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Problem 1. (10 points):

Every LC-3 instruction takes 8 cycles to be fetched and decoded, if we assume every memory access takes 5 cycles. The
total number of cycles an LC-3 instruction takes to be completely processed, however, depends on what has to be done
for that instruction.

Assuming every memory access takes 5 cycles, and assuming the LC-3 processes one instruction at a time, from beginning
to end, how many clock cycles does each instruction take? Your job in this problem is to complete the table below. For

each instruction, fill in the number of cycles required to process it.

Incidentally, the information in this table will be needed in Problem 7.

Instruction | Number of cycles |

ADD S|

AND 9

LD | 5

LEA @

LDI 2.1

NOT (Ci

BRnzp |0

TRAP | K
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Problem 2. (10 points):
Part a. (2 points): The following program needs to be assembled and stored in LC-3 Memory. How many LC-3 memory
locations are required to store the assembled program?

.ORIG x4000
AND RO,RO,#0
ADD R1,RO0O,#0
ADD RO,RO,#4
LD R2,B

A LDR R3,R2,#0
ADD R1,R1,R3
ADD R2,R2,#1
ADD RO,RO,#-1
BRnp A
JSR SHIFTR
ADD R1,R4,#0
JSR SHIFTR

8T R4,;C
TRAP x25
B .BLKW 1
C .BLEW 1
.END

Number of memory locations required to store the binary code

|6

What is the address of the location labeled C?

X 400F

Part b. (8 points):

Before the program of part a) can execute, the location labeled B must be loaded by some external means. You can as-
sume that happens before this program starts executing. The program also contains a subroutine whose starting address
is SHIFTR. Recall in class, we talked about subroutine libraries (collections of subroutines) that are linked with your
program to provide one complete executable image. You can assume that the subroutine starting at location SHIFTR is
available for the above program to use. SHIFTR takes the value in R1, shifts it right one bit, and stores the result in R4.

After the program segment executes, what is in location C? Please answer in fewer than 25 words. Actually, ten should
be more than enough.

The c:!\’e.v’a%@ of 4 values Hom memwé
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Problem 3. (10 points):
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Part a. (6 points): Note that several of the lines (i.e., signals) in the LC-3 data path have been drawn in boldface. The line
is designated by a boldface number 1,2,0r 3. Not all instructions use all three lines. That is, some instructions would not
function correctly if the line (i.e., signal) were removed.
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List the opcodes that utilize line 1 during their processing of an instruction.

ET T

List the opcodes that utilize line 2 during their processing of an instruction.

List the opcodes that require LD.CC=1 on line 3 during their processing of an instruction.

AND, ADD, NOT, LD, LDR LD, (LEAD

Part b. (4 points): Note the logic (in boldface) added to the data path. The output of that logic is labeled X. What does

X=1 indicate (in 15 words or fewer, please) if ALUK is ADD?

ovex+low
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Problem 4. (10 points):
The following program is supposed to print HELP! to the monitor.

.ORIG %3000
LEA RO,OUTPUT
| LDR R1,RO0,#0
| AGAIN LDI R2,DSR
| BRzp AGAIN
| STI R1, DDR
| ADD RO,RO,#1
| LDR R1,R0,#0
| BRz AGAIN

TRAP x25
L‘f OUTPUT .STRINGZ "HELD!"
DSR _FILL xFE04 '
DDR .FILL xFE06
.END

However, there is a small bug in the program. What is actually printed on the monitor?

H

What is the bug?

BR- @8&“\(\ goes he mena teay

How would you fix it so the program would work properly?

Chowld be Bgn? oY BQP
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Problem 5. (10 points):

It is often useful to find the midpoint between two values. For this problem, assume A and B are both even numbers, and
that A is less than B. For example, if A=2 and B=8, the midpoint is 5. The following program finds the midpoint of two
even numbers A and B by continually incrementing the smaller number and decrementing the larger number. You can
assume that A and B have been loaded with values before this program starts execution.

Your job: Insert the missing instructions.

