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2. Design and analyze an algorithm[~2] to compute the
even distance between every pair of vertices when the edge
weights are real-valued, and there are no negative cycles.

2. Design and analyze an algorithm[”*2] that, given a
directed graph with real-valued edges, detects if there is
a negative cycle.

10 - [~1]1: We pushed back the deadline to Friday because the
homework was also prepared late.
[~2]: As always, the faster the better.
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2. Design and analyze an algorithm[*2] to compute the
even distance between every pair of vertices when the edge
weights are real-valued, and there are no negative cycles.

2. Design and analyze an algorithm[*2] that, given a
directed graph with real-valued edges, detects if there is
a negative cycle.

+ [*1]: We pushed back the deadline to Friday because we
were late in getting the homework up.
[~2]: As always, the faster the better.



DIFF(1)

NAME
diff - compare files line by line

SYNOPSIS

diff [OPTION]... FILES

DESCRIPTION
Compare files line by line.

-1 --ignore-case

Ignore case differences in file contents.

--ignore-file-name-case
Ignore case when comparing file names.

--no-ignore-file-name-case
Consider case when comparing file names.

-E --ignore-tab-expansion

Ignore changes due to tab expansion.

--ignore-space-change

Ignore changes in the amount of white space.

-w --ignore-all-space

Ignore all white space.

--ignore-blank-lines
Ignore changes whose lines are all blank.
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7 2. Design and analyze an algorithm[~2] to compute the
even distance between every pair of vertices when the edge
weights are real-valued, and there are no negative cycles.

8 2. Design and analyze an algorithm[*2] that, given a
directed graph with real-valued edges, detects if there is
a negative cycle.

10 - [*1]: We pushed back the deadline to Friday because the

homework was also prepared late.
11 [*2]1: As always, the faster the better.
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2. Design and analyze an algorithm[*2] to compute the
even distance between every pair of vertices when the edge
weights are real-valued, and there are no negative cycles.

2. Design and analyze an algorithm[~2] that, given a
directed graph with real-valued edges, detects if there is
a negative cycle.

+ [*1]: We pushed back the deadline to Friday because we

were late in getting the homework up.
[~2]: As always, the faster the better.
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even distance between every pair of vertices when the edge even distance between every pair of vertices when the edge
weights are real-valued, and there are no negative cycles. weights are real-valued, and there are no negative cycles.

© 2. Design and analyze an algorithm[~2] that, given a 5 2. Design and analyze an algorithn[*2] that, given a
directed graph with real-valued edges, detects if there is directed graph with real-valued edges, detects if there is
a negative cycle. a negative cycle.

9 9

10 - [1]: We pushed back the deadline to Friday because the 10+ [*1]: We pushed back the deadline to Friday because we

homework was also prepared late. were late in getting the homework up.

[ 3 [ ] 1 [~2]1: As always, the faster the better. 11 [~2]: As always, the faster the better.
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min H sing\e. characler inser‘\'ior\s,

prﬁ\né QA\'\— d\SYQnC.Q- deléfions, and substitutions

o convect X wio Y.
De.sign'mg o recursive a\gefm\m
D Recursive speaSicaiion

S :«\30

¢ dedafes mpat/odtpur o
* Ceortirod ol must SUSIN

@ Imp\e.me,n“( spec
® Prove cocrectness

@D Recursve speaicstion

edit(z[l..m],y[1..n]) : Given two strings x and y, returns the minimum
number of edit operations needed to convert x into y.



. . in # single charocfer insecTions,
Co\np\ﬁ\‘mé edit difonce delefichs, and subeltations

To convert X wio Y.

@ RQLM(-.S.\VQ, SPQ'C:\S'.\C'&“OY\ De.signing o reculsive a\ger'\'n‘m
edit(z[l..m],y[1..n]) : Given two strings = and y, returns the minimum & Recutsive speaficafion

. . . * Teorticod oo must SIS
number of edit operations needed to convert x into y. @ Tmtemert spos

® Prove cocrectness
@ Implement spec :

edit(z[l..k],y[1..4])
1. If k=0 or ¢/ =0 then return k& + /.

2. If z[1] # y[1] then return the minimum of

A. 1+ edit(x[2..k],y[1..4]) // delete x[1]

B. 1+ edit(z[l..k],y[2..4]) // insert y|1]

C. 1+ edit(z[2..k],y[2..4]) // replace x|1] with y[1]
3. If x[1] = y[1] then return the minimum of

A. edit(z[2..k],y[2..4]) // do nothing

B. 1+ edit(z[l..k],y[2..4]) // insert y|1]

C. 1+ edit(z[2..k],y[1..4]) // delete x[1]
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Comp\,:\‘mé edit difonce delefichs, and subeltations

To convert X wio Y.

