
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
2



3

Cheatsheets 1-2: Chapters 5-6



4

Cheatsheet 3:
Chapter 7,
State Machine



5

Cheatsheet 4: Chapter 7, Microarchitecture



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 6



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, HW7Q7, 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, lecture23slide5, lectures25-27

color legend: book, homework, lecture 7



Exam 3 Topics - Chapter 7 (continued)
Instruction Implementation

ldi - section7.3.1and7.4.2, HW7Q9, lecture19slide17-19, lecture20slide13-20
ld - section7.3.2and7.4.3, HW7Q9, lecture19slide20-22, lecture23slide6-20
st, add, sub, cp, subi, cpi, rjmp, 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 I/O registers

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

color legend: book, homework, lecture 8



MUX: Notation & Selection
Use the selector to indicate which input should be used as output.

9



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

10

WE 0 1 0

DIN 1 1 0

DOUT



Binary -> ISA

1110000000001111 -> ldi ?, ?
What do I need to look for?
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Binary -> ISA
1. Find the instruction format: CCCC_IIII_RRRR_IIII
2. Divide binary: 1110_0000_0000_1111
3. Find the opcode: 1110
4. Calculate:

a. 0000_1111 -> 15
b. 0000 -> 0 -> r16

5. Instruction: r16, 15

12



ISA-> Binary

add r17, r19
How do we convert this to binary?

13



ISA -> Binary
1. Look up the format: CCCCCC_S_RRRRR_SSSS
2. Look up the opcode: 000011
3. Convert C, R, S

a. C = 00011
b. R = r17 = 10001
c. S = r19 = 10011

4. Insert: 000011_1_10001_0011 -> 0000_1111_0001_0011

14



Tracing

15

; assume this is the entire program, 
; so r13, r26 and r27 is initially 0
ld r27, X ; demonstrates accessing RAM
cp r13, r27 ; demonstrates updating SREG
rjmp -23 ; demonstrates negative immediates and SEXT
; this is a bad program, so



Tracing ld Encoding
ld r27, X
27 = 16 + 8 + 2 + 1
   = 0b11011

INST = 0b100100_11011_1100 = 0b1001_0001_1011_1100 = 0x91BC = 37308 16



Tracing ld Cycle 1
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 17

INST = 0b100100_11011_1100 = 0b1001_0001_1011_1100 = 0x91BC = 37308



Tracing ld 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 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 18

INST = INST[15:0]  = 0b1001_0001_1011_1100
INST[8:4]          =         0b1_1011
REG = INST[8:4]    =         0b1_1011 = 27

INST[15] INST[4]INST[8] INST[0]

simulator 
error



Tracing ld 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 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 19

; assume this is the entire program, 
; so r13, r26 and r27 is initially 0
RF[26] = 0x00, RF[27] = 0x00
ADDR = RF[26],RF[27] = 0x00,0x00 = 0x0000 = 0



Tracing ld Cycle 4
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 20

; assume this is the entire program, 
; so no assembler directive and all RAM is 0
ADDR = 0
VAL = RAM[ADDR] = RAM[0] = 0



Tracing ld Cycle 5
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 21

VAL = 0, REG = 27
RF[REG] = VAL
RF[27] = 0



Tracing ld Cycle 6
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 22

PC = 0
PC = PC + 1 = 0 + 1 = 1



Tracing cp Encoding

INST = 0b000101_1_01101_1011 = 0b0001_0110_1101_1011 = 0x16DB = 585123

cp r13, r27
13 = 8 + 4 + 1
   = 0b01101
27 = 16 + 8 + 2 + 1
   = 0b11011



Tracing cp Cycle 1
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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

24

INST = 0b0001_0110_1101_1011 
     = 0x16DB



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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

25

INST = INST[15:0] = 0b0001_0110_1101_1011
REG = INST[8:4]   =         0b0_1101 = 13

Tracing cp Cycle 2 INST[15] INST[4]INST[8] INST[0]

simulator 
error



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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

26

; assume this is the entire program, 
; so r13, r26 and r27 is initially 0
REG = 13
VAL1 = RF[REG] 
     = RF[13] = 0

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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

27

INST = INST[15:0] = 0b0001_0110_1101_1011
INST[9],INST[8:4] = 0b1,0b1011 = 0b11011
REG2 = INST[9],INST[8:4] = 0b11011 = 27

Tracing cp Cycle 4 INST[15] INST[3]INST[9] INST[0]



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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

28

; assume this is the entire program, 
; so r13, r26 and r27 is initially 0
REG2 = 27
VAL2 = RF[REG2] 
     = RF[27] = 0

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 VAL1 = 0, VAL1_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,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

29

VAL1 = 0, VAL2 = 0
VAL  = VAL1 - VAL2
     = 0 - 0 = 0

Tracing cp Cycle 6



Cycle State Changed registers/values and 
control signals

... ... ...