.ORIG x3000

LD RO,A
LD R1,B
% NoT R2, o

ADD R, R2, |

ADD R2,R2,R1

ADD R1,R1,#-1

ADD RS, RO, HE

BRnzp X
DONE ST 2 Y
TRAP x25
A .BLKW 1
B .BLEW 1
2 .BLKW 1
.END

%R'Z_ DONE ; Hint:

the missing instruction is a branch.
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Problem 6. (20 points):

The primary disadvantage of linked lists is that searching for an element often requires looking at every element in the
list. To overcome this issue, we can replace the single linked list with a collection of linked lists, where every element
of the original linked list is in exactly one of the *new* linked lists, and we know which linked list to search to find the
element. The idea is to compute some function of each element, and to put all elements that produce the same value of
that function in the same linked list. That is, in order to know which linked list to search, we compute the function, and
that tells us which linked list the element must be in (assuming the element is present in the first place, of course). Thus,
if there are n linked lists, we ought to be able to find the element in approximately :—]th of the time.

In this problem we will use a collection of linked lists to implement a student directory. Each student has two pieces of
data: a 16 bit student ID number stored as an unsigned integer and a name stored as a character string. Each data node
consists of 3 words and its configuration is shown below,

word 0 | pointer to the next node
word 1 | student ID as 16-bit unsigned integer
word 2 | pointer to character string of student name

The function that will determine which linked list the student belongs in will simply be bits[2:0] of the student ID. Thus,
there must be 8 linked lists. We conveniently store pointers to the first element in each of the 8 linked lists in an S-entry
table, starting at location x4000, as shown below. If there are no elements in a linked list, that table entry would be x0000.

Linked List for IDs
ending with 000

x4200 x4150
Hash Table [ »|_*4150 g L e ©

4000 x0018 x4210 x0008 x4160
asl =4200 x4210 x4160 —»{AMY
Bl SR J T e R B R
oo x0000 — 5100
o[ x0000 |— =000 —,
100] x5100 3 x0034 x5210
101f x0000 F— x5210  |— JESSICA
o) J0000 F== gy X3450
| x3400 B x3450 B x0000 —

X001F x3410 0007 x3460

x3410 | —INICK | x3460 —[JENN

Actually, the data structure world does have names for this mechanism. The function used to determine which linked list
is called a “hash function,” and the table of pointers to the first element of each linked list is called a “hash table,” but you
don’t need these names to solve the problem.

Problem 6 continues on the next page.
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Your job in this problem is to complete the INSERT subroutine which is used to add a new element (a new student!) to
the student directory. This subroutine takes the pointer to the node which is stored in R0 and inserts the node into the
appropriate linked list. If there is an element with the same student ID present, the subroutine replaces the old element
with the new one. That is, the old student is removed from the linked list and the new student is inserted.

; INSERT - This subroutine inserts a node into the student directory
; Inputs: RO contains a pointer to the node to be inserted
i Outputs; none

INSERT

LOOP

HASH

SAVE_R1
SAVE_R2
SAVE_R3
SAVE_ R4

ST R1, SAVE Rl
ST R2, SAVE R2
ST R3, SAVE R3
ST R4, SAVE R4

LDR R2, RO, #1
AND R3, R2, #7

LD R\, vASH

ADD R1l, R3, R1
NOT R2, R2
ADD R2, R2, #1

LDR R3, RI, #O
BRz B

LDR R4, R3, #1

ADD R4, R2, R4

RBRR> A

ADD R1, R3, %0
BRnzp LOCP

LDR R4, R3, #0
STR R4, RO, #0

STR RO, RI, #0

LD R1, SAVE‘._RI
LD R2, SAVE R2
LD R3, SAVE R3
LD R4, SAVE R4
RET

.FILL x4000
.BLKW 1

.BLKW 1

.BLKW 1

.BLKW 1
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Problem 7. (20 points):

Now that the keyboard interrupt is old stuff for you, it is time to introduce two interrupts for the LC-3: INTA and INTB.
The necessary hardware has been added to allow them to happen. INTA has priority 2 and an interrupt vector of x50.
INTB has priority 4 and an interrupt vector of x60.

