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1. (10%) Given the following program:

int main() void func ( int* nums, int numsSize )
{ {
intnums [ | = {0, 20,0, 8,29, 25,0 }; int ans [ numsSize |;
int size = sizeof ( nums ) / sizeof int j = 0;
( nums [0] ); for (int 1= 0; i <numsSize; i++)
func ( nums, size ), {
for (int1=0;1<size; it+) if (nums [i] !=0)
printf ( "%d ", nums [i] ); {
return O; ans [j] = nums [i];
5 J++;
}
}
while (j <numsSize )
{
ans [J] = 0;
ey
}
for (inti=0; i <numsSize; i++)
nums [i] = ans [i];
}

(1) What are printed? (5%)

(2) Explain how you would evaluate the time complexity and space complexity of
this code. (5%)

2. (10%) Show that the following statements are true or false.
(1)2+4+8+...+2"=0(n") (5%)
2)5"=0#" (5%)

3. (10%) For any nonempty binary tree T, suppose that n, is the number of leaf nodes
and n, the number of nodes of degree 2, prove ny, = n, + 1.
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4. (10%) Write a program that reads an integer n and prints all odd squares in the
inclusive range [1, n], in increasing order. Print the numbers separated by a single
space.

Example
Input: 200
Output:1 9 25 49 81 121 169

5. (10%) According to Kruskal's method for finding the minimum cost spanning tree,
explain its idea, procedure, and time complexity.

6. (20%) Answer the following questions.

(1) Convert the following infix expression into its prefix form: (5%)
(A+B)*(C-D)/E

(2) Given the following tree, write its postfix traversal. (5%)

(3) Insert the numbers 15, 7, 20, 3, 10, 25, 2, 5 into an initially empty binary min
heap. Draw the final heap. (5%)

(4) Remove the smallest value from the heap obtained in (3) and reconstruct the min
heap. Show the resulting tree. (5%)

7. (10%) Insert 30, 20, 40, 10, 25, 35, 50, 5 into an initially empty AVL tree (in this
order) and draw the final tree.

8. (10%) What is the output when calling Test(3)?

String Test(int n) {
String s = Test(n-2) + n + Test(n-1) + n;
if (n <= 0) return "";
return s;

(BT R)



HEHRIN4FNAEYEFEHEA s
#8 s AEBREX (2=ZH ' ¥%¥=R8)

9. (10%) Using the Ackermann function defined below, compute the exact values of
A(2, 3) and A(3, 2). Show your steps or justify your answers using known closed
forms for fixed m. Assume m,n > 0.

n4+1 ifm=20
A(m,n) ={A(m—1,1) ifm>0andn =0
Am=1,A(mn—-1)) ifm>0andn>0
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1. (15%) Answer two questions regarding a linear system Ax = b, given an n X n
matrix and an n-dimensional vector b.
(a) Suppose we can find a solution to Ax = b, can we conclude that A is
invertible? Explain your answer. (5%)

(b) If b is the average of all the columns in A, what is the solution to Ax = b?

(10%)
1 1 0 0
2. Write down the column rank and row rank of the matrix A=|1 1 1 OJ. (10%)
0 1 1 1

3. (15%) Let us consider the following vectors:

1 1 1 1 0
t= L ,u=0,v= 1,w= 1 andO-——O
-1 i 1 2 0
-1 0 5 2 0

Suppose we also have At = Au = Av =0 and Aw = 2w fora 4 X 4 matrix A.

Answer the following two questions.

(a) Are t, u and v linearly independent? (5%)
(b) What could be the rank and nullity of A? (10%)

V2 cos (g) —V2sin (—g)
Fsin(2) VZeos ()

p(A) = 0, with 0 denotinga 2 X 2 zero matrix. (10%)

4. Let A= , find the polynomial p where we have
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5. (20%) Answer two questions as follows.
(a) If det(A) = —3, calculate det(4?) (10%)
(b) If O is an eigenvalue of A, calculate det(AB). (10%)

(Explain your reason, especially if you think it is not possible to find the answer.)

6.  (20%) The Fibonacci sequence is defined as a, = 0, a; =1 and a,.» =a, +
an+1- Answer two questions to find the closed-form solution of the nth-term in

the sequence.

(a) Use a matrix form to write down the relation of consecutive terms in the

an+2] — A [a;;] _ [au a12] [an+1

= 1 0
i o anll o | Find A. (5%)

sequence. That is, [

(b) Apply diagonalization to the matrix A to find the general form of the nth-

term in the Fibonacci sequence. (15%)

7. It U 1s any invertible n X n matrix, prove that 4 = UTU is positive definite. A

matrix is called positive definite if x” Ax > 0, for every real-valued vector x#0.
(10%)
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Sorting Algorithms (25 points)

(a) Explain why comparison-based sorting cannot be faster than O(nlogn) in the
worst case. (10 points)

(b) Suppose we want to sort an array of integers where each integer is in the range
[1, n]. Which algorithm can achieve better than 0 (nlo gn) performance?
Explain its time complexity. (10 points)

(¢) If QuickSort always picks the first element as pivot, give an example input that
leads to worst-case time complexity. (5 points)

