0

DOUT



Binary -> ISA

1110000000001111 -> 1di ?,
What do | need to look for?

?

11



Binary -> ISA

Find the instruction format: CCCC_IIII RRRR IIII
Divide binary: 1110 0000 0000 1111

Find the opcode: 1110

Calculate:

a. 0000 1111 ->15

b. 0000->0->r16

5. Instruction: r16, 15

e

12



ISA-> Binary

add r17, r19

How do we convert this to binary?

13



ISA -> Binary

1.
2.
3.

4.

Look up the format: CCCCCC S RRRRR SSSS

Look up the opcode: 000011

ConvertC, R, S

a. C=00011

b. R=r17=10001

c. S=r19=10011

Insert: 000011 1 10001 0011 -> 0000 1111 0001 0011

14



Tracing

14

.
4

assume this is the entire program,
so rl3, r26 and r27 1s initially O

1d r27, X ; demonstrates accessing RAM
cp rl3, r27 ; demonstrates updating SREG
rjmp -23 ; demonstrates negative i1mmediates and SEXT

°
14

this 1s a bad program, so

Don't try this at - :;::s[;ir““ls
home.

15



Instruction |Description T1ype JEncoding JExample
- - Load/Store Instructions
I Tdi Toad immediate 4-bit reg, 8-bit imm |1118 _IIII RRRR_IIII [ldi rl6, 45 = 1118 45(7:4]_rl6 45(3:8] = 1110 0010 0000 1181
. 5 P c b R i 4 PR EINYINT) ol g oo
ra CI n g I d E n Cod I n [ 1d load from RAM 5-bit reg 160166¢_RRRRR_1166 1d rl, X = 16610806 rl_1166 = 1991998798991{ J
" RIS P adaiacaoooon oo 2 PSPV PV Ry sgaioo. "
Computation Instructions
add add without carry S-bit reg, 5-bit reg |@eeeil_S_RRRRR_SSSs  Jadd rl, r2 = @@@@ll_r2[4] rl _r2[3:6] = 000011_0_00al_0010
l d r 2 7 X sub subtract without carry 5-bit reg, 5-bit reg 666118_S_RRRRR_SSSS sub rl, 800118_r2[4]_rl_r2[3:8] = 00911¢_06_eeeal_aala
’ inc increment 5-bit reg 168161¢_RRRRR_8811 inc r1 18e1818_r1_8611 = 1691816_2a0a1_sa11
dec decrement 5-bit reg 1891616_RRRRR_1618 dec ri1 1681016_r1_1618 = 1091616_00601_1010
and logical AND S-bit reg, 5-bit reg |ee16ea S RRRRR_SSss  fand i, 001000 _r2[4]_r1_r2[3:6] = 001000_0_00001_0010
2 '7 l 6 _|_ 8 _|_ 2 _|_ l or logical OR 5-bit reg, 5-bit reg |e@1¢18_S_RRRRR_SSSS for  ri, @e1610_r2[4]_rl_r2[3:6] = 061010 0_00001_001a
eor logical exclusive-OR S-bit reg, 5-bit reg |6@1661_S_RRRRR_SSSS |eor r1, 801801_r2[4]_rl_r2[3:6] = 001001 0_00001_0010
com logical complement; NOT 5-bit reg 1601010 _RRRRR_006@  |com r1 10010160_r1_0000 = 1001010_00091_0000
neg negate 5-bit reg 1601016 RRRRR_0061  |neg r = 1001016_r1_0801 = 1001010_00001_oe01
O b 1 1 O 1 1 asr arithmetic shift right 5-bit reg 1601616_RRRRR_6161 asr rl = 10010916_r1_0191 = 1001010_00001_a101
cp compare 5-bit reg, 5-bit reg |e@e181 S RRRRR_SSSS [cp rl, r2 = 806161 _r2[4]_rl r2[3:8] = 000181 6_peoel_0olo
subi subtract immediate 4-bit reg, 8-bit imm @101 TTTT_RRRR_TITTT [subi r16, 45 = @161 45[7:4]_r16_45[3:0] = 0191_0010 6000 1191
andi logical AND immediate 4-bit reg, g-bit imm |0111 IIIT RRRR_IIII |andi rl6, 45 = @111 45[7:4]_rl6 45[3:2] = 0111 0012 e 1121
ori logical OR immediate 4-bit reg, 8-bit inm |0116 ITIT RRRR_IITI |ori r16, 45 = 8116 45[7:4]_rl6 45[3:8] = 6116 0610 0000 1101
cpi compare with immediate 4-bit reg, 8-bit imm |0611_TITT RRRR_ITII |cpi rl7, 45 = @11 45[7:4]_ri7 45[3:8] = oell _oelo eeel_11ol
adc add with carry 5-bit reg, 5-bit reg |@ee111_S_RRRRR_ssss  fadc rl, r2 = @90111_r2[4]_rl_r2[3:6] = 000111_0_00001_0010
sbe subtract with carry 5-bit reg, 5-bit reg 000618_S_RRRRR_SSSS sbc rl, r2 = 820010_r2[4]_rl r2[3:8] = 009012_0_0ceel_ocoloe
Input/Output Instructions
in load from I/0 register 5-bit reg, I/0 reg 16110_AA_RRRRR_AAAA [in rl, 16 = 1011@_T016(5:4] rl_T016[3:0] = 10110_01_00901_0000
out store to I/0 register 5-bit reg, I/0 reg 10111_AA_RRRRR_AAAA  |out 18, rl = 10111 T018[5:4]_rl_I018[3:9] = 18111 _01_009@1_0010
Control-Flow Instructions
rjmp relative jump 12-bit imm 110@_TITTIIIII111 rimp 4 1100 4 = 1100_000000000100
breg branch if equal 7-bit imm 111160_ITIIIII 861  |breg 2 111100_2_ge1 = 111160 _00@8918_aa1
brne branch if not equal 7-bit imm 111161_TITITIT_e8&1 brne 2 111181_2_881 = 111181_6eada1e_ae1
brsh branch if same/higher 7-bit imm 111161_ITIIIII 866  |brsh 2 111101_2_@0@ = 111101_0000916_000
brlo branch if lower 7-bit imm 111166 ITTIIII_666 brlo 2 111186 2 éea = 111166_000606616_0660
rcall relative call subroutine 12-bit imm 11@1_TIITITITIIIIIT reall -23 1181_-23 = 1181_111111181881
ret return from subroutine other 1601_0161_6066_1606 |ret = 1001_0101_0000_1000 = 1001_0101_0000_1000
Stack Instructions
push PUSh register to stack C-bit reg 1601601 _RRRRR 1111 |push r1 Toe100l_r1 1111 = 100100100001 1111
pop pop register off stack 5-bit reg 1601600 _RRRRR_1111  |pop r1 1001000_r1_1111 = 1001000_00001 1111
Format Legend: Type Format
underscores_are_used_for_readability C-bit reg CCCCCCC_RRRRR_CCCC
¢ = opcode C-bit reg, 5-bit reg  |CCCCCC. S RRRRR_S555
i register 5-bit reg, 1/0 reg CCCCC_AA_RRRRR_AAAA
d register 4-bit reg, 8-bit imm CCCC_IIII RRRR_IIII
egister 7-bit imm CCCCCC LITIIIL CCC
iate 12-bit imm CCCC_TITITITITIIT
other [CCCC_CCCC_CCCC_Ceee
Instruction |Description Type Encoding Example
1d load from RAM 5-bit reg 10e1eee_RRRRR_11ee |1d rl, X = leeleee_rl_l11ee = 1leeleeo_eecel_llee

