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The problens are in approximate order of difficulty,
easiest first. The last two problens are particularly
difficult.

probl ens/ equity
So you think you know st ocks?
Boston Prelimnary 2008

pr obl ens/ bi rt hday
Pseudo-random cannot be really random
Boston Prelimnary 2008

probl ems/t abl ef ormatter
Sinple work aids make life easier
Boston Prelimnary 2008

probl ens/ buffal o
Lost in space? Call out the hound!
Boston Prelimnary 2008

pr obl ens/ paxos
Stabl e nenory without disks.
Boston Prelimnary 2008

pr obl enms/ t wol egs
A maze does the splits.
Boston Prelimnary 2008

pr obl ens/ super count er
Tough counti ng.
Boston Prelimnary 2008

pr obl ens/ convexhul
Atight fit in 3D
Boston Prelimnary 2008
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Equity
------ O<oper at i ng- cost >

The cost of operating the conmpany during the current
You have been asked to wite a programthat will print year. This is the cost of manufacturing, adm nis-

i nformati on that can be used to evaluate the financia

situation of a conpany. The input is raw data about a
conpany for a sequence of years, and the output is an

i ncome statenent and bal ance sheet for the conpany for
each year.

The input is a set of lines each of which consists of
a data type character followed by a datum These are

N<conmpany- name>
Al the data lines following, until the next N Iline
or end of file, are for a conpany with the given
nane. All data for one conpany is grouped together
any two different Nlines are for different conpan-
ies. An Nline is always followed by a Y line.
Y<current-year>
Al the data lines followi ng, until the next N or
Y line or end of file, are for the given ‘current
year’'. The Y lines for one conpany are sequentially
increasing; that is, every Y line but the first for
a given conpany contains a value one greater than
the value of the previous Y line for the conpany.
S<sal es>
The sales (i.e. revenue) of the company in the
current year.
R<r ecei ved>
The anmount of noney received fromsales for the
given year. |If you sell $1,000 worth and receive
$900, then you are still owed $100, which is called
a ‘receivabl e’

tration, sales, advertising, etc. (but NOT the cost
of capital expenditures, interest, dividends, or

t axes) .

P<pai d>
The anmount of the operating cost you actually paid
during the current year. |If your cost was $1, 000
and you paid $900, the you still owe $100, which is
called a ‘payable’. |If instead you paid $1100, then

presumably you had at |east $100 of payables carried
over fromthe previous year and paid off $100 of it.

C<capi t al - expendi t ur es>
Amount of noney spent on capital (land purchases,
construction, machinery, trucks, etc.) in the
current year.

D<depr eci ati on>
The anmount of capital that is to be charged agai nst
incone in the current year. |f you pay $30,000 for
a truck in 2003, rather than charge it all against
incone in 2003, you nmay charge $10, 000 in each of
the three years 2003, 2004, and 2005 as ‘deprecia-
tion. If you pay $1,000 for |and, however, you nmay
never charge anything to depreciation, on the
grounds that the |and val ue does not depreciate.

| <interest>
Interest paid on bonds in the current year

T<t axes>
Taxes paid in current year.

V<di vi dends>
Di vidends paid to stock holders in the current year.

E<new equi ty>
Amount taken in fromventure capitalists or by sell-
i ng new shares of comon stock, m nus anount paid
out to venture capitalists or to buy back the
conpany’s shares of comon stock, for the current
year.
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B<new- debt >
Anmount of bonds sold m nus anpunt of bonds retired
during the current year

&<i nvent ory- change>
Val ue of goods produced for sal e mnus val ue of
goods sold during the current year

More than one conpany is described in the input. The N
value is a character string (all the characters after
the Nuntil the end of line). Al the other values are
i ntegers, which may be negative in some cases. Al the
i nteger values are in some unspecified unit, such as
mllions of dollars or thousands of dollars, except of

course the years. |f any of the dollar values are not
given for a year, they are to be taken to be zero.
E.g., inthe first year of a conpany, we mght give only

Y, E, and Clines, and this neans that all the other
dol I ar val ues are zero.

I nput ends with an end of file.

The output is an incone statenent and a bal ance sheet
for each conpany year for which data is provided in the
i nput .

The format of the output is as given in the Sanple
Qutput. Al nunbers are integers (you can think of them
as being in mllions or thousands of dollars). Al
integers must be printed with their |ow order digit
exactly in colum 40. Only negative integers have a
sign, and no high order zeros may be printed. Consecu-
tive words and years in the output nust be separated by
a single space; and you may assune that this is true of
conpany nanes given in N |ines.

Each non-bl ank output line starts in either colum 1 or
colum 3, and this indentation nust be exactly as in the
Sanpl e Qutput. You can assune the N input line value is
wel | formatted, and you should just copy that line with
its initial ‘N renoved to an output |ine.

There should never be two blank lines in a row, and

bl ank |ines must be included as indicated in the Sanple
Qut put. There MJST NOT be any blank line at the

begi nning or end of output (be careful of this).

