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1. (20 points) Ada, a skillful programmer in a software company, wrote a computer program
that solves correctly a very complex problem. She was then asked to provide a context-free
grammar as an alternative for generating the solutions of the same problem. After a few trials
Ada came out with a set of rules that seemed to generate all the solutions of the problem, but
she was unable to demonstrate that that was indeed the case. So she decided to write yet
another program for testing whether or not her grammar generated all the solutions. Her
friend Alan was of the opinion that she will not achieve much with a testing program. /s A/an
too pessimistic or has he a good reason for being dubious? Answer this question by casting
Ada’s testing problem in theoretical terms (i.e. Turing machines) and performing with them
a formal analysis.

2. Answer the following:
2.1 (5 points) Define context-free grammar and string generation with context-free
grammars;
.2 (3 points) Define pushdown automaton and string recognition with pushdown automata;
3 (20 points) Demonstrate formally that the class of all context-free languages is closed
under the star operation but not closed under complementation.

2
2

3. Answer the following:
3.1 (5 points) Define regular expression and regular language
3.2 (15 points) State and demonstrate the Pumping Lemma for Regular Languages.

4. Answer the following:
4.1 (5 points) Defline deterministic, nondeterministic Turing machine, and computation with
cach of them.
4.2 (5 points) Define class P and class NP of problems
4.3 (20 points) Given a context-free grammar and a string, demonstrate formally that the
problem of deciding whether the context-free grammar generates the given string is in P.
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For these problems, when asked to provide an algorithm, always describe it first in plain
language. If you are also providing pseudocode, it should be at a level of detail only fine enough
that 2 competent programmer could take your code and implement it. You may assume that
low-level data structures have been provided for you. So, it is clearer to say “Delete x from the
head of the queue O than to give code for pointer manipulation.

I. Problem I (20 pts)
a) For an algorithm, define what is meant by: (10 pts)
i)  worst-case running time

il) average running time

b) Describe a sorting algorithm whose worst-case running time is O (#*) , but whose
average running time is O (nlogn), and prove your answers. (10 pts)

2. Problem II (25 pts)
a) Give a definition for a spanning tree of a graph. (5 pts)
b) Prove that a graph withn nodes can have no more than (n-1)! spanning trees. (10 pts)

c) Prove or give a counterexample: The single-source shortest paths constructed by
Dijkstra’s algorithm on a connected undirected graph form a spanning tree. (10 pts)

3 (10 pts) Given a weighted graph G, describe the Prim’s Algorithm for finding the minimum
spanning tree in G and then analyze its complexity.

4. (15pts) The first n cells of the array E contain positive integers sorted in increasing order.
The remaining cells contain negative values in an undetermined order. The array may be
arbitrarily large (you may think of it as infinite), and you do not know the value of n. Give an
algorithm to return the position of a given positive integer in the array if it exists, otherwise
the algorithm returns -1. Your algorithm should complete in O(log n) time.

5. Problem V (15 pts)

a)  Write pseudo-code for finding the maximum element in an unsorted list. We assume
all elements are different: (6 pts)

FIND MAX (List, lower, upper)
{ Find the index of the largest of List [lower. . upper],

upper »= lower > 0 }
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Show that if the list has n elements, this requires O{n) comparisons.

b) Show how to use mHZUEZ>M in order to find the second largest element of the list, by
breaking the list in two parts. For large n, your algorithm should require of the order
of Cn comparisons, with C <2. (9 pts)

6. (15 pts) Write an algorithm that has as input a sorted array S (in increasing order) con-
taining n real numbers, the value of n, and a real number x. The algorithm is to determine
whether there are two elements of S whose sum is exactly x. The algorithm should run in
time O(n).
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PROBLEM 1. (25 points) Pipelining Hazards
Suppose a MIPS processor uses the simple 5-stage pipeline where the stages are:

Fetch instruction from memory (Instruction Fetch)
Read registers while decoding the instruction (Reg)
Execute the operation or calculate an address (ALU)
Access an operand in data memory (Data access)
Write the result into a register (Reg)

Suppose further that:

e The read Reg operation occurs in the first half of the cycle, while the write Reg operation occurs in the second
half.

e There is a single memory for both instruction and data, which can only support one memory read or write each
cycle.

e There is no “forwarding” in the pipeline. Thus, if an instruction B relies on a value written into a register by an
instruction A, then the execute stage for B cannot proceed until the register write stage for A has completed.

e An instruction cannot be fed into the pipeline until the hardware knows that the instruction should be executed.
In the case of a branch instruction, the next instruction to feed into the pipeline becomes known when the
execute stage of the branch instruction has completed.

e In the absence of hazards, a new instruction can be fed to the pipeline every cycle.