@ RQLMGS.\VQ/ SPQ'C:\S:\C'&“On De.sign'mg o reculsive a\ger'\'nam
edit(z[l..m],y[1..n]) : Given two strings = and y, returns the minimum & Recutsive spealicafion

. . . * Teorticod ol must SWSN
number of edit operations needed to convert x into y. @ Tmtemers spos

@ P\'ovz, correctness

@ Implemeny spec
edit(z[l..k],y[1..4])
1. If k=0 or £ =0 then return k + /.

2. If z[1] # y[1] then return the minimum of

A. 1+ edit(x[2..k],y[1..4]) // delete x[1]

B. 1+ edit(x[l..k],y[2..4]) // insert y[1]

C. 1+ edit(x[2..k],y[2..4]) // replace x|1] with y[1]
3. If z[1] = y[1] then return the minimum of

A. edit(z[2..k],y[2..4]) // do nothing

B. 1+ edit(z[l..k],y[2..4]) // insert y[1]

C. 1+ edit(z[2..k],y[1..4]) // delete x|1]
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Compvt\"\né 23\'\' difonce deléfions, and substitifions
: : 1o convest x wio Y.
@ RQLMC.SNQ/ SPQC»\S'\QCR“OY\ Deéigning o reculsive a\gef'\ﬂ.m
edit(z[1..m],y[1..n]) : Given two strings z and y, returns the minimum & R?f:"ﬁ‘;{b specifiestion
number of edit operations needed to convert x into y. @ Imp\e:mﬂ oo
@ xmp\eme,n"( g ® Prove cocrectness

edit(z[l..k],y[1..4])
1. If k=0 or £ =0 then return k + /.

2. If z[1] # y[1] then return the minimum of V\W\W‘\U\f"

A. 1+ edit(z|2..k|,y|1..4 . . .

1 el Ay et distance i good mold
C. 1+ edit(z[2.k],y[2..0)) coan be c,mnpu'\'ec\ recrsively

3. If z[1] = y[1] then return the minimum of
A. edit(z[2..k],y[2..4])

B. 1+ edit(z[l..k],y[2..4])
C. 1+ edit(x[2..k],y[1..4]) Q HOW '\'O 'make. fQ.C.\A('&.\\Ie
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. . . in # single charocfer insecTions,
Co\dmhé e&\‘\' O\\§ ance o\exenogn_s, ond substititions

To convert X wio Y.

XAQQ Deéigning a recursive algerithem
D Recursive speadicalion
* Save answers Yo eadh Su‘owdo\em SRS
@ Implement spec
* Neves soWe Some subproblem Twice, ® Prove, corvectness

1. wdex Pocameters Yo be more Cathe-Friendly
D Recucsive specsication \&f %xT1.m\ Y120 be $ixed

edit(7,j) = the minimum number of edit operations to convert x[i..m]
into y|j..n/|.

@ ]:mP\e.me,n‘\' spec
edit(i,7)

1. If + > m and 57 > n then return O.

. If 2 > m then return n — j.

. If 5 > n then return m — 7.

. If z[1] # y[1] then return min{1 + edit(i + 1,5),1 +edit(¢,j +1),1 +edit(i + 1,57+ 1)}.
. Otherwise return min{edit(¢ + 1,7+ 1),1 +edit(i +1,7),1 +edit(é,j +1)}.
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. . . min H# single charoacler inse\’\'ions,
CO\C&'s\hé Q,C;\-\— d\ﬁ(mnce. o\de‘.\’ig\_s, ond substititions
To convert x o .

XAQQ. Deéign3ng o reculsive a\gof'\'n-m

D Recursive speaicalion

* Save answers Yo eacdh subprddlem TR

@ Implement spec

* Neved SoWe Some S\A\Dpf oblewy Ywice . ® Prove correctness

Q Q m * (Q ° ’ E \ ' / C : : ! ¢ 4. Wdex porowmelers Yo be wore Cur)\z-sr'\ad\j
2 a I : &(s‘ve ‘n D Recursive specication ot xT4.m) 1.2 be Sixed.
edit(i,j) = the minimum number of edit operations to convert z[i..m|
into y[j..n].
@ Tmplement spec
edit(i, )
1. If i > m and j > n then return 0.

cached-edit(z,7)

/* Implements the same recursive spec as edit(i,j), but assumes there is an m X n array
All.m,1.n| (“A” for “Answer”) allocated in global memory, with all entries initially set to
null. *x/

2. If i > m then return n — j.

3. If j > n then return m — i.

4. If z[1] # y[1] then return min{1l +edit(i +1,7),1 +edit(i,j +1),1 +edit(i+ 1,5 +1)}.
5. Otherwise return min{edit(i + 1,5 +1),1 +edit(i + 1,5),1 + edit(i,j + 1)}.