Note that failure to follow any of the spacing rules
will result in a ‘Formatting Error’ score for your
programif everything else is correct.

In what follows, single capital letters such as S and
mean ‘the S input line value’ and ‘the | input |ine
value’, etc. The output is conputed as foll ows:

‘“Income Statement’ for a given conpany and year

Qperating Revenue: S

Operating Cost: O

Depreciation: D

Qperating Incone: Qperating Revenue - Operating Cost
- Depreciation.

Interest: |

Taxes: T

Earni ngs: Operating Income - Interest - Taxes.

Di vi dends: V

Transfer to Equity: Earnings - Dividends.

‘Bal ance Sheet’ for a given conpany and year
Al these values are for the end of the current

year. These values are all set to zero before the
first year of a conpany (i.e, by each N input line).
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Asset s:

Sanpl e | nput

Cash: Cash fromprevious year + R- P- C+ E | ------ -----

+B-1-T- W
I nventory: Inventory from previous year + G NBi I | s”s Toot hpaste Conpany
Recei vabl es: Recei vabl es from previ ous year Y1950
+S- R E15
Current Assets: Cash + Inventory + Receivables. C20
Fi xed Assets: The Fixed Assets fromthe pre- B10
vious year + C- D. (Essentially Y1951
the undepreciated capital). S30
Total Assets: Current Assets + Fixed Assets. R27
25
Liabilities: P24
Payabl es: Payabl es from previ ous year + O - P. D3
Current Liabilities: Payables 11
Debt: Debt from previ ous year + B. Gl
Total Liabilities: Current Liabilities + Debt. T1
V1
Equity: Total Assets - Total Liabilities. NG eat Fl ane Bar becue
Y1975
You may find it helpful to programthe follow ng check E5
into your program as a debuggi ng aid: 07!
S10
Equity = Equity fromthe previous year RO
+ Transfer to Equity + E + G (03]
P5
Note that neither assets nor liabilities may be T1
negative, and anong input values only E, B, and G may be Gl

negative, but the income, earnings, transfer to equity,
and equity values can be negative. Mathematically it

woul d be possible for an asset

but it would be an accounting error if this happened.

i ke cash to go negati ve,
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Sanpl e Qut put

Bills’s Toot hpaste Conpany

1950 I ncone Statenent:
Qper ati ng Revenue:
Operating Cost:
Depr eci ati on:
Qperating | ncorme:
Interest:

Taxes:

Ear ni ngs:

Di vi dends:

Transfer to Equity:

1950 Bal ance Sheet:
Cash:
I nventory:
Recei vabl es:
Current Assets:
Fi xed Assets:
Total Assets:

Payabl es:

Current Liabilities:
Debt :

Total Liabilities:
Equi ty:

1951 Incone Statenent:
Qper ati ng Revenue:
Operating Cost:
Depr eci ati on:
Qperating | ncorme:
Interest:

Taxes:

Ear ni ngs:

Di vi dends:

Transfer to Equity:

[cNeololoNoloNoNoNe)

1951 Bal ance Sheet:
Cash:
I nventory:
Recei vabl es:
Current Assets:
Fi xed Assets:
Tot al Assets:

Great Fl ame Barbecue

Oper ati ng Revenue:
Operating Cost:
Depr eci ation:
Qperating | ncone:

I nterest:

Taxes:

Ear ni ngs:

Di vi dends:

Transfer to Equity:

1975 Bal ance Sheet:
Cash:
I nventory:
Recei vabl es:
Current Assets:
Fi xed Assets:
Tot al Assets:

Payabl es:

Current Liabilities:
Debt :

Total Liabilities:
Equi ty:

1975 I ncone Statenent:

Payabl es:

Current Liabilities:
Debt :

Total Liabilities:
Equi ty:

WOWRrROPR~MOOO

o
OFrRORRFRPROP,PORLEL D
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Remar ks: File: equity. txt
------- Aut hor : Bob Wl ton <wal t on@leas. harvard. edu>
Dat e: Wed Cct 15 09:11: 05 EDT 2008
The above conmes nostly from*‘ The Interpretation of
Fi nanci al Statenents’ by Benjamn Gaham However the The aut hors have placed this file in the public domain
above is an over-sinplification, and there are al so they make no warranty and accept no liability for this
term nol ogi cal problens and accounting nethod di sputes file.
that the author of this problemis not qualified to dea
Wit h. RCS Info (may not be true date or author):
To take one example, a conpany with a good bal ance sheet $Aut hor: walton $
shoul d have perhaps twi ce as much Current Assets, which $Dat e: 2008/ 10/15 13:18:19 $
m ght be interpreted as assets that could be converted $RCSfile: equity.txt,v $
into cash in a year, than Current Liabilities, which $Revision: 1.7 $

m ght be interpreted as liabilities that nmust be paid in
a year. Above we assuned that all bonds were |ong term
and none were current liabilities, but sone nodern
conpani es have taken to issuing lots of short term
(e.g., three nonth) bonds which should be listed as
Current Liabilities.