INST

0b100100 11011 1100

O0x91BC =

37308 °




Tracing Id Cycle 1

INST = 0b100100 11011 1100 = Ob1001 0001 1011 1100 = 0x91BC = 37308
Cycle [ State Changed registers/values and e |
control signals REISEN P din douettaddr doutfedin doutf
: ) 44} e e
_ breq Idi,subi,cpi — Id,st,add,sub,
1 00000 | INST 0x91BC, PR s 5_” EE__‘_R_‘-‘ _ pC INST
INST we = 1,
other ctrls = 0 F16(INST[9:3]):0 [REG=1,|N5T®[J£U | REG=INST(8:4]
— @
2
P
3
4
5
. INST_we REG_sel
6

17



Tracing Id Cycle 2

Cycle [ State Changed registers/values and
control signals

1 00000 |INST = 0x91BC,
INST we = 1,
other ctrls = 0

2 00010 |[REG = 27, REG we = 1,
REG sel = 1,
other ctrls = 0

3

4

5

6

INST[15] INST]

U @

INST = INST[15:0] = 0bL0O01 0001
INST[8:4] =

REG = INST[8 4] =

INST |

71011 1100
0 1011
0d 1011 = 27

INST |

&

simulator

error

[ REG=INST EJ‘-‘I%J

ld,ﬁt

\

[ADDH:HF[EE],RF[E?]J
elea

|, sub,cp

—H'F""'!—L

77
7@

REG_we

REGZ_we

OFF_we

idin dout| —
———[E:a]—]
We
Hdin dout
We REG
INST
NEX] in dout
~fwe
REG2
Trohr 5 kit dout]
= T we
OFF
| we REG_sel| OFF_sel RF_

18



Tracing Id Cycle 3

Cycle [ State Changed registers/values and
control signals

1 00000 |INST = 0x91BC,
INST we = 1,
other ctrls = 0

2 00010 [REG = 27, REG we = 1,
REG sel = 1,
other ctrls = 0

3 01001 |[ADDR = 0, ADDR we = 1,
other ctrls = 0

4

5

6

assume this i1s the entire program,

[ ‘l.u".nﬂ'«Ll=R.-ﬁqLI".."'I[.'E'aI:l‘[ZI'R‘Jj } [ RAM[ADDR]=VAL
leeece leael

VALL1 we

VALZ we

B_sel
ADDR_we |

ALU_op

rl3, r26 and r27 is initially O
RF[26] = 0x00, RF[27] = 0x00
ADDR = RF[26],RF[27] = 0x00,0x00 = 0x0000 = 0
A o
VAL1=RF[REG] [ADDR-RF[ZE], RF:[Z?ﬂ
eall alea din doutH
add,sub,cp N
v IF ADDR
INST g ,lNST aﬂ Id t Haddr dout din dout p—
[r ] [@1@]1@] : i We o | —|—ﬁ
add,sub,cp s “B valr |7 fg  srezou
din dout | T
L2=RF[REG2] VAL=RF[REG rfwe (e
— RF VAL?
i ALU
add L ]
_1+‘I.J"Al2|
2181l st
-3 \.I'ALZ_E;el A _sel

