le)

= Todewy, (g

-5 (g:)m -t T
Sonding im &

PwﬂﬂM |

_;«agh_g_& Ddge&""&l_

3\3 DMWWM
[0 T Gkt vy

Staded a abdcéimﬂm_

(D) 36-¢% @ 3.2,

ﬂi{im " wmw
: Mﬂ»imtﬂum»«ﬂ
G o Tﬁwmwﬁéﬁwt%q % |
O Soﬁutw»w. o




"

(v

S -oo-pe Sl o

faaese =



,;‘ 10 :S' o
(U»W L ‘,“50& \\'fu\ @
t/ b"""" o3 t"‘
o - 5 o
\| ’ k.'gm
~°

= _Q_s:m Mk dunese fn 0k el pimicon poin y coric

O L R Py I (ol ecdb )

GFQM.Q Ldvférld*ldi_lldvaVII%TH

e
wd b R 5

ol aol frkats b n-k 7%

X — pebbn gt ol ol

| -
tn

"‘ ’) @ Reocured Q’ﬂu vl % od ﬂ-o%w
o Lt CUT Lo vl # cont i § make chasge fo p eat

last o S0t

| + et al o a dod d ad,

| o By difitio C ad ok aoh. gy puabhe, ot onk pll sons
dw Ch-3)+1
diwe C4-41 4L
43..1‘ CCpd)t o

di e ClrltL (aosmeis dysp)

R i"":‘:‘_srf Cp-d+ 1)



o d P=0 -

Crey =3 1 f P-dodin—ndy =
M Cge-dil L] 0ty dan'+
Grd;ep need His

base ase .,

Lwﬁww %Mﬂdlwdama—éy

= - c ( ) : M— Coreaag {7} ?
M. . : w P A el if cipy<o
3 -tabn Dronssil 1=t I B
i )i, kb o
. . IS
adly.. @ (ehern <t csal & ws( &;
LQ<L J (P=: 0) l;dw na
oo

el e { chiangg (p-10) +1, clunge(p-5) #1 | chauge (p-i) *13

* Roag o7 Comnd ttucein Fap o calle b ChewsC)  (each cofl

M«Zﬁ‘«fmk):

/’\ \
/J\ /] !E;{t-fo neis [=h]  A-ss ~20

&7 A7 PR n—w-* 2
- 'ﬂ/u_{ mw A “[o nltqu_} ot lu.i’ JL(_?,Mo) wv‘llz.“.l
Cottid, ot s
& = Vo, beser, foue o papssled cobpoatlen |



¢ Thia : 3&%%%@

@D Comaite vohu ol adidia wn bllon-vp fockin,

Bl Sl piallin for S i By pialdin pion
T R RTINS

chawse ( dr1 kn) £ big ol doick ik
Ean e o8 U ki # dointie
‘,1 pP<=1 & n
{\_’ phns a8
¢ <« £ F k

2l peded A
d CLP-dtd) +1 < wnn oy
Mo &= CTP-dE3) + 1
Coin <« L
ClE) « wam, |
ST 5 e -—all L R QM-M. Qﬂm

fow, C ond s

A H R

A Seac?  : & (n)



® © \\

)

Condivek i) aita &wwu%-ﬁa_
S e Ay
salilin  Boray |
SLEY = ok ' dokn i o obte, E thage piulbeg w0 p.

o C el
ply = Méﬁ?&.f’g

Mahe - cloge (513,313 o)
while ( n>o0)

U tom # (ke by o)
: o
I

N N=-JdCsimd)

A &6(n)

9( v[) e e &



CS 25 Algorithms Dynamic Programming Example
Fall 2002 October 14, 2002

Dynamic Programming Solution to the
Coin Changing Problem

(1) Characterize the Structure of an Optimal Solution. The Coin Changing problem exhibits opti-
mal substructure in the following manner. Consider any optimal solution to making change for n cents using
coins of denominations dy,ds,...,d;. Now consider breaking that solution into two different pieces along
any coin boundary. Suppose that the “left-half” of the solution amounts to b cents and the “right-half” of
the solution amounts to n — b cents, as shown below.

i ﬂ;b
(4 [da [ d1 [ dz | [da | ds | d2 |

Claim 1 The left-half of the solution must be an optimal way to make change for b cents using coins of
denominations dy,dsa, ... ,dg, and the right-half of the solution must be an optimal way to make change for
n — b cents using coins of denominations dy,ds,...,d.