Even a real balance sheet is an over-sinplification.

For exanple, sone inventory may be unsellable and have
to be “witten off’ as a |loss eventually, and sinmlarly
sonme receivables may be uncollectible. The networking
har dwar e conpani es | eased nuch of their hardware to the
dot - com bubbl e conpani es and had to wite off |arge
amount s of receivabl es when the dot-com bubbl e burst.
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The Birthday Paradox

Suppose you pi ck m nunbers at random each between 1 and
n. How | arge does m have to be before we can expect to
see two nunbers that are the same?

The answer is about the square root of 2n, which is
surprisingly small. For exanple, if n = 365, the nunber
of days in the year, m= 28 will do. One way to pick
nunbers from 1 through 365 is to pick people and take
their birthdays. Thus if you have 28 people in a room
you can expect two to have the sane birthday. For this
reason the phenonmenon we have just described is called
the ‘Birthday Paradox’.

The Birthday Paradox has sone surprising applications.
Suppose you have a pseudo-random nunber generator that
uses the sequence

x(i+1) = A*x(i)~2 + B*x(i) + C (nodulo n)
x(0) =D

for some constants n, A, B, C, and D to generate nunbers
x(0), x(1), x(2), whi ch we hope act |ike a sequence
of random nunbers. Suppose they really are |ike random
nunbers. Then by the birthday paradox the sequence of
nunbers will start repeating itself after about m=
square root of 2n numbers. That is, if we find the
smallest m> 0 and i > 0 such that x(i+m = x(i), then
typical values of mand i are on the order of the square
root of 2n. Note that given such values, by the nature
of the above equation, x(j+m = x(j) for all j >=1i, and
we say the sequence has a cycle of length m

The theory here is not rigorous, because the sequence
x(0), x(1), x(2), is not a rigorously random sequence.
In this problemyou will be given n, A B, C and D and
asked to compute i and m(the start and length of first
cycle) and print these and the square root of n. Just
to see if the theory works nost of the tine.

For each test case, one |ine containing

n ABCD
Here 2 <= n <= 40,000; 0 <= A/B,C,D < n. The input
ends with an end of file.
Qut put
For each test case, one |ine containing
nABCDiI mr
where r = ceil ( sqrt ( 2 * n) ) as an integer (ceil is

the ceiling function and sqrt the square root function),
and each integer of the 8 integers is printed right
adjusted in exactly 7 colums.
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W |imt n <= 40,000 in order to permt inplenentations
to use 32 bit integers. Note, however, that A* x * X
may not fit into 32 bits, though x * x and A* n will.

If you want to use 64 bit integers (‘long long’ in C and
C++ and ‘long’” in JAVA), you can conpute with |arger

val ues of x.

If you use a vector of integers of length n the size of
nwll still belinmted. But there are sinple clever

i mpl enentati ons that do not need a vector and use al npst
no menory for any size of n.

Sanpl e | nput

100 43 23 17 5
199 020 1

8191 5 2685 0 7
32749 0 1944 0 5

Sanpl e Qut put

100 43 23 17 5 2 2 15
199 0 2 0 1 0 99 20
8191 5 2685 0 7 155 115 128
32749 0 1944 0 5 0 32748 256

The pseudo-random nunber generators that are actually
used pick A, B, C, and D so the shortest cycle is of
length n or n-1. One has to be smart about picking A,
B, C and D. One old but usable set is
A=0, B=7"5 C=0, D>0, n=2"31-1
or in other words,
x(i+1) = 775*x(i) nmodulo (2731-1)

with D any non-zero value. Another set that you can
test your programwith is

A=0 B=1944, C=0, D>0, n =215 - 19

whi ch should have i = 0 and m=n - 1, the maxi mum
possi bl e cycl e | ength.

The irony is that to get a good random nunber generator,
the sequence cannot really be random

Pollard’s rho al gorithm nmakes cl ever use of cases such
as
A=1 B=0, C=n- 2

to find factors of n for values of n up to 27256 + 1.
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File: bi rt hday. t xt

Aut hor : Bob Wal t on <wal t on@leas. harvard. edu>

Dat e: Wed Cct 15 09: 18:40 EDT 2008

The aut hors have placed this file in the public domain
they make no warranty and accept no liability for this
file.