. Trees and Graphs (25 points)

(a) For a binary search tree (BST), explain the time complexity of search in the
best and worst case. (10 points)

(b) Given the following undirected graph: Vertices = {A, B, C, D, E}, Edges =
{(A,B), (A,C), (B,D), (B,E), (C,D)}. Draw the adjacency matrix and the
adjacency list. (5 points)

(c) What are the traversal patterns from A to visit all other vertices by BFS and
DFS respectively? (10 points)

. Networking Protocols (25 points)

(a) Explain the difference between TCP and UDP in terms of reliability and use
cases. (10 points)

(b) Describe the purpose of the 3-way handshake in TCP. (10 points)

(c) If the round-trip time (RTT) is 100 ms, how long does it take to complete the
TCP 3-way handshake before application data can be sent? (5 points)

. Memory Management (25 points)

(a) Define internal fragmentation and external fragmentation. Give one example of
each. (10 points)

(b) A system has 1 MB of RAM divided into fixed blocks of 4 KB. A program
requests 4100 bytes. How much internal fragmentation occurs? (5 points)

(c) A computer has: cache access time = 5 ns, main memory access time = 80 ns,
cache hit rate = 92%. Derive the formula for Average Memory Access Time
(AMAT) in terms of hit time, miss rate, and miss penalty and compute the
AMAT with the given values. (10 points)
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Question 1: ‘‘Backbone Network’’(25%)

a) Give two reasons why an Internet Service Provider (ISP) might select a route with a
longer AS-PATH over a route with a shorter AS-PATH. (10%)

b) Suppose AS 1 has an AS-PATH of “1 2 3 4” to reach prefixes in AS 4. Suppose that
an AS does not export BGP routes learned from one peer/provider to another
peer/provider. Is AS 2 a customer, peer, or provider of AS 1?7 (5%)

c) Give two reasons why interdomain routing uses path-vector routing instead of

distance-vector routing. (10%)

Question 2: Reliable Broadcast Channel (25%)

Consider a scenario in which a host, A, wants to simultaneously send messages to hosts
B and C. A is connected to B and C via a broadcast channel --- a packet sent by A is
carried by the channel to both B and C. Suppose that broadcast channel connecting A,
B, and C can independently lose and corrupt messages (and so, for example, a message
sent from A might be correctly received by B, but not by C). Design a stop-and-wait-
like error-control protocol for reliably transferring a packet from A to B and C, such that
A will not get new data from the upper layer until it knows that both B and C have
correctly received the current packet. Give Finite-State-Machine (FSM) descriptions of
A and B. (Hint: The FSM for C should be essentially the same as for B.)
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Question 3: ‘““‘Quickies’’(50%)

Answer each of the following questions briefly, i.e., in at most a few sentences.

a) List four factors that contribute to the end-to-end delay in a packet-switched
network. Which of these are constant and which of these depend on the load in the
network? (20%)

b) Suppose you would like to urgently deliver 50 terabytes data from Boston to Los
Angeles. You have available a 1Gbps dedicated link for data transfer. Would you
prefer to transmit the data via this link or instead use Fedex overnight delivery?
Explain. (20%)

c¢) Please give 2 application protocols implemented (over) by TCP and 2 application
protocols by UDP. (10%)
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1. (20%) Consider the following logical expression:
(Ao @—(9))
Find an equivalent expression that is as short as possible.

2. (15%) Show that 120 divides the product of any 5 consecutive positive integers.

3. (15%) Let nbe a positive integer. Show that any n(n — 1) + 1 integers must contain

n numbers whose sum is divisible by 7.

4. (15%) Let gecd(x, y) denote the greatest common divisor of x and v. Find the
number of integers & € [1, 720] with gcd(k, 720) > 1.

5. (20%) Find the coefficient of x* in the following generating function:
[ (1-2x)(1—3x)]"!

6. (15%) Let n be a positive integer greater than or equal to 3. Find the number of

subgraphs of an n-vertex complete graph K, that is isomorphic to a cycle with »

vertices.
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1.(25%) A uniformly doped n-type silicon sample at T =300 K has a donor concentration

Np = 1.0 X 10*® cm™3. Assume complete ionization, non-degenerate statistics, and

intrinsic carrier concentration n; = 1.5 x 101 cm™3.  An optical source is switched

on att =0, producing a uniform excess-carrier generation rate g'=10x10°cm™3.

s~ The electric field is zero. Use kT/q = 0.0259 ¢V at 300 K.