RAM
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TraC|ng Id CyC|e 4 ; assume this is the entire program,

; so no assembler directive and all RAM is O

Cycle | State Changed registers/values and ADDR = 0 —[addr doutim

control signals VAL = RAM[ADDR] = RAM[O] = O din
1 00000 |INST = 0x91BC, / : !’ ¥ -

INST_we = 1, add,sub,subi VAL=RAM[ADDR

other ctrls = 0 100
2 00010 |REG = 27, REG we = 1, S 5 = | [ RaM

REG sel = 1,

other_ctrls =0 [ RF[REG]:UAI_ ]
3 01001 |[ADDR = 0, ADDR we = 1, 410

other ctrls = 0 din dout

We

4 10000 |VAL = 0, VAL we = 1, SREG o

VAL sel = 0,

ther ctrls = 0

other ctrls —_L-din I
5 [Li:8],[23:6]— | {WE

WAL
6
VAL sel
e VAL _we




Tracing Id Cycle 5 7

F[REG] = VAL
RE[27] = 0

= O,

RF[REG]=VAL
leala

Idi,|d,add,sub,subi

PC=PC+1
18011

Cycle [ State Changed registers/values and
control signals

1 00000 [INST = 0x91BC,
INST we = 1,
other ctrls = 0

2 00010 [REG = 27, REG we = 1,
REG sel = 1,
other ctrls = 0

3 01001 [(ADDR = 0, ADDR we = 1,
other ctrls = 0

4 10000 |VAL = 0, VAL we = 1,
VAL sel = 0,
other ctrls = 0

5 10010 [r27 = 0, RF we =1,
RF sel = 0,
other ctrls = 0

6

—Jdin dout
- _1—|addr dout—
wWe
din
REG %l
we
l—ddin dout
we
REG2 RF
—din dout
e
OFF
ik RF_sel VAL2 sel
RF we VALL |