RCS Info (may not be true date or author):

$Aut hor: walton $

$Dat e: 2008/10/15 13:20:51 $
$RCSfile: birthday.txt,v $
$Revision: 1.7 $
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Maki ng a Table Fornmatter

------ R (5) There may be enpty colums in the table (columms
all of whose entries are blank). These enpty

Oivia went to work for State Report Witers Inc. and col ums shoul d be del et ed.

found herself witing a lot of plain ASCII text files

contai ning tables that | ooked |ike:

U Fomm e e Fomm e e Fomm e e +
| Year | 2001 | 2002 | 2003
R - - - +
| Population | 37,452 | 37,459 | 37,620
S Fomm e Fomm e Fomm e +
| Nunber of | 13,645 | 13,652 | 13,684
| Househol ds | | | |
Fom e Fomm e Fomm e Fomm e +

Getting things all lined up was beconing a rea
she wants a programto do it for her

pai n, so

The programtakes as input a text file whose tables are
defective, and outputs the file with the defects
corrected. The permitted defects are:

(1) Lines beginning with + can have any garbage
after the +, and will be converted into proper
row separating lines.

(2) If the first character of a table line is not
+or |, it will be assuned that an initial
is mssing fromthe |ine.

(5) The |'s and the text in a line need not be

properly aligned, except a | that should not
appear at the very beginning of a |line may
not be noved to the beginning of the |ine.

(4) Atrailing sequence of
mssing froma |ine.

| s and spaces may be

(6)

The programreads its input, outputs table |ines after
reformatting them adds a table end + line if necessary,
and out puts exact copies of any non-table lines. A

The last + line of the table may be omtted.

table begins with a line whose first character is +, and
ends just before the next blank line or file end.
Text in a table box should be separated by at |east one

space fromany |. Wthin each line, the text in a

box should be left adjusted if it contains any letters,
and right adjusted otherwise. Note that text in a box
may be | eft adjusted on one line and right adjusted on
another line; each line is treated independently as far
as text adjustnent is concerned. Any spaces enbedded
inside the text (i.e., not next to |'s or |line ends)
shoul d be preserved. All table lines should have the
same length, and this should be the mninum]length con-
sistent with the given rules.

To sinmplify coding the only whitespace character all owed
inalineis the single space character, and lines are
not permtted to end with space characters. Thus a
blank line will be conpletely enpty. This rule applies
to input lines, and you nust apply it to output |ines.

If you get only the spacing wong, your
given the ‘Formatting Error’ score.

programwi || be
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The text to be reformatted. This text can contain any
nunber of tables. No input line will be |onger than 80
characters. The text ends with an end of file. The
input will be such that every table contains at |east
one non-enpty colum. The input ends with an end of
file.

The input text after it is reformatted. Note that
output lines may be | onger than 80 col ums due to
reformatting, but the input will be such that no out put
line is longer than 132 characters.

Sanpl e | nput

FLEAS I N THE M DDLE COUNTI ES

by Dr. Troubl edst at
edited by Qivia diviana

+

County |
+

Upper Mddle | 4,589,290 | 2,976,384 | 10,000, 000
+

2001 | 2002 | 2003

Mddle Mddle | 7,671,004 | 5,804,027 | 20,000, 000
+
Lower Mddle | 8,612,920 | 5,790,468 | 1,764,893
+
This is a
TEST TABLE
+98435632- 6987234899- 89544285- 9245724| | - -
| 0123456789 | | 0123456789
123 || $789.87
Al23
+H++++H
| H21 || X y z ||
f oo

||| * & %#@
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Sanpl e Qut put

FLEAS I N THE M DDLE COUNTI ES

by Dr. Troubl edst at
edited by Qivia diviana

. e +
| County | 2001
Fom e e e oo - TSR +
| Upper Mddle | 4,589,290
S R S +
| Mddle Mddle | 7,671,004
. e +
| Lower Mddle | 8,612,920
Fom e e e oo - TSR +
This is a

TEST TABLE
S S +
| 0123456789 | 0123456789
| 123 | $789. 87
| A123 |
. . +
| H21 | x y z|
| foo |
| | *&NBHA |

File: tabl eformatter. txt
Aut hor : Bob Wal ton <wal t on@leas. har vard. edu>
Dat e: Wed Cct 15 09:21:16 EDT 2008

The aut hors have placed this file in the public domain
they make no warranty and accept no liability for this
file.

RCS Info (may not be true date or author):

$Aut hor: walton $

$Dat e: 2008/ 10/ 15 13:25:02 $
$RCSfile: tableformatter.txt,v $
$Revision: 1.9 $
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Buf f al o Fi nder

Ranchy Flatman is a buffal o rancher who has lived on the
Pl ai ns for decades. He has a ranch on which he keeps
buffalo in a field with three sides. Each side is
bounded by a perfectly straight fence which actually
extends in both directions well beyond Ranchy’'s field,
and which serves as a boundary between various fields
owned by various other people. |In all there are 7
fields, Ranchy’s triangular field, and 6 nei ghboring
fields.

Sonetimes Ranchy | oses track of a buffalo. Then he
sends his trusty Beagle Issy (‘I Smell You') out to

find the errant buffalo. Issy wears a GPS receiver and
a radio, and this sends Issy’'s position back to Ranchy.
VWhen Issy finds the buffal o, she stops, and Ranchy then
knows the buffalo' s GPS coordinates. |f the buffalo has
gotten lost in Ranchy's field, Ranchy goes out to find
the buffalo, but if the buffalo is in a neighbor’s
field, Ranchy must call up the neighbor who will go with
Ranchy to retrieve the Buffal o and Issy.