1. If « > m and 5 > n then return 0.

If ¢ > m then return n — j. .
o AYi.-m,i--r\_S S a

If 7 > n then return m — .

. If A[i, j] is null: I'A\w\ Q((Q\I \v\

A. If z[1] # y[1] then set
g\obu\ nmoly

Ali,j] = min{l + edit(i +1,7),1 +edit(é,j +1),1 +edit(i + 1,5+ 1)}.

S w N

B. Otherwise set
Ali,j] = minfedit(i+ 1,5 +1),1 +edit(i+ 1,5),1 +edit(i,j + 1)}.

5. Return Ali, j].
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CO\C&'Q\hé Q,C;\-\— d\g‘QhC.Q- o\e,\e‘.\'iogn_s, and substititions
To convert x o .

[ SQVQ QY\SWQ(S TQ QQC}\ S“B?(.&em Designing o reculsive a\aor"'n.m
D Recursive speaicalion

+ dedoces inpwi/owtput o5 clgo

° Neves SoWwe some S\kpf og\e.‘m '\‘w'\ce.. St Anon S
@ Implement spec
3 Prove cocrectness

3. muamexs'\ recucsive code wi coxd\'mg

cached-edit (Z ,]) 4. Wdex porometers Yo be wmote Cur)\z-sr'\ar\d\j

/* Implements the same recursive spec as edit(i,j), but assumes there is an m X n array D Recutsive speasication \of x[L.m), YL be Sixed,
. . . e ey e dit(i,7) = the ini b f edit tions t t xfi..
All.m,1.n] (“A” for “Answer”) allocated in global memory, with all entries initially set to 5, ;Z[]J)n] © minimum munber of edit operations to convert afi..m]
null. */ @ Tmplement spec
edit(i,j)
1. If « > m and j > n then return 0. 1. 104> m and j > n then retum 0.
2. If i > m then return n — j.
. If ’I: > m then I‘eturn n — j' 3. If j > n then return m — i.
4. If z[1] # y[1] then return min{1l +edit(i +1,7),1 +edit(i,j +1),1 +edit(i+ 1,5 +1)}.
5. Otherwise return min{edit(i + 1,5 +1),1 +edit(i + 1,5),1 + edit(i,j + 1)}.

If 7 > n then return m — .

AW N

. If A7, j] is null:

A. TIf z[1] # y[1] then set AYﬁ.m'iJ\_S \§ (0 N

Ali,j] = min{l +edit(i +1,5),1 +edit(i,j +1),1 +edit(i + 1,5 +1)}. I-Am °‘“°“I \V\

B. Otherwise set g\ob\ W\Q_\\\o(\/

Ali,j] = min{edit(i+ 1,5 +1),1 +edit(i +1,7),1 +edit(i,j+1)}.

5. Return Ali, j].



cached-edit(i,j)

/* Implements the same recursive spec as edit(i,j), but assumes there is an m X n array
All..m,1..n] (“A” for “Answer”) allocated in global memory, with all entries initially set to
null. %/

1. If i > m and j > n then return 0.
If ¢ > m then return n — j.

If 7 > n then return m — .

If Ali, j] is null:

A. If z[1] # y[1] then set

AW N

A[’L,]] = mm{l + edit(i + 1,j), 1+ edit(i,j + ]_), 1+ edit(i + 1,] + 1)}
B. Otherwise set
Ali, j] = min{edit(i+1,j + 1), 1 + edit(i +1,5),1 +edit(i,j + 1)}.

5. Return A, j.
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Cod\'ma, aX.a. dynamic progmmmingz

2. 1fi > m then return n — j.
3. If j > n then return m — i.
4. If A[i, j] is null:
A. Tf 2[1] # y[1] then set
[ ]
9 r Q C \ \ L) \ * O Ali,j] = min{1 +edit(i + 1,5), 1+ edit(i,j +1),1 +edit(i+ 1,5+ 1)}
T WlSive ONgo \\O\S Po YOI S
Ali, j] = min{edit(i + 1,j + 1), 1+ edit(i + 1,j),1 + edit(i,j + 1)}
' ‘ a \ \ 5. Return Ali, jl.
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Sample solution.

Problem. Design and analyze an algorithm that, given two strings x[1..m] and y[1..n], computes
the edit distance from z to y.

Solution.

1. Recursive spec / induction hypothesis. Let z[1..m]| and y[1..n] be two strings. We define

edit(i,j) = the minimum number of edit operations to convert z[i..m] into y[j..n].

2. Recursive implementation.

edit(i,7)
1. If i > m and 7 > n then return 0.
. If « > m then return n — j.