| We

WA

21



Tracing Id Cycle 6 =

PC

Cycle [ State Changed registers/values and
control signals

1 00000 [INST = 0x91BC,
INST we = 1,
other ctrls = 0

2 00010 [REG = 27, REG we = 1,
REG sel = 1,
other ctrls = 0

3 01001 [(ADDR = 0, ADDR we = 1,
other ctrls = 0

4 10000 |VAL = 0, VAL we = 1,
VAL sel = 0,
other ctrls = 0

5 10010 [r27 = 0, RF we =1,
RF sel = 0,
other ctrls = 0

6 10011 |PC = 1, PC_ we = 1

PC sel =1,
other ctrls = 0

RF[REG]=VAL

18818

Idi,|d,add,sub,subi

PC=PC+1

18811

L add

Jsel ™

PC_we

inst_in
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Instruction |Description T1ype JEncoding JExample
- - Load/Store Instructions
1di Toad immediate 4-bit reg, 8-bit imm [1116_II1II RRRR_IIII |ldi rl6, 45 = 1110 45(7:4) rl6_45(3:0] = 1110_0010_0060_1101
mov move; copy register 5-bit reg, 5-bit reg |e@1611_S_RRRRR_SSSS |[mov r1, r2 = @61611_r2[4]_ri_r2[3:6] = 661611_6_06061_0610
1d load from RAM 5-bit reg 1601000 RRRRR_1160 |1d  r1, X = 1001000 _r1_1100 = 10091000_00091_1100
st store to RAM 5-bit reg 1821021_RRRRR_116¢ st X rl = 1901201 rl_110¢ = 1091001_geoal_llee
Computation Instructions
add add without carry S-bit reg, 5-bit reg |@eeeil_S_RRRRR_SSSs  Jadd rl, r2 = @@@@ll_r2[4] rl _r2[3:6] = 000011_0_00al_0010
C r 1 3 r 2 7 sub subtract without carry 5-bit reg, 5-bit reg 666118_S_RRRRR_SSSS sub rl, 800118_r2[4]_rl_r2[3:8] = 00911¢_06_eeeal_aala
p ’ inc increment 5-bit reg 168161¢_RRRRR_8811 inc r1 18e1818_r1_8611 = 1691816_2a0a1_sa11
dec decrement 5-bit reg 1661616_RRRRR_1818 dec r1 1901016_r1_lele = 10@1e16_seeal_la1d
and logical AND S-bit reg, 5-bit reg |ee16ea S RRRRR_SSss  fand i, 001000 _r2[4]_r1_r2[3:6] = 001000_0_00001_0010
l 3 —_ 8 _l_ 4 _l_ l or logical OR 5-bit reg, 5-bit reg |0@1610 S_RRRRR_SSSS  for  ri, 091018 _r2[4]_rl_r2[3:6] = 001019_0_000e1_001a
i eor logical exclusive-OR 5-bit reg, S5-bit reg |661661_S_RRRRR_SSSS  |eor ri, 001001_r2[4]_r1_r2[3:6] = 001001_0_00001_0010
com logical complement; NOT 5-bit reg 1601010 _RRRRR_006@  |com r1 10010160_r1_0000 = 1001010_00091_0000
neg negate 5-bit reg 1601016_RRRRR_00a1 neg rl1 = 1001016_r1_0801 = 1001010_00001_oe01
- O b O :I_ :I_ O :I_ [ p compare 5-bit reg, 5-bit reg |e@e161_S_RRRRR_SSSS |cp  rl, r2 = 066161_r2[4]_ri_r2[3:6] = 000101_0_0000:
andi logical AND immediate 4-bit reg, 8-bit imm @111 ITII RRRR_IIII |andi r16, 45 = 8111 45[7:4]_rl6_45[3:0] = 0111 9019 0000 119
2 o ori logical OR immediate 4-bit reg, 8-bit imm [@11¢ TTTI_RRRR_ITIT |ori r16, 45 = @116 45[7:4]_r16_45[ = 0110_0010_00e8_1101
7 — 1 6 + 8 + 1 cpi compare with immediate 4-bit reg, 8-bit imm [6A11_TTTI_RRRR_ITIT |cpi r17, 45 = 0911 45[7:4]_ri7_45[ = 0011_0n10_ooel_1101
adc add with carry 5-bit reg, 5-bit reg |@ee111_S_RRRRR_ssss  fadc rl, r2 = @90111_r2[4]_rl_r2[3:6] = 000111_0_00001_0010
sbe subtract with carry 5-bit reg, 5-bit reg 000618_S_RRRRR_SSSS sbc rl, r2 = 820010_r2[4]_rl r2[3:8] = 009012_0_0ceel_ocoloe
— O b 1 1 O 1 1 Input/Output Instructions
in load from I/0 register 5-bit reg, I/0 reg 16110_AA_RRRRR_AAAA [in rl, 16 = 1011@_T016(5:4] rl_T016[3:0] = 10110_01_00901_0000
out store to I/0 register 5-bit reg, I/0 reg 16111 AA RRRRR_AAAA |out 18, r1 = 10111 T018[5:4]_r1 I018[3:0] = 10111 @1_geeel gele
Control-Flow Instructions
rjmp relative jump 12-bit imm 110@_TITTIIIII111 rimp 4 1100 4 = 1100_000000000100
breq branch if equal 7-bit imm 111100 ITIIIII_ 981  |breg 2 111100 _2_8a1 = 111100_800e010_sel
brne branch if not equal 7-bit imm 111161_TITITIT_e8&1 brne 2 111181_2_881 = 111181_6eada1e_ae1
brsh branch if same/higher 7-bit imm 111161_ITIIIII 866  |brsh 2 111101_2_@0@ = 111101_0000916_000
brlo branch if lower 7-bit imm 111166 _ITTITIT_@éa brlo 2 111100_2_ 808 = 111102 006ea16_0aed
rcall relative call subroutine 12-bit imm 11@1_TIITITITIIIIIT reall -23 1181_-23 = 1181_111111181881
ret return from subroutine other 1601_p161_0000_10600 |ret = 1001_0101_0060_1000 = 1001_0101_0006_1000
Stack Instructions
push push register te stack C-bit reg 1601001 _RRRRR_1111  |push rl T001001_r1_1111 = 1e01001_0eeel_1111
pop pop register off stack 5-bit reg 1601006 RRRRR_1111  |pop r1 1001006_r1_1111 = 1001006_00001_1111
at Legend: Type Format
scores_are_used for_readability 5-bit reg CCCCCCC_RRRRR_CCCC
S-bit reg, 5-bit reg  |CCCCCC_S_RRRRR_S555
5-bit reg, 1/0 reg CCCCC_AA_RRRRR_AAAA
4-bit reg, 8-bit imm JCCCC IILI RRRR_ILIL
7-bit imm CCCCCC_TITITIT CCC
12-bit imm CCCC_TITITITITIIT
other [CCCC_CCCC_CCCC_Ceee
Instruction |Description Type Example
cp compare 5-bit reg, 5-bit reg|@eelel_S_RRRRR_SSSSicp ri1, r2 = eeelel_r2[4]_ri_r2[3:0] = 9@ele1_o_eeeel_ee1e

INST = 0b000101 1 01101 1011

Ox16DB

58517



Tracing cp Cycle 1 1nst =

= 0x16DB

breg

Idi,subi,cpi " Id,st,add,sub,cp

16(INST[9:3]):0 REG=1,INST[7:4 REG=INST([8:4]
a8l 2068 20818

Cycle [ State Changed registers/values and
control signals

1 00000 | INST = 0x16DB,
INST we = 1,
other ctrls = 0

2

3

4

5

6

00001 0110 1101 1011

Hdin doutsataddr dou din douti—
WE iWe
FC INST
a3
P

g INST_we REG_se
C_we

REG |
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Tracing cp Cycle 2

INST[15]

INST[8]

INST[4]