Consider the following MIPS code:

1w $s1,0($s2)
1w $s5,12($s4)
add $s1,%s1,$s83 # Ssl1 := S$s1 + 583
beg $s5,%s5, 1Ll # 1if (8s5 = $s5) goto Ll
1w $s5,0(%$s3)
Ll: 1w $s1,12(Ss4)

a) (10 points) Show, in a diagram analogous to figure 6.3 below, the schedule in which the stages of the
instructions in the above MIPS code are executed.
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FIGURE 6.3 Single-cycle, nonpipelined execution in top vs. pipelined execution In bottom. Both use the same
hardware components, whose time is listed in Figure 6.2 In this case we see a fourfold speedup on average time between
instructions, from 8 ns down to 2 ns. Compare this figure to Figure 6.1, For the laundry, we assumed all stages were equal

If the drver were stowest, then the dryer stage would set the stage time. The computer pipeline stage times are limited by
the slowest resource, either the AT aperation or the memory access. We assume the write to the register file occurs in the
first half of the clock cycle and the read from the register file occurs in the second half. We use this assumption throughout
this chapter

b) (5 peints) Compute the Cycles per Instruction (CPI) achieved for this MIPS code sequence. Show all your
calculations.

¢) (5 points) What is the percentage improvement in execution time for the entire sequence when compared to a
sequential execution (no pipeline) of the same sequence? Show any calculations.

d) (5 points) Describe any pipeline hazards caused by this execution and classify them in read-after-write (RAW)
or write-after-write (WAW) or write-after-read (WAR) hazards or control hazards (CTL) or other (OTH).
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PROBLEM 2. (25 points) Pipelines and Branching Instructions

a) (10 points) Briefly describe each of the following approaches to dealing with pipeline hazards induced
by branch instructions:

i) Static Branch Prediction

ii) Dynamic Branch Prediction

sew

iii) Delayed Branch

Consider the execution of a 100 instruction sequence in the pipelined architecture described in Problem X. The
sequence has the following characteristics:

20% of the instructions are branches

50% of the branches branch to lower program addresses (backwards)

90% of backwards branches are actually taken

50% of forward branches are actually taken

Delayed branch slots can be filled with useful instructions 50% of the time

All registers read by the branch instruction are available at the beginning of its read register cycle
If a branch is predicted wrongly the branch will behave as if no prediction has been used.

The sequence achieves a CPI of 2 if no branch hazard strategy is used.

¢ 00 8 &0 6 &

If necessary, clearly state any additional assumptions required to answer the problem.

b) (15 points) Compute the percentage improvement in CP1 achieved by each of the following strategies:

Predict that backwards branches are always taken, and forward branches are never taken

1-slot Delayed Branch
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PROBLEM 3. (25 points) Assume a four blocks cache of eight words each. Assume an architectural
memeory of 232 words. Assume that the cache is empty. For the sequence of memory accesses shown
identify with an x the box that corresponds to a cache hit for each configuration indicated. Show
your calculations and annotations.

Sequence of Memory Accesses (the first access is the location of the Jeft extreme)
169 1305 572 | 164 307 | 172 {562 |310 | 185 | 547 | 562 | 161 |297 | 177

Direct map
FA - LRU
FA - FIFO
F'A- Optimal
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PROBLEM 4. (25 points) Consider the following data path from a SPARC architecture

ntrol
Register
File

PA PB

A2-Al ouT

000 B

001 B+4
010 A+B
011 A-B
100 AorB
101 A and B
110 SAR B
111 SLL B
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Indicate the values (ones and zeros) that the control signals of the data path should have in
order to implement the following:

4a - The fetch of a SPARC instruction (4 points)

Cycle MARE | MDRE

RE | PCE | | M- S | RA4 RB4- RC4- A2

Mo RAO | RBO RCO AO

MFA | R/W

4b - SPARC instruction - or %r23, %r23, %r23 (after the fetch is completed) (4 points)