Recall that the priority is specified in bits[10:8] of the PSR. In fact, the full PSR specification is:

15 14 13 12 11 10,908 7265 4 3 2 1 0
PSR: [Pr[ 0] O] O] OTJ Priority JOJOJOJOJO[NJ[Z]JP]

where PSR[15]

0 (supervisor mode), 1 (user mode).

PSR[14:11] = 0000

PSR[10:8] = priority, 0 (lowest) to 7 (highest).
PSR[7:3] = 00000

PSR[2:0] = condition codes for N,Z.P

[n this problem you are given the user program and the two interrupt service routines. The user program starts executing
at cycle 1 and runs at priority 0.

User program: INTA Service Routine: INTB Service Routine:
.ORIG %3000 .ORIG x1000 .ORIG %2000
AND RO,RO,#0 AND R5,R4,H#0 LDI R4,VALZ
ADD RO,RO, #5 ADD R5,R5,#-1 NOT R4,R4
LD R1, COUNT LD R3,VAL ADD R4,R4,#1
NOT RO,RO ADD R3,R3,R5 STI R4,VAL2
ADD RO,RO, #1 ST R3,VAL RTI

AGAIN ADD R2,R0O,R1 RTI VALZ .FILL xFEO08
BRz DONE VAL .BLEKW 1 .END
ADD R1,R1,#-1 .END
BERnzp AGAIN

DONE TRAP x25

COUNT .FILL x000F
.END

Assume both interrupts are enabled. Assume 22 cycles are needed to initiate an interrupt when you are in user mode; that
is, from the time the test is taken until the interrupt service routine starts executing. Assume it takes 21 cycles if you are
in privileged (supervisor) mode. You already know from problem 1 the number of cycles individual instructions take.

Part a: In order to support INTA and INTB, the interrupt vector table must have entries. Show the addresses of these
entries and the contents of those memory locations.

| Memory address | Content ]

¥ Ol50 ¥ DO

*xOl\6o X 2000

Part b: Suppose INTA requests service at cycle 30 and INTB requests service at cycle 68. In which cycle does each
service routine start executing?

INTA cycle number: 5 F 5'4.—— 5?— QLC&P“PCL-

INTB cycle number: q ?’_ q )~} ‘9’ CLLCCEP"L_ECQ‘

9
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Part ¢: The table below shows the contents of a section of memory (locations x2FFA to x3002) before the user program
starts executing. Show the contents of these locations and the contents of the Stack Pointer in cycle 100.

x2FFA

x2FFB

x2FFC

x2FFD

x2FFE

x2FFF

x3000

x3001

x3002

Stack
Pointer

Initial At the end of
cycle 100
x0001
X 0oco)
x0010
¥ 6old
x0100 &
~ | oo
x1000
% 0204
1100
- % Do
x1110
*x B OO0 |
x1025 % 625
x2207 %29 OF
30
O | enpee

¥ 0204  alge
X IIODCZ_ QCC&P+€C1,

X 360
« 3003
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Problem 8. (20 points):

The program stored in memory locations x3000 to x3007 loads a value from memory location x3100, then does some
processing, and then stores a result in memory location x3101. Shown below is an incomplete specification of the program.
Your job (part 1): complete the specification of the program.

Address | Contents Assembly code

x3000 | 0101001 001 1 00000 AND R1, R1, #0

x3001 | 0010000 ©1lit] it LD RO, x3100

x3002 | 0000 110 000000011 BRnz x3006

x3003 10001 oolo oloo ccco |ADD R\, RI, R6
x3004 | oocol ©ecoe ootl LU | ADD Ro, RO, H—)
x3005 [0000 111y 11l lloo BRozp x3002
x3006 | 0011001 © Vit | \olO STRI1,x3101

x3007 | 1111 000000100101 HALT

To help you in this process, we have taken a snapshot of part of the state of the machine before the first instruction executes
and at several instruction boundaries thereafter, that is, after a number of instructions executed. Part of the snapshot is
shown below. Your job (part 2) is to complete the snapshot. Note that the program enters the TRAP x23 service routine
after executing 17 instructions. Therefore some instructions must execute more than once.