\

INST[O]

g

13

Cycle |State | Changed registers/valuesand | TNST = INST[15:0] = 0b0001 0110 1101 1011
control signals — — —
REG = INST[8:4] = 0b0 1101 =
1 00000 |INST = 0x16DB, —
INST we = 1,
other ctrls = 0 — T ——— o
2 00010 |REG = 13, REG we = 1, :G=1,IN5£[§£]J [ REG=INST E‘HMJ [inaeis] |
REG sel = 1, [
other ctrls = 0 su bi,cpi add,sub,cp ]d st REG [
3 H din doutf
[ VAL1=RF[REG] [ADDR=RF[ZE],RF[E?_ ~Jwe
______eell ___ elee] s
4
simulator e —en doue—
s error | [
OFF
6

| we REG_sel
REG_we

REG2_we

OFF_sel
OFF_we

RF_4
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Tracing cp Cycle 3

Cycle [ State Changed registers/values and
control signals

1 00000 |INST = 0x16DB,
INST we = 1,
other ctrls = 0

2 00010 [REG = 13, REG we = 1,
REG sel = 1,
other ctrls = 0

3 00111 |VALl = 0, VALl we = 1,
RF sel = 0,
other ctrls = 0

4

5

6

assume this is the entire program,

rl3, r26 and r27 1s 1nitially O
REG = 13 T W
VALl = RF[REG] he [T deUTTn e
= RF[13] =0 REG — X VAL1
P e
. in dout|—
{ VAL1=RF[REG] \ E o Toe
gel
[ REG2 RF VAL2
ubi,cpi add,sub,cp —
- i‘. —din dout [
[ REG2=INST[9],IN5ST[3:0] ] I
r alela OFF
RF_sel VAL2 sel A_sel
s RE we VAL1 we | B
B VAL2 we Al

26



Tracing cp Cycle 4

INST[15]

INST[9]

INST[3]

INST[O]

g

Cye |State | Changed registersivalues and | TNST = INST[15:0] = 0b0001_0110 1101 1011
controi signails - - -
INST[9],INST[8:4] = 0Obl,0bl0l1l = 0bl11011
1 00000 |INST = 0x16DB,
INST we = 1, REG2 = INST[9] INST[8:4] = 0b11011 = 27
other ctrls = 0 r = »
Ldin dout e |
2 00010 igg_:;z EI{?G_we =1, [ HEEE"NST[E] |MST[3 D] a] welNST ‘ REG
other ctrls = 0 .1.1 ——
3 00111 VALl = O, VALl_we =1, Hdd Euh Ep g
RF sel = 0, ; ! REG2
other ctrls = 0 +
4 01010 |REG2 = 27, REG2 we = 1, ‘ s \ (e | —din dout|-
other ctrls = 0 HAI‘E_HF [HEG‘?] [:t' | i
- : OFF
6
_we REG_sel OFF_sel RF|
REG;:; | OFF_we o7




Tracing cp Cycle 5

Cycle [ State Changed registers/values and
control signals

1 00000 [INST = 0x16DB,
INST we = 1,
other ctrls = 0

2 00010 [REG = 13, REG we = 1,
REG sel = 1,
other ctrls = 0

3 00111 |VALl = 0, VALl we = 1,
RF sel = 0,
other ctrls = 0

4 01010 |REG2 = 27, REG2 we = 1,
other ctrls = 0

5 01000 |VAL2 = 0, VAL2 we = 1,
VALZ sel = 0, RF _sel = 1,
other ctrls = 0

6

e

; so rl3,

assume this is the entire program,

r26 and r27 1s initially O

REG2 = 27
VAL2 = RF[REGZ2]
= RF[27] = 0
[11:8],INST[3:0] ] VALZ=RF[REG2]
21111 .
5ubLEp] . 5ub,c§ add..
N "4
{VAI_:VALI—"JALZJ |VAL=VAL1+VAL2]
- Bliea elell

Lidin dout|
A0 laddr dout din dout i
{we
we
din
REG
VAL1
we
—din douts din douti
te lwe
REGZ VALZ
Lidin dout |
We
OFF
RF_sel VAL2_sel A _se
e RF_we VALL we |
VALZ_we A




Tracing cp Cycle 6

Cycle [ State Changed registers/values and
control signals

1 00000 [INST = 0x16DB,
INST we = 1,
other ctrls = 0

2 00010 [REG = 13, REG we = 1,
REG sel = 1,
other ctrls = 0

3 00111 |VALl = 0, VALl we = 1,
RF sel = 0,
other ctrls = 0

4 01010 |REG2 = 27, REG2 we = 1,
other ctrls = 0

5 01000 [VALZ = 0, VALZ2 we = 1,
VAL2 sel = 0, RF _sel =1,
other ctrls = 0

6 01100

VAL = 0, VAL we = 1,

VAL sel = 1, A sel =

B sel = 0, ALU op =1
other ctrls = 0

1,

VALl = 0, VAL2 = 0
VAL = VALl - VALZ2
=0-0=020

[‘.’AL-VALl UALZ\ |"|.|"AL =VA
1188

subi Ept sub,cp ad

N

[ Update SREG
alla

| | ALUDHR
— ——ue
Hdin doU— |
Huwe 4 | A a—
VALL g SreE_outf
o RAM
—] sregin
Hdin dout
-we 2P
VALZ
ALU —din dout
~we
SREG o
m—din douti
[11:8],[3:8]— 0 —(We
VAL
A_sel i RAM we VAL_sel
B_se
— VAL _we
| we ADDR_we | SREC: We -
ALU_op
29




Tracing cp Cycle 7

Cycle

State

Changed registers/values and
control signals

01010

REG2 = 27, REG2 we = 1,
other ctrls = 0

01000

VAL2 = 0, VAL2 we = 1,
VALZ2 sel = 0, RF sel =1,
other ctrls = 0

01100

VAL = 0, VAL we = 1,

VAL sel =1, A sel =

B sel = 0, ALU op =1
other ctrls = 0

1,

01101

update SREG (z=1,C=0,
N=0) ,

SREG we = 1,

other ctrls = 0

ALU: op2 - opl = result
op2 = 0, opl = 0, result = 0
N set 1f negative

N =0 (result == 0)