In order to make this work, Ranchy’s daughter has worked
out the follow ng nami ng systemfor fields, and program
nmed the famly conmputer to tell Ranchy which field |Issy
is in. The corners of Ranchy’'s triangular field are
given the nanes 1, 2, and 3 in clockw se order, and the
fences are given names 12, 23, and 31 in clockw se

order. A given field can be either to the left or right
of a given fence. So we can give a field a nane of the
form

D12 D23 D31

where Dxy is ‘L" if the field is to the left of fence xy
and ‘R if the fieldis to the right of fence xy when
traveling in the direction fromx to y. Thus Ranchy’s
triangular field is named RRR and if you cross fence 12
fromthis field you enter field LRR

To find out which field Issy is in, the GPS coordi nates
of Issy and the corners 1, 2, and 3 are used. The GPS
coordi nates are treated as integer coordi nates of points
ina flat plane.

Due to an unfortunate accident, Ranchy’s daughter’s
conput er program has been | ost, and as she is off at
college and in the mddle of exams, you have been tasked
to replace it.

For each test case, one |line of the form

x1 y1l x2 y2 x3 y3 xi Vi
where (x1,yl), (x2,y2), (x3,y3) are the coordinates of
the corners 1, 2, and 3, respectively, and (xi,yi) are
I ssy’s coordinates. All coordinates are integers.

I nput ends with an end of file.
be such that

For simplicity, the input wll Issy is

never exactly on a fence.

For each test case one |ine containing just
the name of the field containing |ssy.
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Sanpl e | nput
-3-3063-300
-3-3063-3-50
-3-3063-3010
-3-3063-350
-3-3063-310 -4
-3-3063-30-4
-3-3063-3-10 -4

LRR
LLR
RLR
RLL
RRL
LRL

File: buf f al 0. t xt
Aut hor : Bob Wal t on <wal t on@leas. harvard. edu>
Dat e: Wed Cct 15 03:05:19 EDT 2008

The aut hors have placed this file in the public donain;
they make no warranty and accept no liability for this
file.

RCS Info (may not be true date or author):

$Aut hor: walton $

$Dat e: 2008/ 10/ 15 07:06: 00 $
$RCSfile: buffalo.txt,v $
$Revision: 1.6 $
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The PAXCS Al gorithm

The PAXGCS al gorithm was devel oped by Leslie Lanmport (and
i ndependently by others) to nake a decision rapidly in a
di stributed computer system where any processor can
fail. You have been asked to sinulate the algorithmin
order to get a sense of how it works.

A distributed systemis a set of processes connected to
each ot her by communication channels. For the purposes
of this problem we assune there are two channel s

bet ween every pair of processes, one channel going in
each direction.

In order for a distributed systemto run as fast as
possible, it should be ‘asynchronous’. This means that
as soon as a process receives a nessage, it conputes its
new state and sends appropri ate nessages to other
processes, without waiting for any particular tine.
However, there is a theoremthat any asynchronous
distributed algorithmwill stop dead if just one process
fails at exactly the wong nonent. Thus asynchronous
distributed algorithns can fail if just one of their
processes fails.

The PAXGCS al gorithm can be thought of as an asynchronous
deci si on nmaking al gorithmthat can be run nore than once
to make the same decision. That is, there can be nore
than one instance of the algorithm |If one instance
appears to be failing, another instance can be started.
The algorithmhas the critically inmportant property that
if several of the instances succeed in comng to a
decision, they will all come to the SAME deci sion

The al gorithm description is as foll ows:

(1)

(2)

(3)

For our purposes, the decision is to be nmade between
two values, labeled ‘B and ‘C. In the real world
the decision is nbpst often between ‘aborting’ and
‘commtting’ a data base transaction, so you can
think of ‘B as neaning ‘abort’ and ‘C as neaning
‘conmit’.

Each al gorithminstance has a single master process.
This process will make the decision and send it

to all the the other processes. The master of the
first instance is generally chosen by the nature

of the decision being made, and the nasters of |ater
i nstances are sinply processes that, using clocks,
have deci ded that previous algorithminstances are
unduly del ayed and a new al gorithminstance needs to
be started.

Al'l the processes other than the naster for an
instance are called the slaves of that instance. A
process can be the master of sone al gorithm

i nstances and a slave in other instances.

