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Computer Science Department 
Stanford University 

Comprehensive Examination in Automata, Languages, and 
Mathematical Theory of Computation 

Autumn 1989 

November 27, 1989 

READ THIS FIRST! 

1. You should write your answers for this part of the Comprehensive Examination in a 
BLUE BOOK. Be sure to write your MAGIC NUMBER on the cover of every blue book 
that you use. 

2. Be sure you have all the pages of this exam. There are 2 pages. 

3. The number of POINTS for each problem indicates how elaborate an answet is ex- 
pected. For example, an essay-type question worth 6 points or less doesn't deserve 
an extremely detailed answex, even though a person can expound at length on just 
about any topic in computer science. 

4. The total number of points is 60, and the exam takes 60 minutes. This "coincidencen n can help you plan your time. 
L. 

5.' This exam is CLOSED BOOK. You may not use any notes, d d a t o r s ,  computers, or 
outside help. 

6. Show your work, since PARTIAL CREDIT will be given for incomplete answers. For 
example, you can get d t  for making a reasonable start on a problem &en if the 
idea doesn't work out; you can also get credit for r e & i  that certain approaches 
are incorrect. On a true/false question, you might get partial credit for explaining 
why you think something is tme when it is actually false. But no partial credit can 
be given if you write nothing. 



Cornpreheluive: Autumn 1888 
Automata, Lanuuagu, and Mathematical Theory of Computation (80 points) 

Problem 1 (20 points). Given two ~tringc z and y over .a alphabet C, define rbufRe(z, y) to be 
the 8et of dl otringa over C, wbicb uo be obtained by duftling z aad 9 together in an arbitrary 
way. 

For instance, rtrufle(o, be) = (obc, bac,&a). 
sbufRe can be defioed recursively as follows: 

8hume(z, c) = {z} 
sbufZle(c, z) = {z) 
shuf?le(az, b) r {at : z f 8bufBe(z, by)) U (bz : z E sbuffle(az, 9 ) ) .  

Let L be m arbitrary regular language over C. 
la. h t  L, = {z E C* : 3y g Co (sbufBe(z, y) n L # 4)). 

I8 La n-y rtgulu? 
Is it n d y  eontext-fiw? 
Jpltify y o u  -era briatly. 

1b. Let & = (zy : 2,s E C* md dudYe(z, 8 )  n L # 4). 
Is n d y  m? 
Is it necmsdy context-bee? 
Jtmtify your anrartrs briefly. 

Problem Z (10 points). h h m e  that there h no polynomial-time program that, giwn a graph, . 
p ~ b  a b d t d 8 a  ~y&, w h a  m e  -. P?OW th.t the d&n p t o b h  .HAY ~ LTONIAN 
CYCLE" (doas the given graph have a HaxnUtoaisn cycle?) b not in the el= P. 

. .  . 
Problem 3 (20 poinu). 

Sa. Give tbe strongest m b b  B m a t y l c  vaibeation rule to prove the partid correctness of 
the natement remt P until E (where P is  a progun and E an ucprdon). 

3b. Consider the f- ptogun Q to compute the quotient and remainder of a nonnegative 
integer r and r poritive integer p: . 

( t L O  (\ r > 0 )  
quot := 0; mm := 2; 

whik @(r, V,  m)) rtm 5 11 do . 
w 

i : = l ; z : = s  - . 
mP-t 

qwt := qaot +.i; ma := rem - X;  

i : r r i + i ; t = z + z  
until { ~ z , ~ q ~ , r e m , i , z ) }  rwq < z . 

and 
{ z = # * ~ u o t + r e m  A O $ n m < y ) .  

Sketch a proof of the putid correctness bf Q, using the rule you gave in (a). In puticolu, 
give loap inmrhtn p and g such that all vdot ido  conditions have trivial prooh (you need 
not prow them). 

Sc . &dine 8 variaat h c t h  into a well-founded set, u d  sketch a proof of the termination d Q. 



Problem 4 (10 pointr). Prove that the set of all Turing machines that accept infinitely many a inputs is not r.e. 

b 
E Hint:: Compare the problem of whether a Turing mlchine accepts infinitely many inputs with 

the complement of the halting problem. 