Z set 1f result == 0

Zz = 1 (result == 0)

C set 1f opl < op2 (2/s comp)
C =0 (opl == op2 == 0)

alla

[ Update SREG ]]

add,sub,subi

[ RF[REG]=VAL ]
laale

Idi,Id,add,sub,subi

Tpi,cp’

0, breg

| |g Sreg_out

RAM

— sregin

L7

) din douti—
e
SREG
[11:8],
RAM we
SREG_we
30



Tracing cp Cycle 8

Cycle

State

Changed registers/values and
control signals

01010

REG2 = 27, REG2 we = 1,
other ctrls = 0

01000

VAL2 = 0, VAL2 we = 1,
VALZ2 sel = 0, RF sel =1,
other ctrls = 0

01100

VAL = 0, VAL we = 1,
VAL sel =1, A sel =
B sel = 0, ALU op =1
other ctrls = 0

1,

01101

update SREG (z=1,C=0,
N=0) ,

SREG we = 1,

other ctrls = 0

10011

PC = 2, PC we
PC sel = 0,
other ctrls = 0

Il
'_\
~

PC
PC

0, breq

RF[REG]=VAL
. leale

Idi,|d ,add,sub,subi

PC=PC+1
10011

L EEL M

PC_we

inst_in

31



Tracing rjmp Encoding

rjmp —-23
16 + 4 + 2 + 1

23

=23

00000 0001 0111 ?
invert bits and add 1 to get -23

0b1111 1110 1000+1 [
0b1111 1110 1001 -

Instruction |Description T1ype JEncoding JExample
Load/Store Instructions
1di Toad immediate 4-bit reg, 8-bit imm [1116_II1II RRRR_IIII |ldi rl6, 45 = 1110 45(7:4) rl6_45(3:0] = 1110_0010_0060_1101
mov move; copy register 5-bit reg, 5-bit reg |e@1611_S_RRRRR_SSSS |[mov r1, r2 = @61611_r2[4]_ri_r2[3:6] = 661611_6_06061_0610
1d load from RAM 5-bit reg 1601000 RRRRR_1160 |1d  r1, X = 1001000 _r1_1100 = 10091000_00091_1100
st store to RAM 5-bit reg 1821021_RRRRR_116¢ st X rl = 1901201 rl_110¢ = 1091001_geoal_llee
Computation Instructions
add add without carry S-bit reg, 5-bit reg |@eeeil_S_RRRRR_SSSs  Jadd rl, r2 = @@@@ll_r2[4] rl _r2[3:6] = 000011_0_00al_0010
sub subtract without carry 5-bit reg, 5-bit reg 666118_S_RRRRR_SSSS sub rl, 800118_r2[4]_rl_r2[3:8] = 00911¢_06_eeeal_aala
inc increment 5-bit reg 168161¢_RRRRR_8811 ing - 71 18e1818_r1_8611 = 1691816_2a0a1_sa11
dec decrement 5-bit reg 1661616_RRRRR_1818 dec r1 1901016_r1_lele = 10@1e16_seeal_la1d
and logical AND S-bit reg, 5-bit reg |ee16ea S RRRRR_SSss  fand i, 001000 _r2[4]_r1_r2[3:6] = 001000_0_00001_0010
or logical OR 5-bit reg, 5-bit reg |0@1610 S_RRRRR_SSSS  for  ri, 091018 _r2[4]_rl_r2[3:6] = 001019_0_000e1_001a
eor logical exclusive-OR 5-bit reg, S5-bit reg |661661_S_RRRRR_SSSS  |eor ri, 001001_r2[4]_r1_r2[3:6] = 001001_0_00001_0010
com logical complement; NOT 5-bit reg 1601010 _RRRRR_006@  |com r1 10010160_r1_0000 = 1001010_00091_0000
neg negate 5-bit reg 1601016_RRRRR_00a1 neg rl1 = 1001016_r1_0801 = 1001010_00001_oe01
arithmetic shift right 5-bit reg 166161¢_RRRRR_&161 asr rl = 1861816_r1_g181 = 1691616_20031_8161
compare 5-bit reg, 5-bit reg |660161_S_RRRRR_SSSS [cp  rl, r2 = 8@@181_r2[4]_rl_r2[3:6] = 000101_0_000a1_001a
subi subtract immediate 4-bit reg, 8-bit imm @101 TTTT_RRRR_TITTT [subi r16, 45 = @161 45[7:4]_r16_45[3:0] = 0191_0010 6000 1191
andi logical AND immediate 4-bit reg, 8-bit imm @111 ITII RRRR_IIII |andi r16, 45 = 8111 45[7:4] rl6_45[3:0] = 0111 9019 0000 1191
ori logical OR immediate 4-bit reg, 8-bit imm @119 TTTT_RRRR_ITIT |ori r16, 45 = 8110 45[7:4]_rl16_45[3:0] = 9110_0019 0000 1191
cpi compare with immediate 4-bit reg, 8-bit imm [6A11_TTTI_RRRR_ITIT |cpi r17, 45 = 8911 45[7:4]_r17_45[3:0] = 0911_0610 0061_1181
adc add with carry 5-bit reg, 5-bit reg |@ee111_S_RRRRR_ssss  fadc rl, r2 = @90111_r2[4]_rl_r2[3:6] = 000111_0_00001_0010
subtract with carry 5-bit reg, 5-bit reg 000618_S_RRRRR_SSSS sbc rl, r2 = 820010_r2[4]_rl r2[3:8] = 009012_0_0ceel_ocoloe
Input/Output Instructions
in load from I/0 register 5-bit reg, I/0 reg 16110_AA_RRRRR_AAAA [in rl, 16 = 1011@_T016(5:4] rl_T016[3:0] = 10110_01_00901_0000
store to I/0 register 5-bit reg, I/0 reg 16111 AA RRRRR_AAAA |out 18, r1 = 10111 T018[5:4]_r1 I018[3:0] = 10111 @1_geeel gele

