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(1) Do not open this problem booklet until the start of the examination is announced.
(2) Answer the following 3 problems. Use the designated answer sheet for each problem.

(3) Do not take the problem booklet or any answer sheet out of the examination room.
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SEARTNT 7Ry N (THhOLEEDERES) U, e225ET5. 200w, wy € T*
DY TN Q@uw, CU* ZLATIZ Lo TESHT S,

e TRTOweT*IZDWVT
e®w=w® e={w}.

e TRTDa,be L BLLFw,wy e TFIZDONWT,
(aw) ® (bwa) = {aw | w € w1 ® (bwa)} U {bw | w € (awr) ® wa}.
THIl, 2DDFFE L, L CT /L, TNSDY XYY IV L@ Ly CE* 2 TILE > TEHT 5.

L1 ® Ly = U w1 ® wa.

wy €Ly, wa€ln

1 Z 1,
{ab,ba} ®@ {e,c} = (ab® €) U (ab® ¢) U (ba ® €) U (ba ® ¢) = {ab, cab, acb, abe, ba, cba, bea, bac}

ThH5H.
LTFoMwiz®z k.

(1) {a,bb} ® {ab,cc} KD XK.

(2) &ﬁﬁfﬁﬂﬁﬁ“ }\ < }\ Ve Al — (Ql, 2,51,Q1,0,F1) BJ:U\AQ - (QQ,Z,éQ,C]Q,Q,FQ) 7})‘%“%

EFfLIBIUV L, 2XHTB508T5. 7270 Qi 6, g0, Fr & A; (1 € {1,2)) DIRAESE

&, BBEK, HRE ZTHREBEOEGEINITNRTEOLL, EBENSG cQ;xZ -

Q; (1€ {1,2}) 3B THLLKELTLW. L1 @ Ly 2ZHT I EREMEA— M b
5 Z K.

(3) B (2) DEXAE LW & % 3 & |

(4) Ls={a™" |n>0}, Ly={c"™d™ |m>0} £35. [3Q Ly IXREHEE TR RZVWI L %
ALY L. B, XIREEEEOKEMELZHVTS LW,



Problem 1

Let ¥ be a finite alphabet (i.e., a finite set of letters), and € be the empty sequence. We define
the shuffle w1 ® wo C X* of two words wi, wy € L as follows.

e For every w € ¥£*,
QW =w®e={w}.

e For every a,b € ¥ and wy, wy € T¥,

(awr) @ (bws) = {aw | w € w; ® (bwy)} U {bw | w € (aw;) @ wa}.

Furthermore, for two languages L, Ly C ¥, their shuffle L; ® Ly C X* is defined by:

L[ ® Ly = U w1 & wsy.

wy €Ly, wo€Ls

For example, we have:
{ab,ba} ® {e,c} = (ab® €) U (ab® ¢) U (ba ® €) U (ba ® ¢) = {ab, cab, ach, abc, ba, cba, bea, bac}.
Answer the following questions.
(1) Compute {a, bb} ® {ab, cc}.

(2) Suppose that deterministic finite automata A; = (Q1, %, 61, ¢1,0, F1) and Ay = (Q2, %, 82, g2.0, F3)
accept languages Ly and Lo, respectively. Here, Q;, d;, ¢i 0, and F; are respectively the set of
states, the transition function, the initial state, and the set of final states of A; (i € {1, 2}).
You may assume that the transition functions 6; € Q; x ¥ — Q; (i € {1,2}) are total
functions. Give a non-deterministic automaton that accepts L1 ® L.

(3) Prove the correctness of your answer for question (2) above.