Each instance is assigned an identifier. No two

i nstances nmay have the same identifier, and the
identifiers are ordered so that instances started
|ater are later in the ordering. 1In the rea
world identifiers are typically nunbers whose
hi gh order bits are the tine of day and whose | ow
order bits are a unique process identifier
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(4) Processes comuni cate by nessages sent over chan- ms Pi d
nels. W assune there are n processes nunbered Proposal (P) nessage, sent frominstance naster
from21l through n, and there is exactly one directed process mto instance slave process s, for the
channel connecting message sending process j to instance with identifier i, proposing that the
nmessage receiving process k, for every pair of i nstance decision be d (d == B or Q
processes | and k with j I'= k. W assune each
channel delivers nessages reliably and in the order s mQ
they were sent, BUT, with arbitrary delay. Such a Proposal acknow edgnment (Q nessage, sent nerely
channel can be built on top of unreliable conmunica- to acknow edge the above proposal (P) nessage
tions by an appropriate channel protocol, which we
do not consider here (in the real world the internet ms F

(5)

TCP protocol would |ikely be used).

We assune each channel can hold exactly one nessage,
whi ch has been sent but not received. W assume
that if a second nmessage is sent to the channe

when the channel is not enpty, any previ ous nessage
in the channel is discarded and lost. This behavior
just sinplifies the code of our simulation; a rea
wor | d channel probably would not discard nessages
very often.

The al gorithm nessages have the followi ng formats,
where | ower case letters are variabl es and upper
case letters are constants:

ms N i
New-i nstance (N) nmessage, sent frominstance
master process mto instance slave process s,
announci ng that a new i nstance has been created
with identifier i.

s mAi pd pi
(New- i nstance) acknow edgnent (A) message, sent
frominstance slave s to instance naster m for
the instance with identifier i. pd and pi are
the val ues of variables naintai ned by the sl ave
as part of its state (see bel ow).

Final (F) nessage, sent frominstance master
process mto instance slave process s, for the

instance with identifier i, stating that the
proposed deci sion for instance i has becone
the final decision of the set of all instances,

and no subsequent instance will ever propose a
di fferent decision.

(6) Each process naintains the foll ow ng vari abl es:

i max The latest (maximum) instance identifier
for which the process has either
received or sent a newinstance (N)
proposed (P), or final (F) nessage.
Initialized to -1. Al instance
identifiers are integers >= 0.

pd The decision value in the |ast proposa
(P) nessage the process has either sent
or has received and not ignored.
Initialized to X (nmeani ng no proposa
has been received).

pi The instance identifier in the |ast pro-
posal (P) nessage the process has either
sent or has received and not ignored.
Initialized to -1.
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(7

(8)

(9)

Note that a nmaster nmintains these variables as if
it were also a slave that receives and does not
ignore all the nessages the naster sends.

Here -1 is treated as an instance identifier val ue
that is |l ess than any actual instance identifier.

Any received nessage is ignhored (discarded) if
it is a nessage whose instance identifier i is LESS
THAN the receiver’s current imax variabl e val ue.

There are n processes. Let mbe the smallest inte-
ger such that 2m > n. Any set of processes with m
menbers is called a “majority’.

PAXCS uses the fact that any two majorities nust
overl ap

The instance algorithmis:

(a) The master picks an instance identifier
based on the current tine. This nust be greater
than the i max vari abl e value of the master, and
shoul d be greater than the identifier of any
previ ous instance.

(b) The master sends newinstance (N) nessages to
all slaves. Upon receiving and not ignoring the
N nessage, a slave sends an acknow edgrment (A)
nmessage back to the master containing the
slave’'s pd and pi variabl e val ues.

(¢)

(d)

(e)

As soon as the master receives m1 acknow edg-
ment (A) nessages, it makes a proposed deci sion.
It knows at this point the pd and pi values of m
processes, the m1 acknow edgi ng sl aves and the
master itself. |If all pd values are X, meaning
‘not yet set’, the master is free to nake any
decision it wants (this will be the case for the
first instance). Oherw se the master chooses
the pd val ue whose associated pi value is

gr eat est .

The master sends proposal (P) nessages to al

sl aves contai ning the new proposed deci sion.

Any sl ave receiving and not ignoring this
nessage returns a proposal acknow edge (Q
nmessage to the naster. During this process
activity the pd and pi variabl e values of the
master and all acknow edgi ng sl aves are updat ed.

As soon as the nmaster receives m1l proposa
acknow edgnment (Q nmessages, it sends a fina

(F) nessage to all slaves. Note that in the our
simul ati on slaves ignore final (F) nessages,
though in the real world they would not.

Event Specification

The sinul ati on you have been asked to performrepresents
al gorithm execution as a sequence of events.
are nunmbered 1, 2, 3, etc., and the sinulation input
contains a list of event specification lines that are
each one of the follow ng:

The events
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Nmd
Process m becones the master of a new instance
whose instance identifier is the nunber of the
current event and whose decision will be d (B or
C) if the master is free to choose in step (c)
above. The event consists of the new naster
updating its variabl es and sendi ng new i nstance
(N) nessages to every other process.

Rj k
Process k receives the nessage in the channe
whose sendi ng process is j and whose receiving
process is k, if there is a nessage in that
channel. If there is no nessage, there is no
event. |If there is a nessage, the event
consi sts of the receiving process updating
its variables and sendi ng nessages to ot her
ot her processes as specified by the al gorithm
st eps above.