5-bit reg, 5-bit reg

CCCCCC_S_RRRRR_SSS5S

rjmp relative jump 12-bit imm 1166 ITITIIIIIIIT rimp 4 = 1166 4 = 1198798998998918'\
o o o= = o o - =

brne branch if not equal 7-bit imm 111161_ITITIII_ 881 |brne 2 111101_2 | = 111101_6000010_001 \

brsh branch if same/higher 7-bit imm 111101_TTTTIII_0e@  |brsh 2 111101_2_ = 111101_0000916_000

brlo branch if lower 7-bit imm 111166 _ITTITIT_@éa brlo 2 111186 2 éea = 111102 006ea16_0aed

rcall relative call subroutine 12-bit imm 11@1_TIITITITIIIIIT reall -23 1181_-23 = 1181_111111181881

ret return from subroutine other 1601_p161_0000_10600 |ret = 1001_0101_0060_1000 = 1001_0101_0006_1000

Stack Instructions

push push register te stack C-bit reg 1601001 _RRRRR_1111  |push rl T001001_r1_1111 = 1e01001_0eeel_1111

pop pop register off stack 5-bit reg 1601006 RRRRR_1111  |pop r1 1001006_r1_1111 = 1001006_00001_1111

Format Legend: Type Format

underscores_are_used_for_readability 5-bit reg CCCCCCC_RRRRR_CCCC

register 5-bit reg, I/0 reg CCCCC_AA RRRRR_AAAA
d register 4-bit reg, 8-bit imm CCCC_IIII RRRR_IIII
egister 7-bit _imm (CCECCE TITLITT ECE
iate 12-bit imm CCCC_TITITITITIIIT
other [CCCC_CCCC_CCCC_CCCe
Instruction |Description Type Encoding Example
rjmp relative jump 12-bit imm 1100 _IIIITIIIIIII rjmp 4 = liee_4 = 1160_eeoeecoealee

INST

OxCFEO9

0d53225 *



Tracing rimp Cycle 1

INST = 0b1100 1111 1110 1001 = O0xCFE9 = 0d53225

rjmp

{OFF=SEKT160N5TI1EU]]W[
88166

OFF=Z? SEXT16(INST[9:3] J:Ul]

\

l

Cycle [ State Changed registers/values and
control signals

1 00000 | INST = OxCFE9,
INST we = 1,
other ctrls = 0

2

3

4

5

INST=PM[PC] H
breg Idi,sub —
[ din doutppdaddr doUtje-din dout] |
1 we r{we
L PC INST
]
PM
am
PE| 521 ™ INST we REG_sel
RS REG_we
inst_in e

33




INST[15] INST[11] INSTI[O]

Tracing rjmp Cycle 2

INST = INST[15:0]

0Kl 100 1111 1110 1001

INST[11:0] = Obm111 1110 1001
Cycle | State Changed registers/values and | SEXT16 (INST[11:0]) = Obl1111 1111 1110 1001 = OxXFFE9 = -23
control signals OFF = -23 fjmp — = I
— / L ldin dout e |
we =
— ! OFF=SEXT16(INST[11:0 0
other ctrls = 0 [ ( [ Balla:lﬁ] [ INST
g, [1:0]——din dout
2 00100 |[OFF = OxFFE9 = -23, b
OFF we = 1,
OFF sel = 0, REG2
other ctrls = 0
3 | [arap i in douti—
«—3 B e
OFF
4 2
5 |_we REG_sel OFF_sel RF_s
[ VAL=0OFF+PC ] REG_we OFF_we 34
. 61116 REG2 we




Tracing rjmp Cycle 3

if addition,

then ALU op =

0

Cycle [ State Changed registers/values and
control signals

1 00000 |INST = OxCFE9,
INST we = 1,
other ctrls = 0

2 00100 |[OFF = OxFFEO9 = -23,
OFF we = 1,
OFF _sel = 0,
other ctrls = 0

3 01110 (VAL = -21, VAL we = 1,
VAL sel =1, A sel = 0,
B sel =1, ALU op = O,
other ctrls = 0

4

5

else 1f subtraction, then ALU op =1
OFF = -23; PC = 2

VAL = OFF + PC = -23 4+ 2 = -21
N L din

ADDR e

din dout
h 4 Il A Qe
VAL=0FF+PC VALL g Sreg_outi oA
Elllﬂ —{ sregin
Hdin dout -
e =
VALZ2
i —{din dout
SREG o
_l—din douti-
[11:8],[38]— | (|WE
VAL
PC=vAL A—SE; ; RAM we VAL_sel
l2laa | we Puli]ﬂ_wé [ SREG_we VAL_we
- ALU_op 35