Proof: By contradiction, suppose that there was a better solution to making change for b cents than the
“left-half” of the optimal solution shown. Then the left-half of the optimal solution could be replaced with
this better solution, yielding a valid solution to making change for n cents with fewer coins than the solution
being considered. But this contradicts the supposed optimality of the given solution, —+«. An identical
argument applies to the “right-half” of the solution. O

Thus, the optimal solution to the coin changing problem is composed of optimal solutions to smaller
subproblems.

(2) Recursively Define the Value of the Optimal Solution. First, we define in English the quantity
we shall later define recursively. Let C[p| be the minimum number of coins of denominations dy, da,...,dk
needed to make change for p cents. In the optimal solution to making change for p cents, there must exist
some first coin d;, where d; < p. Furthermore, the remaining coins in the optimal solution must themselves
be the optimal solution to making change for p — d; cents, since coin changing exhibits optimal substructure
as proven above. Thus, if d; is the first coin in the optimal solution to making change for p cents, then
Clp] = 14+ C[p—d,]; i.e., one d; coin plus C[p— d;] coins to optimally make change for p—d; cents. We don’t
know which coin d; is the first coin in the optimal solution to making change for p cents; however, we may
check all k such possibilities (subject to the constraint that d; < p), and the value of the optimal solution
must correspond to the minimum value of 1 + C[p — d;], by definition. Furthermore, when making change
for 0 cents, the value of the optimal solution is clearly 0 coins. We thus have the following recurrence.

0 ifp=0

Claim 2 C[p| = {mml.:disp{l +Clp—dil} fp>0

Proof: The correctness of this recursive definition is embodied in the paragraph which precedes it. O

(3) Compute the Value of the Optimal Solution Bottom-up. Consider the following piece of pseu-
docode, where d is the array of denomination values, & is the number of denominations, and n is the amount
for which change is to be made.



CHANGE(d, k, n)

1 CJ0] « 0

2 forp—1ton

3 mMin +— 00

4 fori—1tok

5 if d[i] < p then

6 if 1 4+ C[p — d[i]] < min then
T min «— 1+ C[p — d[i]]

8 coin «— 1

9 C[p] «— min

10 S[p] «— coin

11 return C and S

Claim 3 When the above procedure terminates, for all 0 < p < n, C|[p| will contain the correct minimum
number of coins needed to make change for p cents, and S[p| will contain (the index of) the first coin in an
optimal solution to making change for p cents.

Proof: The correctness of the above procedure is based on the fact that it correctly implements the recursive
definition given above. The base case is properly handled in Line 1, and the recursive case is properly handled
in Lines 2 to 10, as shown below. Note that since the loop defined in Line 2 goes from 1 to n and since
d; > 1 for all ¢, no array element C[-] is accessed in either Line 6 or 7 before it has been computed. Lines 3
to 7 correctly compute min;.q,<p{1 + C[p — d;]}, and C|[p] is set to this value in Line 9. Similarly, Lines 3
to 8 correctly compute argmin;.q,<p{1 + C[p — d;]}, and S[p] is set to this value in Line 10. O

(4) Construct the Optimal Solution from the Computed Information. Consider the following
piece of pseudocode, where S is the array computed above, d is the array of denomination values, and n is
the amount for which change is to be made.

MAKE-CHANGE(S, d, n)
1 whilen >0

2 Print S[n]

3 n «— n — d[S[n]]

Claim 4 The above procedure correctly outputs an optimal set of coins for making change for n cents.