Events in general send nessages (except for events where
a received nmessage is ignored). Sending a nessage

consi sts of placing the nmessage in the appropriate
channel . |f necessary any previous nessage in the
channel is first discarded.

The input consists of several test cases. Each test
case consists of

a line containing the name of the test case
a line containing the nunmber n of processes
zero or nore event specification |ines

a line containing only the character 'E

Here 2 <= n <= 32. The input termnates with an end
of file.

For each test case the |line containing the name of the
test case is output. Then for each event the out put
is as follows:

(a) If the event is the creation of a new instance,
aline of the form*'e: NEWINSTANCE md’' is output,
where e is the event nunber, and also the identifier
of the new instance, and mand d are taken fromthe
‘N md event specification

(b) If the event is the reception of a nessage, a line
is output of the form'e: nessage action’ where
e is the event nunber (1, 2, 3, etc.), the ‘nessage
is the received message in the nessage format given
above with single spaces surrounding it and
separating its parts, and the ‘action’ is one of the
fol | owi ng words:

| GNORED The nessage is ignored as per (7)
above.

COW TTING The nessage is the m 1 st proposa
(P) nessage to be received and not
i gnored by a slave for a given
i nst ance.

ACCEPTED Al'l other cases.
Note that if for an event specification ‘Rj k' the

channel is empty, there is no event, there is no output,
and the current event nunber is not increnented.
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In general, itenms in an output line are to be separated
by a single space character, except there is no space
before a ‘:’ There shoul d be no other whitespace
characters in any output line. You may assune the test
case nane input line is property formatted, and you
shoul d just copy it to the output.

At the end of each test case print one enpty line.
This will appear before the nane of the next test case,
or before the end of the output file.

Exanpl e | nput

ERRORLESS CASE

MIUOVOVOVOOVOVDOODODOOZ00Z2W

QITI;U;U;U;U;U;U;U;U;U;U;UZW

M PRONRPRONRRRR

NNWEFENNWENWNNR R
WFRERNNWRFENNWRRPTWNQO

WNRFRPFRPWONRFRPFRPWNNQO

FAI LURE CASE
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Exanpl e Qut put

RRORLESS CASE

: NEWINSTANCE 1 C

2 ACCEPTED
ACCEPTED

X -1 ACCEPTED
X -1 ACCEPTED
C COW TTI NG
C ACCEPTED
ACCEPTED
ACCEPTED

F 1 ACCEPTED

F 1 ACCEPTED

WNRPRRPRWNR R
PR WONR P W
RPRRRRRPRER

REQXNQOAWNEM
QOUTIU>>zZ22Z

2o
o
W N

ONE FAI LURE CASE
NEW I NSTANCE 1 C
2 N 1 ACCEPTED

e
e
8

CoNoRrwNE
WRNWNZR PR
m)NcuhAhag<p

X -1 ACCEPTED
X -1 ACCEPTED

10: 21 P 4 B COWM TTI NG
11: 2 3 P 4 B ACCEPTED
12: 1 2 Q 4 ACCEPTED

13: 3 2 Q 4 ACCEPTED

14: 2 1 F 4 ACCEPTED

15: 2 3 F 4 ACCEPTED

[ The last output line is blank.]

Remar ks

A non-distributed reliable systemcan be nmade froma
conputer and a disk. The conputer runs instances of an
al gorithm whi ch makes decisions. To make a decision

an instance first proposes it, then wites it to disk,
then declares the decision final. |If the computer
crashes, a new instance of the algorithmis started,

whi ch begins by reading the disk to find out all the
previously proposed decisions. Since it does not know
the extent to which these have been acted on, it nust
assune each of these proposed decisions is final

The disk is referred to as ‘stable storage’, because it
survives crashes and provides reliability.

The PAXCS al gorithm uses the set of processes to inple-
nent stable storage (w thout any disks). The proposa
(P) nessages wite the proposed decision to stable
storage (the set of processes), and the proposal acknow
| edgment (Q nessages confirmthat the decision has been
witten. In the non-distributed case the proposed deci -
sion has been successfully witten to stable storage
when its last bit has been successfully copied to disk.
In the PAXOS case the proposed deci sion has been
successfully witten to stable storage when the m 1’ st
slave which will not ignore the proposal’s P nessage has
received the P nessage. At this point any subsequent
instance will read the proposed decision. So at this
poi nt the proposed decision is ‘conmitted . The naster
knows it has successfully witten stable storage when it
receives the m1l st Q nessage.
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The new i nstance (N) nmessages and their acknow edgnent
(A) nessages correspond to readi ng stabl e storage. The
master knows it has successfully read stabl e storage
when it receives the m1' st A message, and any proposed
decision read is that associated with the nost recent

i nstance known to any of the slaves that sent the A
nessages. Because two nmjority sets of processes nust
overlap, any conmitted proposed deci sion beconmes known
to the master. Here we are using the fact that if a
conmitted proposed decision is overwitten by a new
proposed deci sion, the new proposed deci sion must be the
SAME as the ol d proposed decision, by step (c) of the
al gorithm

One can formalize all this in an inductive mathematica
proof that using PAXCS, once a proposed decision is
committed by an instance no future instance can propose
any ot her deci sion.