Tracing rjimp Cycle 4

Cycle

State

Changed registers/values and
control signals

00000

INST = 0xCFE9,
INST we = 1,
other ctrls = 0

00100

OFF = OxFFE9 =
OFF we = 1,
OFF _sel = 0,
other ctrls = 0

-23,

VAL = =21
PC = VAL = =21
¥ Sae——
[ PC=VAL ] RF[REG]=VAL ]
1eie@ 2

rjmp, breq

leal

Idi,Id,add,sub,s

[ PC=PC+1

19@11}

01110

VAL = -21, VAL we = 1,

VAL sel =1, A sel = 0,
B sel = 1, ALU op = O,

other ctrls = 0

10100

PC = -21, PC we =1
PC sel = O,
other ctrls = 0

=7 bdin  doutfdaddr
I wWeE
PC
[+
Pl
| sel ™
PC_we

inst_in

36



Tracing rjmp Cycle 5

Cycle

State

Changed registers/values and
control signals

00000

INST = 0OxCFEQ,
INST we = 1,
other ctrls = 0

00100

OFF = 0OxFFE9 =
OFF we = 1,
OFF _sel = 0,
other ctrls = 0

-23,

PC = -21
PC = PC +1=-21 +1 = -20
| T "
[ PC=VAL ] [ RF[REG]=VAL
lelea i laele,
rjmp, breq Idi,|d,add,sub,subi
s

01110

VAL = -21, VAL we = 1,

VAL sel =1, A sel = 0,
B sel = 1, ALU op = O,

other ctrls = 0

10100

Il
H

PC = -21, PC we
PC sel = O,
other ctrls = 0

10011

Il
}_\

PC = -20, PC we
PC sel = 1,
other ctrls = 0

_g—yiin dout
|

Bk

Hadd

PC|sel ™

PC_we

—inst_in

37
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1. What is microarchitecture?

2. The diagram below shows many muxes. If A =0b10, B=0bl1, and C = 0b00, then what
is Output?

Al1]

B —4

Aﬁﬁa
u/

EISEY=1VA

Output

=
=

O
S
\?/L
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3. In the diagram below shows 2 registers (REG1 and REG?2), 3 inputs (DO, REG1_ we, and
REG2 we), and 2 (intermediate) outputs (D1 and D2). Complete the table below.

Time 0 1 2 3 4 5 6 7
DO 1 2 3 5 8 13 21 34
REGI_we | () 1 0 1 0 1 0 0
REG2_we | () 0 1 1 1 0 0 1
D1 55
D2 &9

DO —4din | dout 5D din  doutfp~D2

REG1 REG?2

REG1_we —{we REGZ2_we —(we

4. Encode the following from assembly to machine code.

subi r28,1 ; decrement down counter
breg 1 ; go print 1s counter if done with 8 bits
rjmp -8 ; loop to check next bit

5. Decode the following from machine code to assembly.
1110000011001000 (0xEOCS8)
0010111111011110 (Ox2FDE)
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6. This question walks through the process of implementing a new instruction in our
microarchitecture. That new instruction will be asr (arithmetic shift right). There is more
than 1 correct answer.

a. Describe any/all new states we need to add to our state machine to implement asr.

Draw/include them in the state machine diagram below.

Fetch
INST=PM[PC]
%

416]151%)

breg Idi,subF;cpi ~—Id,st,add,sub,cp

§ [ OFF:SEXTlG(INST[ll:O])@] [OFF:Z? SEXTlG(INST[9:3]):OJ [REG:1,|NST[7:4J]
3 00109 0001 00001

} subi,cpi add,sub,cp Id,st
1 e breq Idi VAL1=RF[REG] [ADDR:RF[26],RF[271]
| P11 21001
1 subi,cpi add,sub,cp
| ¥
‘ [VAL:INST[11:8],INST[3:O]] [ REG2=INST[9],INST[3:0] ] st
! 00101 01010
|
| Idi/—— add,sub,cp

VAL=RF[REG]

|VALZ:!NST[11:8],INST[3:0]] | VAL2=RF[REG2]
— 01111 01000

VAL=OFF+PC
91110

00110

subi,cpi sub,cp add

Execute

[VAL:VALI -VAL2] [VAL:VAL1+VA L2|
< 01100 91011

subi,cpi,sub,cp

add

Write
back

b. If you have nothing better to do over this weekend, then think about (or repeat) part a for
different instructions.

1. and
1. andi
1il. com

1v. dec
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7. Trace the following instructions (they are borrowed and modified from lecture26-27). Do
not be concern with the cycle (i.e. it is okay to start from either O or 1. It is also okay with
either reset it after each instruction or continue counting up for the entire program).

1di rlé6, 45 ; 0xE20D
1di r17, 23 ; OxE117
1di r18, 11 ; O0xEO02B
add rl7, rl8 ; O0xO0F12
cp rl7, rleé ; 0x1710
breqg 4 ; O0xFO021
rjmp -4 ; OxCFEFEC

Cycle | State Changed registers/values and control signals (if any):
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