Proof: By Claim 3, S[n| will contain (the index of) the first coin in an optimal solution to making change
for n cents, and this coin in printed in Line 2 during the first pass through the while loop. Since our problem
exhibits optimal substructure by Claim 1, it must be the case that the solution to the remaining n — dgjy
cents be optimal as well. By setting n «— n —d[S[n]] in Line 3, the first coin in such a solution will be printed
in the next pass through the while loop, and so on. (Properly, one would prove that the sequence of coins
output by this procedure is correct by induction, but the above suffices as far as I'm concerned.) O

(5) Running Time and Space Requirements. The CHANGE procedure runs in ©(nk) due to the
nested loops (Lines 2 and 4), and it uses ©(n) additional space in the form of the C[-] and S[-] arrays. The
MAKE-CHANGE procedure runs in time O(n) since the parameter n is reduced by at least 1 (the minimum
coin denomination value) in each pass through the while loop. It uses no additional space beyond the inputs
given. Thus, the total running time is ©(nk) and the total space requirement is ©(n).
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X l)\ cli,w] =

O-1  Kugosacle problony

The solution is based on the optimal-substructure observation in the text: Let i be the highest-
numbered item in an optimal solution § for W pounds and items 1..n. Then §' = § — {i} is an
optimal solution for W — w; pounds and items 1..i — 1, and the value of the solution S is v; plus
the value of the subproblem solution §’.

We can express this in the following formula: Define c[i, w] to be the value of the solution for items
1..¢ and maximum weight w. Then

0 ifi=0orw=20,
c[i_lsw] if w; > w,
max(v; + [t = 1,w — w;],cfi — 1,w]) ifi>0and w>w.

This says that the value of a solution for i items either includes item i, in which case it is v; plus a
subproblem solution for ¢ — 1 items and the weight excluding w;, or doesn’t include item %, in which
case it is a subproblem solution for i — 1 items and the same weight. That is, if the thief picks item
i, he takes v; value, and he can choose from items 1..i — 1 up to the weight limit w — w;, and get
e[t — 1, w — w;] additional value. On the other hand, if he decides not to take item i, he can choose

from items 1..7 — 1 up to the weight limit w, and get ¢[i — 1,w] value. The better of these two
choices should be made.

Although the 0-1 knapsack problem doesn’t seem analogous to the longest-common-subsequence
problem, the above formula for ¢ is similar to the LCS formula: boundary values are 0, and other
values are computed from the inputs and “earlier” values of c¢. So the 0-1 knapsack algorithm is

like the LCS-LENGTH algorithm given in Chapter 16 for finding a longest common subsequence of
two sequences.

The algorithm takes as inputs the maximum weight W, the number of items n, and the two
sequences v = (vy,V3,...,V,) and w = (w;,ws,...,w,). It stores the c[i,;] values in a table
c[0..n,0.. W] whose entries are computed in row-major order. (That is, the first row of ¢ is filled

in from left to right, then the second row, and so on.) At the end of the computation, c[n, W]
contains the maximum value the thief can take. .

DyNAMIC-0-1-KNAPSACK(2, w,n, W)

forw—0Q0toW
do ¢[0,w] —~ 0
fori—1ton

do ¢[i,0] — 0
forw—1to W
do ifw; <w

then if v; +¢ft — 1,w — w;] > [t — 1, w]

then c[i, w] — v; +¢[i — 1,w — w;]
else c[i,w] « i — 1,w]

e else c[i,w] «— c[i — 1, w]

Trewns (03,003, n, W)
while, n»o awd W>0

it Cwl = el W)
Ne= -
eise
Priad
We W-win
Ne& wn-)
PN e —
sager T L)
£ W) >cln,w]

e at n

We W~ win)

The set of items to take can be deduced from the ¢ table by starting at c[n, W] and tracing Where
the optimal values came from. If c[i,w] = ¢[¢i — 1,w], item ¢ is not part of the solution, and we

continue tracing with ¢[¢ — 1, w]. Otherwise item ¢ is part of the solutlon and we continue tracing
with ¢[i — 1,w — wLL 3 v )

I
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*-O(nW) to fill in the ¢ table — (n + 1):(W +1) entries each requiring ©( 1) time to compute.

¢ O(n) time to trace the solution (since it starts in row n of the table and moves up 1 row at
each step).
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