Comprehensive Solutions: Autumn 1918 
Automata, Languages, and Mathematical Theory of Computation (80 points) 

Problem 1 (20 points). 
la. L1 consists of all the subsequences of the strings in L. Let M be a finite state automaton 

acceptiq L. Construct MI Lorn M by adding an c-edgc between every pair (4,:) of states 
of M such that there is an edge from r to t labeled with some symbol of C. The language 
accepted by MI is L1. So L1 is necessarily regular (and hence, context-he). 

lb. We will show that La is not necessatily connut-frcc (hence not re-). T& L r: 
(ub)'(cd)'. Let & = {amcnb"d" : mln I 0). Ls is not context-fiee. We will show 
that La n a'c'b'd' = L,. Since any string in La har equd number of a's .nd b's, md e q ~ d  
number of c's and d's, it follows that b n a'c'b'tf E La. Ftuthumon, for .ny m,n 2 0, 
( ~ a 6 ) ~ ( 4 ~  E shuf3e(amc", bmP). Hence La G Lt n a'e'bWP. 
Since context-free languages art closed unda intersection with re- sets, it follows that 
Lt is not context-fie. 

Problem 2 (10 points). We will assume that there exists a polynomid-time pmgma Q which 
solves the decision problem aud use it to  construct 8 polynomid timc program boo printing a 
Hadtonian cycle, thus contradicting the urumpth. 

k t  G bt 8 @ ~ a  ~ q h .  
If Q when even G u the input rcttrrru %on, we = done. If not, use the following procedm to 

h d  a Hamiltopian cycle. hmasnt that the tdgw of G u e  enumerated in ramc ftcd ordcf. Initially 
let G' = G. Repeat the f o b w i q  step for every edge e  one by one in the order ofen- 

IfQ, whtngiven G'- ( e )  u the input, uya  ppCIU, 
then set G' to G' -- { e ) ,  h.r+ G' tmchqd .  

At the mdG ~ b c a m b p a p h d G c o m p o w d d d y d a H ~ t o n i . n q & .  The time takenby 
this program eqyab the product of the number of edges of G by the tixne taken by Q, and thu is 
polpolaia irr the G. 

Problem 3 (30 points). 

The .u( 

respecti 
(9 a 

(ii) P 
(iii) r 
(i.1 4 
(v) 4 
(4 P 

{b)P(9)  Itbh F) P I 9 1  
{+) repeat P until E {$ A E)  ' 

,* ! V, Q I I ~ = ~ :  S =  ~ * Q r r o t + ~ A ~ ~ O ,  
, + , v , ~ o o t , m i , z ) :  P(2*tsqrrot,==) A z m i . t ,  
:=,1, w ~ , m i , z ) :  Q(t,v, QQO~, =4i,z) A - I 1. - 6 =d $ af (8) =-Pad to 4 2 ,  Js god, rcm, i, 2) =d 9(=, 9, qoot, 4 ,  
dy. M v a i f i d o n  ccmditicxu are easy to check: 
2 0 A 0 > 0 P(*,v,~,*), 
:*, v, mot, -1 A - 2 v -, t(=, t l ,  qrrot, m 1, sf), 
: z , J , ~ o ~ , - ~ , J )  -r g(z,t,qtlot+i,nop-z,i+i,r+ a), 
:z,y,qaot,mn,i,z) A ntrnjtz -, q(z,#,qpot+i,rrm-z,i+i,z+z), 
: = , ~ , q o ~ , m i , z )  A < J - ~(=,t,mt,==), 
:r,]r,quot,rem) A - + = # . q u & + n m  A O I m m < v .  



3c.  The vdue of rem is 8 suitable variant function into (N, <). To prove termination, show 
that: 

(i) rtm 2 0 is an invariant for both loops (which follows tom (b)). 
(ii) z > 0 is an invariant of the repeat-loop (which requires stronger invuimts than (b)). 