(4) Let Lz = {a™b" | n > 0} and Ly = {™d™ | m > 0}. Prove that L3 ® L, is not a context-free
language. Here, you may use the pumping lemma for context-free languages.
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void philosopher (int i) {

b

do {

pickup(i);
eat ();
putdown (i);
think () ;

} while (1);

TNF T YyY VAT ALAETE DDAV Y RBUITIZEHIELTHEDH, &AL v Nidphilosopher
B aRT 3550275, 5IilEALVY RBEETHY, i=0,1,..,4 £ T 5. philosopher %K
1, eat BI# L think A E R BITIEVRUETTEM, BV G -o7-8%¥E (£i=0,1,...,412D
WTiHERHE GrDUSs BEHDOA L v F) PREIFHZ eat BIZEETLRVWE ST, eat BROESTD
HIf2 Cld pickup BI# & putdovn B EFHWTC ALY NORMZ & 5. UTTIE, N1 F Vw74
%\ T pickup BI% & putdown BIEZ EHRTHMBIZOWTE RS, 22T, Ca— NFTEN
ATV EIT7HXIIHTEPEFEL VEEEZEN TN vait(X) ¥ signal(X) TERETBZHDE L,
BNRAFVEIT7ADAY Y REF LICHHEEINTWEEDE TS, £77, eat L think B

BiE, TnThoBEBNCREL2 52 2EEA2REIERVWHD LT 5,

BDTFoRWEZ .

(1) £i=0,1,..,4Z2VWT, RILI ZNAF VT4 T 5. UTD pickup B Y putdown H
BEAVWE LTy Ry /R EZTEUELEH L. YOLIRGEEITy Kuy saiEZ 50
.

void pickup(int i) { void putdown (int i) {
wait (R[1i]); signal(R[il);
wait (R{(i+1)%5]); signal (R[(i+1)%5]1);
} }

(2) £i=0,1,...,41ZD2WT, S[] ZNT1F VL7420, statel[il Z i BEHDAL v ROk
BErRTHELHE TS, F£77, mtex 22 ALy FHOHHHH2ZERT 220D 151
EYT7AETE. Ty MRy sgRIITIIARLE 1 DDAV Y N eat BASE think
BB BUEFTTEDLIICTSH70HIZ, pickup BE L putdown BAEE M TO L SicE =
HZ 5. void D test BAEUE, FEDOFREMH- SN EDA, stateli] % eating IZ3%
FELTH S S IZH LT signal BI 2 ETT 5. test 82 C o— N Ot L. 22T
BZEAV Y FOHMIRIEIZHES Z L 3B/ LR TEWV. £72, stateli] OWHMEIX thinking
L35,

enum {thinking, eating, waiting} state([5];

void pickup(int i) { void putdown(int i) {
wait(mutex); wait(mutex);
state[i] = waiting; state[i] = thinking;
test(i); test ((i+4)%5);
signal (mutex); test ((i+1)%5);
wvait(S([il); signal (mutex);

¥ }

(3) MW (2)DCa—FIZBWVWT, EFTRERZAL Y NEWThMST ATy Va—LrEnsdsne L

TGET, ALy RPEMRBIZM A AR S 20 2B 2 k. ARE D 542518,
EDEIITHMREPEZ 222 R2 L 11, HREZERT 57200 3— ROBIES
Ha EICHEE & TREP W SIE, ZOMMEE Y &,



Problem 2

The following C code models the behavior of each philosopher in the dining philosophers problem.
void philosopher (int i) {
do {
pickup(i);
eat () ;
putdown (i);
think () ;
} while (1);
}
There are five threads running concurrently on a multiprocessor system, each of which executes
the philosopher function. The argument i is the index of each thread, where i= 0,1, ...,4. In
the philosopher function, the eat and think functions are executed in turn repeatedly, while the
pickup and putdown functions are used for synchronization between threads, respectively, before
and after the execution of the eat function so that two philosophers sitting side by side (namely,
the i-th and the (i+1)%5-th threads for each i= 0,1,...,4) cannot simultaneously execute the
eat function. Now consider the problem of implementing the pickup and putdown functions,
using binary semaphores. Here, the P and V operations on a binary semaphore X are respectively
expressed as wait (X) and signal(X) in C code, and the counter value of each binary semaphore
is initialized to 1. Also, assume that the eat and think functions never cause a side effect that
may influence the outside of each function.
Answer the following questions.