Cycle MARE | MDRE | IRE | PCE | RFE | MI- S | RA4- RB4- RC4- A2- Cin MFA | R/W
MO RAOD RBO RCO AD

4¢ - SPARC instruction - 1d [%r4 + %r5], %rl (after the fetch is completed) (4 points)
Cycle | MARE | MDRE [TRE | PCE | RFE [ MI- [ S T RA4 [ RB4- | RCA- | A2- MEA T RW
MO RAO | RBO | RCO | AO

4d - SPARC instruction - bne +450 (assurne that is not “delayed” and that the branch takes place)
(after the fetch is completed) (4 points)

Cycle MARE | MDRE i PCE | RFE

S | RA4- RI34- RC4- Al-
RAQ RBO RCO Al

R/W

4e¢ - Specify the changes that need to be made to the data path of the previous page in order to
implement a delayed branch. Use the data path on the previous page to indicate the changes
and explain how it will work. (Opoints)
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Fastruction Formats
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- Codes for Instruction Formats
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“PARC: LoadStore Instructions

Mnemonic  opd Meaning

Idsb 001601  Load signed byte
Idsh 001010 Load signed halfword
id 001000  Load word
Idub 000001  Lond unsigned bytes
Iduh 000010  Load unsigned halfword
\dd 000011 Load doubleword

506181 Store byte

000110 Store halfword

000100  Store word

000111 Store doubleword

Swap register with memory word

SPARC: Examples of Load/Store
Instructions

"TYEEEEREE R NN

Instruction 18 loct8 loc62

50 380 15
i [%r4 + %r5], %ri
after 50 360 15

before 83 360
id {%r4 - 12), %15
after 360

before
st %71, [%r5 + 300}
after

- Arithmetic and Logic

Instructions

'YEEEE RN N N N

N EEEEERERENE R N BN

op =
S - set condition code bit (S=1 allows modifying CC)
Assembly examples:

nstruction e rd simmi13

TS &
suboe %4, - 30, 1
sub Va2, %r3, Y7 7
SH %%rt, %6, %5 5

Note: When an instnsction is allowed to modtly the condition codes the extansion
"ec* is aidded to the mnamonic of the instiucton (sub when 5=, subct whan S=1}

%
k]
]
%
%
: B betore 40
]
£
B
%
L3
&

op =11

Effective address:
{rs1]+ {rs2} fcontentof rs1 + content of rs2
[rs1}+ simmi3 Jeontent of rat + content of simm13

Assembly examples™:

Instruction simm13

id [%r4 + %15}, %16
i {4 - 123, %r1

St %2, (%r3 + 300}
St Y%, [r6 + %)

SPARC: Arithmetic and Logic
Instructions

Muemonic M eaning

add add
addx add with earry
sub substract
subx substract with carry
and and bitwise
andn nand bitwise
or bitwise
nor bitwise
xor bitwise
xnor bitwise
shift feft Jogical by rs2 or simm13
shift right logical by rs2 or simm13
shift right arithmetic by rs2 or simmi

L ] N
o SPARC: Examples of Arithmetic and

s Logic Instructions

2

instruction

add %4, %r5, %r1

sub %r4, - 12, %15
after 40

before - 128
s1a %ri, %15, %rd
after -128

b



Branch Instructions SUANL Branch nstructions
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Examples of branch
Instructions

ap  opd
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bneg, 8, 120

B o

#

Examples of Subrowtine
{rstructions

&

Subroutine Instructions
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SPAKC: Register Windows Instructions

Muemanic  op  opd Meaning

save 10 1100 I WIMKCWP-2=0
CWP = CWP-1; WIMICWP=1);
rd=rsi+rs? or rd=rs}+stmmid
H WIMICWP-2)=1
Overfiow trap

restore 10 111101 HWIMICWP+2)=0
CWP = CWP+1; WIM(CWP=0);

rd=rsl4rs? or rdzrslesimm13

I WIM{CWP-2)=1
Underflow trap

Assembly examples:

AR Other Instructions

Mnemonic op op2  Meaning

sethi 00 100  Place the 22 bits inmediate value in
the most significant 22 bits of rd. The
remaining 10 bitstake a value of 0.

Example:

Instruction (2l

before  ACC3D5B0H
sothi 3FFFFFh, %rt
after FFFFFCOOh

recision

C

2 St

Iy

Y
@
o

Number = § 1LF x 28108

- Examples of Register Windows
Instructions

instruction

save %rd, %I5, %rl

restore %4, - 12, %15

Single Precision

Number = § LF x 28127

S-sign(@=+,1=-)
F - exponent
¥ - fraction