While (i) guarantees that rem E N, condition (ii) establishes that the repeat-loop reduces 
rem with every execution (rem > rem - 2) .  So does the while-loop, because every execution 
of the whileloop indudes at least one execution of the repeat-loop. 

Problem 4 (20 points). The set of program that accept bdbitely many inputs is not t.e. 
Take an instance of the neinput halting problem: Dots program P1 hdt, when started with 

null input? From PI, construct a program Ps that accepts n if Pl has no computation that hats 
in at most n steps. If P1 hdts, Ps accepts finitely many inputs; ifno, Pa aceptr tverytbmg.. 

Suppose the set of programs that accept infinitely many inputs were r.e., i-e., the range of a 
computable faction f .  To decide whether P1 halts, far each n, test whetha PI h& in n steps 
(then PI hdts) aud whether Pa = f(n) (thm PI does not halt) until one is true. 

This is an application of the argument of the second fonn of Rice's theorem. 



Con~puter  Science Department 
Stanford University 

Comprehensive Examination in Computer Architecture 
Autumn 1989 

READ THIS FIRST! 

1. You.should write your answers for this part of the Comprehensive Examination in a 
BLUE BOOK. Be sure to write your MAGIC NUMBER on the cover of every blue book 
that you use. 

2. Be sure you have all the pages of this exam. There are 3 pages. 

3. The number of POINTS for each problem indicates how elaborate an answer is ex- 
pected. For example, an essay-type question worth 6 points or less doesn't deserve 
an extremely detailed answer, even though a person can expound at length on just 
about any topic in computer science. 

4. The total number of points is 60, &d the exam takes 60 minutes. This 'coincidencen 
a 

m can help you plan your time. 

( )  5. This exam is CLOSED BOOK. You may not use any notes, d d a t o r s ,  computers, or 
outside help. 

6. Show your work, since PARTIAL CREDIT d be given for incomplete answers. For 
example, you can get credit for making a reasonable start on a problem even if the 
idea doesn't work out; you can also get credit for realizing that certain approaches 
are incorrect. On a true/false question, you mimi&t get partial credit for explaining 
why you think something is true when it is actually false. But no partial credit can 
be given if you write nothing. 



Comprehensive: Computer Architecture (00 points) Autumn 1989 

- -- 

Call/Return 2 
Branches 2 
ALU 1 
Load/S tore 2 
FP Operation 5 

la. (2 points). What is the CPI for this benchmark assuming a perfect memory system? 
lb.  (3 points). Now assume that we remove the hardware logic that automatically inserted the 

stall cycles for branches, calls/returns, and load/store operations. Now our-compiler must 
insert NOP instructions in the delay slots if the delay slots cannot be filled with useful 
instructions. Ifre find that the compiler can fill 70% of the branch slots, 100% of the call 
slots, and 40% of the load/store slots with useful instructions. What is the new CPI still 
assuming a perfect memory system? 

fc . (4 points). The FP engineers say that they can increase the speed of the FP operations 
by 20%. What is the -ion of execution time spent doing FP operations in the original 
machine? Also, what speedup results from adding these FP improvements to our original 
machine? 

ld.  (3 points). Now the memory architects, not to be outdone, claim that they can also speedup 
the double-precision FP programs by implementing load double (LD) and store double (SD) 
instructions. These instructions replace two load word (LW) or store word (S W) instructions 
each, but they take 3 cycles to  execute instead of 2. If we can replace 20% of the LWjSW 
instructions in our benchmark with LD/SD instructions, how mu& faster will the original 
machine run with just this enhancement? 

le . (5 points). Finally, a customer wants to know how much the CPI increases for the original 
machine if we use a split instruction a d  data caches. The caches are Write-Back (copy- 
back) and have a misa rate of 2% and 4% respectively. Assume that the miss penalty md 
the time to write a cache block to main memory are both 10 cydes. In addition, 40% d ;he 
cache bb& are dirty at any one time. 

Problem 1 (17 points). Assume that we are given a 32-bit, pipelined processor. This processor is 
register-register (load/store) machine. The processor is configured to always stall the next instruc. 
tion to execute if the current instruction takes more than a single cycle to execute. The following 
table gives the execution cycle counts and frequency distribution of different operations within a 
Floating-Point (FP)  benchmark. 