(1) For each i= 0,1,...,4, let R[i] be a binary semaphore. A deadlock may occur when the
following pickup and putdown functions are used. Describe how such a deadlock may occur.

void pickup(int i) { void putdown(int i) {
wait(R[i]); signal (R{i]);
wait (R{(i+1)%5]1); signal (R[(i+1)%5]);
} }

(2) For each i= 0,1, ...,4, let S[i] be a binary semaphore, and state[i] be a shared variable
that represents the state of the i-th thread. Also, let mutex be a binary semaphore that is
used to achieve a mutual exclusion on all the threads. In order for at least one thread to be
able to execute the eat and think functions repeatedly without a deadlock, the pickup and
putdown functions are redefined as follows. The void-type test function sets state[i] to
eating and calls the signal function for S[il, if a certain condition is satisfied. Describe
the test function using C code. Note that you need not consider starvation of each thread.
Also, assume that the initial value of state[i] is thinking.

enum {thinking, eating, waiting} state[5];

void pickup(int i) { void putdown(int i) {
wait (mutex); wait(mutex);
state[i] = waiting; state[i] = thinking;
test(i); test ((i+4)%5);
signal (mutex); test ((i+1)%5);
wait (S[i]); signal (mutex);

} ¥

(3) Regarding the C code in question (2), answer whether or not a thread may suffer from
starvation, assuming that any enabled thread is eventually scheduled. If your answer is
[43

yes”, describe how the starvation occurs and briefly explain how to modify the code to
avoid the starvation. If your answer is “no”, then explain the reason.
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ZOMETIE, XFH s DRI Z ((s) £EL. XFF s D i BHOXF% sfi] LEE, BIOD
XFE s[0] THD. £/ s ORAD i XFERVWTCEHOLNDEXFHE s+i £EL. ZThbDHRH
TR 0<i<{(s) ZIRETS. HlZAIX s =PROBLEM D & & s[0]=P THYH, s+3=BLEM T
BB, Fiz, XFOREI NME (N X2 N EOBKER) Thh, EXF c iz LTHERS N
AT D IEEE numval(c) BHIET 2D T B, B sk i h5 s+i 2 RODBHEE, moVIz ¢
25 numval(c) Z2RHLEFIE O1) DFHEARMTTEL2L DL T35, FAEBHOME - #H - F
ROFREIE O(1) ORETTESLIDL L, BREHETCAH—N—T0—-EEERVEDL TS,

XFEFpl shEXZONEEE, sDFETp vy FTEHRYOME i, T4bb

vie{0,1,...,4p) - 1}. S[i +7] = plj]

R TRANOI AR  ROUBPMBEFIND 22 5. 2ELZTDOL 4R i Bne izl
i= -1 TB50LT5. BT, £(s)>0p) >0 LT 5.

BEEL eq(r,p) &, 0 < l(p) < U(r) W7z XFF] r, p IZKL, r OBRHID L(p) XFED p & —H
THEEIT L, TNES TR 0 2 RTEST, KREFREIX O¢(p) ¥ T5. ME FIND 2f#< B
TOTNITYVXL%E [THIVZALS] EIERI LIZT 5.

for (i =0; i <= £(s) — L(p); i ++)
if (eq(s +14,p) == 1)
return i;
return —1;

UTFToMwiz®z L.
(1) 7TV S OREREHEED A —X—% ((s) & Lp) 2AVTRE.

PAFTIE, XFH s I U TEAID m XEDNY ¥ 2ff h(s,m) %

m—1
h(s,m) = <Z numuval(s[i]) -dm_i_1> mod ¢
i==0

TEDD. ZITdE q BIEBROERT, 0<m<L(s) &7 5.

(2)i<dl(s)—-m&Ul, W="n(s+im) & dp=d™" ! BEELTHELDLTE. ZDLE,
h(s+i+1,m) Dz O1) TRDBT NI XL F IR ERE.