2
3. If j > n then return m — 1.
4

. If z[1] # y[1] then return
min{l +edit(i+1,7),1 +edit(i,j+ 1), 1 +edit(i+ 1,5+ 1)}.

5. Otherwise return min{edit(: + 1,5+ 1),1 +edit(: +1,7),1 +edit(i,j + 1)}.

3. Solving the original problem. edit(1,1) gives the edit distance between z[1..m] and y[1..n].

4. Running time with caching / dynamic programming. We apply dynamic programming to
the recursive algorithm above. We have O(mn) subproblems, each of which take O(1) time
excluding recursive subcalls. Thus the total running time is bounded by

time per
(# subproblems) subproblem < O(mn).
excl. recursive calls

5. Proof. We prove that edit(i,j) satisfies the recursive spec for all i € {1,...,m+ 1} and
j€{l,...,n+ 1}, by induction on min{m —i,n — j}.
It is easy to see that edit(i,7) returns the length of some edit sequence from z[1..m] to

Templale Jor this doss:
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A. recuesive '\mp\evneﬁ\' alon

4 anca\\,ze vun Time

S, how To use vewcsive O‘\ze
Yo sdve problem



T Matix dham  wat ?\\Qcﬁ \ON



Ny

C
RYe.
MPWK

O CO

D Twe

N3

N2

Oln,




I



=N yw—

"

=N y—

"

"

I

O( n \“1_“ 3 ‘\" h\hshl_b
=0l n \“3(“ 1'\‘“'-\\)

O(Y\lhgh Yy +n YN pD
= O(nny n¥ny)



1“?6\'\'. d\W\EX\S\O“S M, N, ”")n\(,n\"\'\em

OuToil: v B cavaep muttighicalions needed Yo compiile
ARA AL wer AeR



L\?G\‘. d\W\G\S\O‘\S “\,“z' M}“K,n\"\'\em

(A1A42)(((A3A4)A5)((AsA7)Ag))
((A@A5)((A@A\7)A8)
(A3A4)As (1§§A7)A8

7
A1A» A3Ay \ AeAy \
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Aj Ay As Ay As Ag A7 Ag
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L\vﬁ\: dimensions 0y, Ny, ~ N, M € N
OGpal: i B o) mutfighealions needed Yo
Com ?\R‘C A A A - Ak w\‘«e A ‘Rmxm\v\

| D [ ] D |
1 . VQ.C\A C S\VQ s?ec (A4 AN (AsAn A

((As ﬁ)AS)((AQA\ﬂAS)

(A3A4)As (AsA7)As
A1A A A/ \ A A/
S 4o

Ay As Az Ay As Ag Az Ag

Fastest(i,j) = the minimum number of operations to compute the matrix
product A; ... A;.
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Fastest(i, 7) = the minimum number of operations to compute the matrix | D . D |
product A;...A;. (A1A2)(((A3A)A3)((AsA7)As)
((AsAa)As (Agho) )
(é,a&% (égz‘b%
o ¢ o A4z §3A<1 1/46A<
A, vecursive wmplemeriolion O
Fastest(z,7)

If 2 > 7 then return O.

2. Return the minimum, over all £k =1,...,7 — 1, of

Fastest(i,k) + Fastest(k +1,7) +n;ng+1n;.

'\'e,mp\ci\'e. Soc this doss’

1. recucsive spec

A, recursive wnplemedialion

3 mesfion I;'.w){mé oc ”o\\,v\om'\c Pfog(qmm.\v\g:
U onalyze run Time
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Topit:  dimensions ™, N, ) N N € N
Ouipat: mn B o) mutfighealions needed Yo

1 recursive spec compiie A PP A e AR
Fastest(7, 7) = the minimum number of operations to compute the matrix . D . D B
product A;...A;. (A1A2)(((A3A)A3)((AsA7)As)
2 . . . ((AsAa)AS (Aehr) )
(A3A4)As5 (AgA7)As
. Yecuesive  tmplemeniolion W o T
Fastest(z,]> Ay A> Aj Ay As Ag Az Ag

1. If 2 > 7 then return O.

2. Return the minimum, over all k =1,...,7 — 1, of
Fastest(i,k) + Fastest(k +1,7) + ning1n;.

3 how Yo use rvecacsive d3°
Yo sdve problem
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Topit: dimensions ™, N, ) N N € N
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Fastest(i, 7) = the minimum number of operations to compute the matrix . D . D L D L
product A;...A;.

(A1A2)(((A3A4)A5)((AcA7)Ag))

1 . . . ((A@As)((AQA\ﬂAs)
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/N /N /N
Fastest(z’,j) AL A A5 Ar As Al A Ag

1. If ¢+ > j then return 0.

2. Return the minimum, over all k =1,...,7 — 1, of

Fastest(i,k) + Fastest(k +1,7) + ning1n;.
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