Operation CPI Frequency 



Problem 2 (13 points). You are given a computer with a 48-bit virtual address and a 32-bit 
physical addreso. The processor uses a 16KB unified cache with a 16B Line. 

2a. (8 points). What is the smallest page size you can use to allow overlapped TLB and cache 
access if the cache is direct-mapped? U the cache is 4-way set associative? Also give the 
number of bits of physical address used for cache tag, index, and offset in each case. 

2b. (5  points). If you buy 32MB of main memory wit11 this machine, and you are told the 
machine h s  the following characteristics: 

CPI = 1.6 cycles 
1.3 references/instruction are sent to TLB 
bus can transfer 4B/cyde 
page fault every 100 (number of pages in memory) references 

how much bus bandwidth is used for the page transfer from disks to main memory by each page 
size in part (2a)? 

Problem S (4 points). What is the Boolean function, expressed as a sum of products, for the 
following Karnaugh map? 

Prob lem 4 (4 points). Synthesize the following equation using only tweinput nand gates. (All 
sign* are active high). 

A = ( B . C ) + ( D . E ) .  



Problem 5 (22 points). Build a specialized processor tint evaluates the following polynomial: 

The expression can be calculated using Horner's rule: 

You can use multipliers, adders, registers, muxes and any other logic gates. The specification of 
the computation is given by the following RTL (register transfer level) description. 

Note on RTL notation: operations separated by commas (,) are executed in the same clock; 
operations in different clocks are separated by semi-colons (;). 

Input registers X (64-bit), RESET (1-bit) 
Output registers P (64- bit) 
Internal registers XSQ, A6, A4, A2,,AO (all 64-bit) 
SO: A6 C- X; 
S1: A4 <- X; 
S2: A2<-X; 
S3: A0 <- X; 
S4: XSQ C- X*X, SUU <- A6; 
SS: SUM C- SW*XSQ+A4; 
S6: SUM <- SUH*XSQ+A2; 
S f :  P C- SUU*XSQ+AO, i f  RESET then goto SO elre goto S4; 

Sa. (4 points). What is the smallest number of buses needed? 
Sb. (7 points). Draw a logic diagram for the data processing unit ( a h  known as the data path). 
Sc. (7 points). Design a hardwired control unit for the machine. Show only the logic to imple- 

ment the state transitions. (You do not need to show how the control signals are generated .) 
Sd. (4 points). Describe how you would modify the data processing unit and the control unit of 

the machine if the polynomial is of degree 100: 



Comprehensive Solutions: Computer Architecture (60 points) Autumn 1989 

Problem 1 (17 points). 

Operation CPI Frequency 

Call/ Return 2 5% 
Branches 2 20% 
ALU 1 43% 
LoadJStore 2 25% 
FP Operation 5 5% 

la.  (2  points). I 

1 b. (3 points). 

CPIe=5%x(1x lOO%+2x0%)+20%x(1x70% 
+ 2 ~ 3 0 % ) + 4 S % x  1 + 2 5 % ~ ( 1 ~ 4 0 % + 2 ~ 6 0 % ) + 5 % x . i  

= 1.41 cycles. 

l c  . (4 points). 

Fraction of execution doing FP = 5% x 5/1.7 = 14.7% 
Speedup = 1/[(1- 14.7%) + 14.7%/1.2] = 1.025 =+ 2.5% ffaster. 

Id. (3 points). Replace '20% of 25 lw/sw instkctions 20 Iw/sw plus 512 = 2.5 new ld/sd 
instructions. 
New instruction distribution: 

LW/SW 20.0% 2 cycles 
LD/SD 2.5% 3 
B/Call ' 35.0% 2 
ALU 45.0% 1 
FP 5.0% 5 

CPIe = 2 x 20j97.5 + 3. x 2.5/9?.5 + 2 x 25/97.5 + 1 x 45/97.5 + 5 x SJ97.5 = 1.12 cycles 
perf = IC x CPI x CT ;s CTOICI = n n e w  

ratio of perf = (ICdd x ~ ~ l d d ) / ( ~ C n e w  x CPIner) 
= (1 x 1.7)/(.975 x 1.i2) r 1.0137 * 1.37% f.rtar. 