4 01010 REG2 = 27, REG2_we = 1,
other_ctrls = 0

5 01000 VAL2 = 0, VAL2_we = 1,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

30

ALU: op2 - op1 = result
op2 = 0, op1 = 0, result = 0
N set if negative
N = 0 (result == 0)
Z set if result == 0
Z = 1 (result == 0)
C set if op1 < op2 (2’s comp)
C = 0 (op1 == op2 == 0)

Tracing cp Cycle 7



Cycle State Changed registers/values and 
control signals

... ... ...

4 01010 REG2 = 27, REG2_we = 1,
other_ctrls = 0

5 01000 VAL2 = 0, VAL2_we = 1,
VAL2_sel = 0, RF_sel = 1,
other_ctrls = 0

6 01100 VAL = 0, VAL_we = 1,
VAL_sel = 1, A_sel = 1,
B_sel = 0, ALU_op = 1
other_ctrls = 0

7 01101 update SREG (Z=1,C=0,
N=0),
SREG_we = 1,
other_ctrls = 0

8 10011 PC = 2, PC_we = 1, 
PC_sel = 0,
other_ctrls = 0

31

PC = 1
PC = PC + 1 = 1 + 1 = 2

Tracing cp Cycle 8



Tracing rjmp Encoding
rjmp -23
 23 = 16 + 4 + 2 + 1 
    = 0b0000_0001_0111

invert bits and add 1 to get -23

-23 = 0b1111_1110_1000+1
    = 0b1111_1110_1001

INST = 0b1100_1111_1110_1001 = 0xCFE9 = 0d53225 32



Tracing rjmp Cycle 1
INST = 0b1100_1111_1110_1001 = 0xCFE9 = 0d53225

Cycle State Changed registers/values and 
control signals

1 00000 INST = 0xCFE9, 
INST_we = 1, 
other_ctrls = 0

2 00100 OFF = 0xFFE9 = -23, 
OFF_we = 1, 
OFF_sel = 0, 
other_ctrls = 0

3 01110 VAL = -23, VAL_we = 1,
VAL_sel = 1, A_sel = 0,
B_sel = 1, ALU_op = 0,
other_ctrls = 0

4 10100 PC = -23, PC_we = 1
PC_sel = 0,
other_ctrls = 0

5 10011 PC = -22, PC_we = 1
PC_sel = 1, 
other ctrls = 0 33



Tracing rjmp Cycle 2

Cycle State Changed registers/values and 
control signals

1 00000 INST = 0xCFE9, 
INST_we = 1, 
other_ctrls = 0

2 00100 OFF = 0xFFE9 = -23, 
OFF_we = 1, 
OFF_sel = 0, 
other_ctrls = 0

3 01110 VAL = -23, VAL_we = 1,
VAL_sel = 1, A_sel = 0,
B_sel = 1, ALU_op = 0,
other_ctrls = 0

4 10100 PC = -23, PC_we = 1
PC_sel = 0,
other_ctrls = 0

5 10011 PC = -22, PC_we = 1
PC_sel = 1, 
other ctrls = 0

INST = INST[15:0]  = 0b1100_1111_1110_1001
INST[11:0]         =      0b1111_1110_1001
SEXT16(INST[11:0]) = 0b1111_1111_1110_1001 = 0xFFE9 = -23
OFF = -23

INST[15] INST[0]INST[11]

34



Tracing rjmp Cycle 3

Cycle State Changed registers/values and 
control signals

1 00000 INST = 0xCFE9, 
INST_we = 1, 
other_ctrls = 0

2 00100 OFF = 0xFFE9 = -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 = 0,
other_ctrls = 0

4 10100 PC = -23, PC_we = 1
PC_sel = 0,
other_ctrls = 0

5 10011 PC = -22, PC_we = 1
PC_sel = 1, 
other ctrls = 0

OFF = -23; PC = 2
VAL = OFF + PC = -23 + 2 = -21

35

if addition, then ALU_op = 0
else if subtraction, then ALU_op = 1



Tracing rjmp Cycle 4

Cycle State Changed registers/values and 
control signals

1 00000 INST = 0xCFE9, 
INST_we = 1, 
other_ctrls = 0

2 00100 OFF = 0xFFE9 = -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 = 0,
other_ctrls = 0

4 10100 PC = -21, PC_we = 1
PC_sel = 0,
other_ctrls = 0

5 10011 PC = -22, PC_we = 1
PC_sel = 1, 
other ctrls = 0

VAL = -21
PC = VAL = -21

36



Tracing rjmp Cycle 5

Cycle State Changed registers/values and 
control signals

1 00000 INST = 0xCFE9, 
INST_we = 1, 
other_ctrls = 0

2 00100 OFF = 0xFFE9 = -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 = 0,
other_ctrls = 0

4 10100 PC = -21, PC_we = 1
PC_sel = 0,
other_ctrls = 0

5 10011 PC = -20, PC_we = 1
PC_sel = 1, 
other_ctrls = 0

PC = -21
PC = PC + 1 = -21 + 1 = -20

37