(a) Under thermal equilibrium (for t < 0), determine the Fermi level Er with respect to
the intrinsic level E;. (5%)

(b) In steady state under illumination, the measured maximum excess concentrations are
Angs = Apss = 2.0 X 10™* cm™3. Determine the minority-carrier lifetime . (5%)

(c) Derive An(t) and the excess recombination rate R'(t) fort > 0, given the initial
condition An(0) = 0. Then find the times at which An equals one-half of the
steady-state value. (7%)

(d) Att = 0.30 ps, estimate the electron and hole quasi-Fermi levels Eg, and Epp

relative to E;. Compare with the equilibrium Eg. (8%)

2.(25%) Consider an abrupt p*n junction under zero bias. The p-side is degenerately
doped such that the Fermi level lies well inside the valence band, while on the n-side,

the conduction-band edge is nearly aligned with the Fermi level far from the junction.
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(a) Sketch the energy-band diagram at equilibrium (zero bias). (5%)

(b) Sketch the current—voltage (I-V) characteristics under forward and reverse bias.
Explain why it behaves in such characteristics clearly. (5%)

(c) These diodes are often used in high-frequency and microwave applications. Explain
what property makes them suitable for such applications. (5%)

(d) Assume the junction is abrupt, with doping concentrations: Ny = 5 x 101% ¢cm™3
on the p* side, Np = 1 X 107 cm™3 on the n side. At T =300 K, take Vi =08V
and semiconductor permittivity €5 = 11.7 ¢, with €, = 8.854 x 1014 F /cm .
(1) Which side of the junction does the depletion region extend more into? Explain.
(i) Estimate the depletion width on each side under zero bias. (iii) Plot the electric-

field distribution across the junction. Label the plot clearly. (10%)

3.(25%) Consider an ideal MOS capacitor with a p-type substrate and an n* polysilicon

gate.

(a) Plot the low-frequency (LF) and high-frequency (HF) C—V from accumulation to
inversion over the same range. Explain the differences between the two curves.
Label Cyy, Chin, Vig, and V. (5%)

(b) Assume a uniform positive fixed oxide charge Q. Sketch how the HF C—V curve
compares with the ideal HF C-V and indicate the direction of the flat-band shift

AVgg. Provide a short physical explanation. (5%)
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(c) Aséume there are donor-like interface traps (Dj;) located (i) near Ey, (ii) around
midgap, and (iii) near Ec. Sketch three separate HF C—V curves on top of the ideal
HF curve. Indicate and explain the differences resulting from the Dj; in the curves.
(6%)

(d) If we have an nMOS built on the same p-type substrate, please sketch and label on
asemi-log Ip — Vi plot at a small drain bias V. (i) the ideal transfer curve, (i1) the
effect of positive Q,y, and (iii) the effect of high Dy, distributed near midgap.

Compare the threshold-voltage shift and the subthreshold swing qualitatively. (9%)

4.(25%) A uniformly doped n*-p*-n bipolar transistor is one-dimensional and at
I=300 K. Assume complete ionization, non-degenerate statistics, and low-level
injection. Let the emitter—base (E-B) and base—collector (B—C) metallurgical junctions
be abrupt. The base width is Wg. Assume diffusion and recombination occur only in
the neutral base region. Let D, and L, = \/D_n‘[; be the electron diffusion coefficient
and diffusion length in the p* base.

(a) In thermal equilibrium, plot the energy-band diagram across emitter—base—collector

and indicate the Ec, Ey, and the Fermi level Eg. (5%)
(b)In thermal equilibrium, plot the electric-field distribution across the device and

indicate where the field is non-zero and which depletion region is wider. (5 %)
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(c) In the forward-active operation, plot the energy-band diagram and add the quasi-

Fermi levels Eg, and Epp. (5%)

(d)Under steady forward-active operation, plot the minority-electron excess
concentration An(x) inthe p* base for 0 < x < Wg, where x = 0 is the E-B
depletion edge and x = Wy is the B-C depletion edge. Please plot An(x) for
three cases: L, /Wg = 0.5, 1, 5, and state the short-base limit. Briefly comment on

how L, /Wg influences current gain and base transit time. (10%)
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1. (20 points) Sketch and Label the Bode plot showing the voltage gain in all flat regions
and the break frequencies (gain in dB vs Log of Frequency). Here OPA2 and OPA3
are considered ideal in every way, but the Clemson OpAmp is ideal in all properties }

except its open-loop gain is only 100 V/V.

Clemson OpAmp
\ Vout
Av =100 2

+
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2. (20 points) There are two OpAmps., which are the OPA with an open-loop gain of
100 V/V and the OPA one is considered ideal listed in the following figure. Please
determine the closed loop gain.
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3. (40 points) A differential amplifier circuit is as shown in the following figure. The
transistors have transconductance gm equal to 1 mA/V, and parasitic capacitances
Ces=0.5pF, and Cge=0.1pF. Ignore transistor output resistance. Circuit component
values are designed with R;=R,=15kQ, R3=5kQ, C;=C,=C3=0.1 pF, CL=5pF.

(a) Make a Bode plot showing the frequency response of the differential-mode
voltage gain magnitude. Mark the values of the corner frequencies. (20 points)
(b) Make a Bode plot showing the frequency response of the common-mode voltage

gain magnitude. Mark the values of the corner frequencies. (20 points)

| Voo
R1 CL RZ
v01 v°2

4. (20 points) Find the dynamic power dissipation, Py, for the following CMOS circuit
assuming the clock is 1GHz, Vpp= 2.5V and the inputs have the following probability
values that change on the rising edge of the clock. P(A=1)=0.5, P(B=1)=0.4, and

P(C=1)=0.7.
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