A 
le. (5 points). 

CPlc = 1 x 0.03 x 10 + 0.25 x 0.04 x (10 + 0.4 x 10) = 0.34 cycles. 



I Problem 2 ( 13 points). a 2a. (8 points). -- dm: index dl blocks =s 2'' = 16KB page 
tag = 18 index = 10 offset = 4 

4-way: 214/1 212 = I K B  page 
tag = 20 index = S offset = 4 

2b. (.5 points). 
dm: l6EB page - 2E pages in mm -- 204800 refslpf 

204800 rlpf x 1.6 c/i/ 1.3 r/i = 252K c/pf 3 3.9iu pf/c 
3.9711 pf/c x 16 EB1pfl.L B/c = 0.016 B/c 1.6% 

4-way: 4KB page - 8K pages in mm -- 809600 refslpf 
809600 r/pf x 1.6 c/i/1.3 r/i = 1.01M c/pf =s 0.9% pf/c 
0.99~ pf/c x 4 KB/pf/4 B/c = 0.0010 B/c 0.10% 

Problem 3 (4 points). 

Problem 4 (4  points). 



Problem 6 (22 poi~its). 4 8a. (4 points). 1, 
5 buses, to carry values: SUll 

XSQ 
A i 
svn XSQ 
S W  XSQ + A i  

Sb. (7 points). 



( 7 point.). Simplest solution: 

5d. (4 points). 
Data processing unit: - - 

Mom *ten to  hold A,, otherwise u n c h u y d .  
Contrd unit: 

Use the counter appmlch. 
Nad to modify the LOAD condition 
Add a mt signal for the counter. 



Computer Science Department
Stanford University

Comprehensive Examination in Numerical Analysis
Autumn 1989

November 29, 1989

READ THIS FIRST!

1. You should write your answers for this part of the Comprehensive Ex&rnination in a
BLUE BOOK. Be sure to write your MAGIC NUMBER on the cover of every blue book
that you use.

2. The number of POINTS for each problem indicates how elaborate an answer is ex
pected. For example, an essay-type question worth 6 points or less doesn’t deserve
an extremely detailed answer, even though a person can expound at length on just
about any topic in computer science.

3. The total number of points is 30, and the exam takes 30 minutes. This “coincidence”
can help you plan your time.

4. This exam is CLOSED BOOK. You may not use any notes, calculators, computers, or
outside help.

5. Show your work, since PAR’rIAL CREDIT will be given for incomplete answers. For
example, you can get credit for making a reasonable start on a problem even if the
idea doesn’t work out; you can also get credit for realizing that certain approaches
are incorrect. On a true/false question, you might get partial credit for explaining
why you think something is true when it is actually false. But no partial credit can
be given if you write nothing.



.

Comprehensive Solutions: Numerical Analysis (30 points) Autumn 1989Problem 1 (14 points).
la. (4 points). Writing equations in matrix form:

.4u = j.
Since

detA = 1— ab,
detAI $ 0 when ob 1. Thus the LU factorization exists.lb. (5 points). We can write the iteration as:

(xn+i’
=

+
(“i

(1)\yj 2)
where

c=(°b
_a)

In addition, we have

(C) = c(c)
+ (s). (2)Subtracting (2) from (1), yields

ek+1 = Cek
(3)where

tk(
\lIk 1)

Thus,

ek+2=... ek.
Finally, taking norms gives

II II1I C2 till ek itSince labi < I, fl C2 1< 1 and thus the iteration converges.ic. (5 points). Once again we can write the iteration in matrix form as:

1
\Yn+i) \fn 2b

where this time
,, (0—a

ab
It is possible to show that for this matrix C, (3) holds and that the norm of II C 1< 1.



Problem 2 (16 points).
2a. (4 points). Expand f(z) about midpoint yields:

f(z) = f(y) + (x - y)f’(y) + - y)f”(y) +
where

h
V = a+

Integrate series and simplify:

1j f(z)dx=hf(u)+j (z_)f’()dx+j (z-y)2f”(y)dz+...