The anal ogy we have drawn between the non-distributed
and distributed cases is not precise. For exanmple, in
the distributed case several instances can run sinultan-
eously (in DI FFERENT processes), and a proposed deci sion
that is never conmtted can end up being read as the

| at est proposed deci sion by a subsequent algorithm

i nstance.
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The Two Legged Maze

——————————————————— An end of file term nates the input.

A two | egged naze is a board of NxN squares, with each

square | abeled by a single | ower case letter. The Qut put

problemis to go by a path froma start square to a goal ~  |------

square. The path is a sequence of horizontal and verti-

cal noves to adjacent squares. The path is divided into For each case, a single |ine containing nothing but

two parts, the ‘first leg’” followed by the ‘second leg' . the m ni mum nunber of mnoves required by any path from

Each leg is a sequence of noves. |In the first leg al
noves must be froma square |labeled X to a square
| abel ed Y where Y follows X in the al phabet, or in

short, X<Y. In the second |leg all nobves nust be from X
to Y where Y precedes X in the al phabet, or X>Y. Either
| eg can have zero noves.

The board colunms are nunbered 1, 2, ..., N and the

board rows are nunmbered 1, 2, ..., N. A square has
coordinates (r,c) where r is the square’s row nunber and
c isits colum nunber, (1,1) is the upper left corner
and (N,N) is the lower right corner. The start square
is (sr,sc) and the goal square is (gr,gc).

Di agonal noves are NOT al | owed.
| nput
For each of several test cases, a single line containing

the 5 nunbers

N sr sc gr gc

where 1 <= N <= 50, followed by N lines each containing

just N lower case letters. These lines are the rows of

the board, with row 1l first and row N last. The N | ower
case letters on a line are the | abels of the squares in

the line’s row, with the first letter in the Iine being

for colum 1 and the l[ast being for colum N.

the start to the goal. O if there is no such path,
then the line contains just the word ‘inpossible’

Exanpl e | nput

51155
abcde
fghi j
kl mo
pgr st
uvwxy
51245
abken
YWXYZ
abekw
yXi eb
pgude
54255
abkzn
YWXY X
abekw
ym ef
pgude
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Exanpl e Qut put

8

6

i mpossi bl e
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Superstring Counter

A superstring of a set of strings is a string containing
every member of the set (possibly with overlapping) as a
substring. You have been asked to find the nunber of
superstrings with a given length of a given set of
substrings. All strings consist of |ower case letters.

For each test case, one line containing just ‘n m,
where n is the length of the superstring and mis the
nunber of substrings to be included in it, followed by
m | i nes, each contai ni ng nothing but one substring.

1 <=m<=10, 1 <= n <= 40. Substrings contain only

| ower case letters. The input ends with an end of file.

For each test case, one |line containing the nunber of
superstrings containing just n | ower case letters. The
input will be such that the output will be |ess than

27 31.

Sanpl e | nput

4 2
ab
cd
31
aa

Sanpl e Qut put

2

51
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3D Convex Hul
R ---- Al the hull face edges nust be output in SORTED order
For an edge output as ‘i j', i <] is required. Edges
You are given a |large nunber of points in 3-space and with [ower i values nust be output first, and anong
must find the convex hull of these points. edges with the sane i values, those with |ower j val ues

For each test case, one |line containing the name of the
test case, followed by a line containing just ‘n’, the
nunber of points you are given, followed by n |lines each
containing ‘x y z', the coordinates of one of the
points. The points are nunbered 1 through n in the
order that they appear in the input file.

The xyz coordi nates are al
-1000 t hrough +1000.

integers in the range from
4 <= n <= 10, 000.

The input ends with an end of file.

Cut put

For each test case, one line containing just the nane

of the test case, followed by a line containing just

‘m, the nunber of edges in the convex hull, followed by
m | ines, each containing ‘i j', where i and | are the

nunbers of the points that are the vertices of one of
these edges. The input will be such that 4 <= m <= 100.
An edge, by definition, is the edge of a face of the
convex hull, and such a face can be any convex pol ygon

To sinplify the code, the input will be such that each
face is a triangle and all points on the convex hul

will be vertices of faces. Thus no point will be in the
interior of a face or on the Iine between two ot her
points that are on the hull

must be output first.

Sanpl e | nput

ETRAHEDRON | N A CUBE

-
4
0
1
0
1

N

PRPRRPFRPFPNONOO
-

PRRPRPRNNOO
PO ' N' O0OO0O
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