Note that in the table below: some entries are designated xxxx. You do not have to fill in those entries. Also, you can
ignore snapshots for any instructions that are not listed in the table.

Instruction# | PC | MAR MDR RO R1
Initial x3000 | xxxx 5.4, &, XXXX XXXX
1 x3001 | xxxx XXX 5,69, .9 (@)
2 x3002 | %2100 3 L) O
3 x3003 | xxxx XXXX ) o
4 x3004 | ¥x2e083 |x1240 £ 2
5 x3005 | xxxx XXX% x0002 2
9 x3005 | xxxx XXXX x0001 5
13 x3003 | xxxx XXXK x0000 &
14 x3002 | xxxx XXXX @) é
15 x3006 | xxxx XXXX @) =
16 x3007 | x 31 0] & @ [
17 XXX% | xxxx XXXX % L

11
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Problem 9. (20 points):
During the execution of an LC3 program, the processor datapath was monitored for four instructions in the program that
were processed consecutively. The table below shows all clock cycles during which the bus was utilized. It shows the
clock cycle number, the value on the bus and the state (from the state machine diagram) for some of these clock cycles.
Processing of the first instruction starts at clock cycle T. Each memory access in this LC3 machine takes five clock cycles.

Your job: Fill in the missing entries in the table below. You only need to fill in the cells not marked with ‘x’.

Note: There are five clock cycles for which you need to provide the control signals. Not all LC3 control signals are shown
in the table. However, all control signals that are required for those five clock cycles have been included.

Note: For the DRMUX signal, write *11.9°, ‘R7’, or ‘SP’; for the R.W signal, write a ‘R’ or a ‘“W’; for the PCMUX
signal, write ‘PC+1°, ‘BUS’, or “ADDER’; for all other control signals, write down the actual bit. If a control signal is not
relevant in a given cycle, mark it with a dash (i.e., -).

Inst. | Clock Bus | State Control Signals
# Cycle
Gate{ Gate |Gate] Gate [LDJLD.|LD.[LDJLD| DR MIO| RW | PC
PC MDRALUMARMUX|PCMDRMAR|CC[Reg MUX | EN MUX
b1 | Tt | onau- IR L@ Lo @ A @ Lelel — (@i | Bt

T+6 | XForfl 35| x | x | x X | ol 5l T BT X %=
T+8 | x00AB { 5 ol k| % X e e = [l X X X

T+9 [¥20] 28 |\ |o || © |o|\|o|ot| RF|\V|IR | —

T+10 [ X304| 25 (®|O|O] © |O'|O0|OV| RE|)|R =

il | XBON s U OO . & (8 |OO KL | | R —
Mesk12 X 28 R il X Xl X e x| = X X 7
T+13 X 28 x| x |Lx X x| x X | % xlx X X X
T+ 14 [RVB10] DO x| % | % X [ 2 ||| e X o]
Inst. 2 | T+15 | x1510 1l 8 (> | X .| o o [0 [ 5 | X X X
T42) | x2219 | B5 | x | x | x X 2l % | % =X % X | x
23 KB 2 | x| x | x X | e [ (| X % | %

T+29 | xso01 | 2F |0 L |O| & |oleo|o|l[yiWF|lo|— | —
Inst. 3 | T+30 | ¥I& | B | x| x | x X x| x| x [ x]|x]|x X % =
T+36 | x0804 85 | E | X X 0 | (e > [ 1 [ X X ¥
st.4 | TFAO|%ISIE | 18 | x| x | x X ]l 212 |lzala|® | = |=
X x1200 X z = |5 X x| % o | 5 - X X %
X x0000 X % | ] x X x| = x | x|x]|= X X %