Substitute z = z — a — 4 on the righthand side:

1(z) dx = hf(y)
+ J

zfi(y)dz + J z3f”(y) dz +•

Finally, we get:

h3j f(x) dx = hf(p) +

where qE [o,a+h].
2b. (4 points). Summing the error terms:

E=h3f(qj) ?1,E[a+ih—h,o+ih+h]

= ‘Zhf”(1i) ‘)E[a,a+bJ

= nhf”(ii)

= (b;G)h2fII()

2c. (4 points). Must show that the error expression is positive

f”(x) = 6x4 > 0.

h2>O

b—=1 >0.

2d. (4 points). Determine n such that error expression above is less than iO3.

6.

So

________

16
VX iO-

2



Computer Scieirce Department 
Stair ford Ui~iversity 

Comprehensive Exaininatioi~ in Software S y s t e i ~ ~ s  
A u t u n ~ n  1980 

READ THIS FIRST! 

1. You should write your answers fix this part of the Comprehensive Esax~linatio~i in  i\ 

BLUE BOOK. Be sure to write your SIACIC YUSt BER on the cover of every blrtt* I ) ,  11 ~k 
that you use. 

2. The number of POINTS for encll problem indicates how elaborate an answer is t.s- 
pected. For example, an essay- type question worth 6 points or less doesn't dt*servct 
an extremely detded answer, even though a person can expound at length ou jrtst 
about any topic in computer science. 

3. The total number of points is 60. and tlie exam takes 60 minutes. This "coincidence" 
can help you plan your time. 

4. This exam is CLOSED BOOK. You may not use any notes, calculators, computers. or 
outside help. 

So Show your work, since PARTIAL CREDIT will be given for incomplete answers. For 
example, you can get credit for making a reasonable start on a probleiil even if tlie 
idea doesn'twork out; gar can also get credit for making that certain approaches 
are incorrect. On a true/false question, you might get partial credit for explainixlq 
why you think something is true when it is actually false. But no partid credit c.3 n 
be given if you write nothing. 



Comprehensive: Software Systems (60 points) Autumn 1989 

\.A 

Problem 1 (15 points). Consider tvltat happens when a page fault occurs. Briefly answer tlte 
following queationr in a sentence or two. 

la .  (3 points). How does the systcn~ decide which page should be brought in? 
l b .  ( 3  points). How does the systeni decide which page fraim should be used for the new pagel 
l c  . (3 points). What happells to the page that used to be in that page frame? 
Id. (3  points). What system tables must be updated as a result of this operation? 
le. (3 points). When does paging work? That is. when is the time c a t  of paging nrgtibk 

compared to the execution of a program? 

Problem 2 (10 points). Suppose a ~nolti-level feedback scheduling algorithm can be parameterized 
by N, the number of levels, aud Q[I . . N], aa array of priorities indexed by level. 
2a. (S points). What parameter mlues would give the same effect acl a first-comefirst-serve 

algorithm? 
2b. (5 points). What parameter values would give the same effect as a mand-mbin algorithm 

with quantum T? 

Probkm 3 (35 points). A certain freight traia can hold a maximum of B boxes. The train travels 
across country once a day, stopping to drop off and pick up boxes at  each of N stations along the 
way. 

You are to write two functions, tmin aad sendboq that simulate the operation of the trait1 
with respect to loading and unloading boses. The tmin function is called by a process simulating 
the train; m d b w  is called by a process simulating a box that is sent on the train. You sre only to 
write these fanctions; do not be concerned with the other code for the proceme. 

You are to use general semaphores to synchronize the traia process and the box processes. 
The tmin function iq p d  a single integer parameter s that idtntiiia a station. This function is 
called when the train stops at the specified station. To synchronize the onbding of boxes, it is 
necessary to  wake up a box process and then wait until the box b taken off the ttaia. Similarly. it 
b necesary to wake up box processes at the station and wait for them to be M e d  on the train. 