(3) h(p, &(p)) = his +1,6(p)) &3 BNDIEEIEE i & O(U(s) + L(p)) HRITRD B (7272 L%
BEMLT i BRI NIE —1 2B23) TAITURL Hy 25X L.

/o, 7VI VXL Hy BROBEHFEE FIND OETRVDIRED XS BEE1EZ L.

(4) AT DEMZTRTHLTTNITY XL H 25T, (a) ME FIND 02 EIZEX 5. (b) Ny
¥ afE h(s,m) LB eq(r,p) ZAWTHZHET. (c) & s, piZxt U Th(p,£(p)) = h{s+i, £(p))
2T g i OMEBA s, p ITIKS T O(1) LIRE LA L E, OK(s)+ £(p) M TEFTTE S,
oL, TAITY XL H OBRMEEED OU(s) +L4(p) £V KELRBZDIFED &S HIGE
WEAL. 72, TVIV XL H OREROREFEEOA—X—% ((s) & ((p) ZFAWT
Fxt.



Problem 3

In this problem, the length of a string s is written ¢(s), and the ith character of s is written
s[t], where the first character is s[0]. The string obtained by removing the first ¢ characters from
s is written s 4+ ¢. We assume 0 < ¢ < £(s) in s[i] and s + 7. For example, if s = PROBLEM,
then s[0] = P and s + 3 = BLEM. The set of characters consists of N characters, where N is an
integer constant no less than 2, and for each character ¢ a distinct positive integer numval(c) < N
is defined. Suppose that the computation of s+ for given s and 4, and that of numuval(c) for given
¢, take O(1) time. Also suppose that each of integer addition, multiplication and remainder takes
O(1) time, and that overflow will never occur in integer operations.

We consider the following problem FIND: For given strings p and s, find the first position i at
which s matches p. In other words, ¢ is the least non-negative integer that satisfies

vie{0,1,....4(p) - 1}. sli+j] = pljl.

In case there is no such i, we define i = —1. In the following, we assume £(s) > ¢(p) > 0.

For strings r and p with 0 < £(p) < £(r), let function eq(r, p) return 1 if the first £(p) characters
of r equal p, and return 0 otherwise. Suppose that the time complexity of eq(r, p) is O(4(p)). The
following algorithm S solves the problem FIND:

for (1 =0; i <=£(s) — U(p); i ++)
if (eq(s +1i,p) == 1)
return i;

return —1;

Answer the following questions.
(1) Express the order of the worst-case time complexity of algorithm S in terms of £(s) and £(p).

In the following, the hash value h(s,m) of the first m characters of string s is defined by

m-—1
h(s,m) = <Z numval(s[i]) -dm_i_l) mod g,
=0

where d and ¢ are positive integer constants, and 0 < m < £(s) is assumed.

(2) Assume that ¢ < £(s) — m holds, and that ' = h(s + i,m) and d,, = d™ ! have been
precomputed. Show an algorithm or an expression to compute h(s + i+ 1,m) in O(1) time.

(3) Give an algorithm Hp that finds the least non-negative integer i that satisfies h(p, £(p)) =
h(s +1,€(p)) (but answers —1 if no such i exists) in time O(£(s) + £(p)).

Also, answer in what condition the algorithm Hy outputs a value which is not the solution
of problem FIND.

(4) Give an algorithm H that satisfies all of the following conditions: (a) it always answers
the solution of problem FIND, (b) it searches for the answer by using hash h(s, m) and
function eg(r, p), and (c) if we assume that the number of integers i that satisfy h(p, {(p)) =
h(s+1,£(p)) for given s and p is O(1) independently of s and p, then the algorithm H runs
in time O(¢(s) + £(p)).

In addition, show in what condition the time complexity of the algorithm H is larger than
O(£(s) + £(p)). Also, answer the order of the worst-case time complexity of the algorithm H
in terms of £(s) and £(p).