The s e n d k  function is passed taw integer parameten identifying the stations where the bos 
is sent from and to, respectively. This function should wait for the train to come to the originating 
station, load the box on the train, wait for the train to get to the destinstion station, and the11 
unload the box. A box may not be W e d  on the train if it is frJl (has B boxes rltebdy). If tile 
destination of r box h in the opposite direction the train is traveling, the barr should be loaded 
anyway and will be d e l i 4  the nest day. 

You can prolpun these functions in Pascal or C. Be sure to  specify initial d u e s  for all 
semaphores and global wiabks. Try to maximize concurrency white avoiding busy-waiting and 
the poaibility of deadlock. 



Comprehensive Solutions: Software Systems (80 points) Autumn 1989 

Problem 1 (15 points). 
l a .  (3 points). It looks at which address caused the fault (demand page selection). 
I b. ( 3  points). It uses a page replacement algorithm, such as LRU. which hopefully picks a page 

frame containing a page that will not be used for a while. 
l c .  ( 3  points). If i t  I~as been changed since it was written on the disk. the latest version 111ust 

be written to disk. 
Id.  (3  points). Both the maps for the old page (mark it invalid) and the new page (111ark i t  

valid), as well as the table that says which pages are in real memory. 
le . (3 points). Paging is in  frequent if real memory is large enough to hold the workit~g sets of 
. all running processes. 

Problem 2 (10 points). 
2a. (5 points). N = I ,  Q[l] = m. 

2b. (5 points). N = 1, Q[l] = T. 

Problem 3 (35 points). Solution in C++: 

/* 
U e  need two arrays indexed by s ta t ion:  one f o r  tha  boxes waiting 
t o  ba loaded on the t r a i n  a t  a s t a t i on  and one f o r  t he  boxes on the t r a i n  

* t h a t  should be unloadad a t  a par t icular  s ta t ion.  Ye a l so  neod t o  heap 
t rack  of the number of boxer on the t r a i n  a t  any t h e .  

For each s t a t i on ,  we need 8 mutu8l exclusion semaphore f o r  accessing 
the  numlfaiting arrays,  a wait semaphora fo r  loading, and a wait semaphore 

* f o r  unloading. We a l so  naad two semaphoras fo r  tha  t r a i n ,  
* one f o r  loaded boxes and one f o r  unloaded boxes. 

*/ 



int numWait ingAtStation [Nl . nuYait ingForStation [u] , boxoa ; 
Semaphore mutex(1) CHI ; 
Semaphore vaitingAtStation(0) [HI, uaitingForStation(0) [NJ ; 
Semaphore load(O), unload(0) ; 
void train(int a) ( 

int unloading, loading; 
mutexts3 .PO; 
unloading - numWait ingForStation lsj ; 
numVaitingForStationCaJ - 0; 
boxer -= unloading; 
if (boxes + numWaitingAtStation[s] > B) { 
loading = B - boxes; 

3 else € 
loading - numVaitingAtStation Cs 1 ; 

3 
numYaitingAtStat ion [a] -- loading; 
mutexta] .VO; 
boxes += loading; 
/* unload boxor destined for this station */ 
for (int i - 0;  i < unloading; i++) { 
uaitingForStationCa] .VO ; 
unload.PO; . 

3 
/* load boxor waiting at station */ 
for (i r 0;  i < loading; i++) 3 
writingAtStation[s] .Vo ; 
1oad.PO ; 

3 
3 
void aendbox(int f romStation, int tostation) { 

/* add to waiting at station */ 
mutoxCf romstation] .PO ; 
++numUaitiaglitStat ion Cf ~omStat iod ; 
mutexCfrorStrtiod .VO ; 
/* wait for tha train */ 
uritiagAtSt8tion CfrorPStatiod.PO ; 

/* add to waiting for tostation */ 
mutox[toSt.ti~ .PO ; 
++nuUaitingForStat ion CtoStation] ; 
mutex[toStationj . V O  ; 
/* wait for tho trria to raach tostation *I 
waitingForStation [tostat ion3 .PO ; 

/* unload */ 
unload.00 ; 

3 


