CHAPTER 7/

SORTING

All the programs in this file are selected from
Ellis Horowitz, Sartaj Sahni, and Susan Anderson-Freed
“Fundamentals of Data Structures in C”,
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Sequential Search

e Example
44,55, 12, 42, 94, 18, 06, 67

e Unsuccessful search
e N+1

e Successful search
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# define MAX-SIZE 1000 /* maximum size of list plus one */
typedef struct {

int key;

/* other fields */

} element;
element listfMAX_SIZE];



*Program 7.1:Sequential search

int seqSearch(element af[], int k, int n)

/* fFall:nFr =g/ NI o [f15alil.key = k

{

WISRKTE RS

A E] > AE

Nt I;

for(i=1; i<k=n && ali].key !=k; i++)

if (i>n) return O;
return i;

{&0 - */



*Program : Binary search
int binsearch(element list[ ], int searchnum, int n)
{
/* search list [0], ..., list[n-1]*/
int left =0, right = n-1, middle;
while (left <= right) {
middle = (left+ right)/2;
switch (COMPARE(list[middle].key, searchnum)) {
case -1: left = middle +1; //right
break;
case O:return middle;
case 1l:right = middle - 1; //left
break;

}
} O(log,n)

return -1;
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2] @ [8]
(17, (58,

[0] [3] [6] [10]
(a) () () (w0,
[1] [4] [7] 9 [11

4,15, 17, 26, 30, 46, 48, 56, 58, 82, 90, 95
*Figure 7.1:Decision tree for binary search
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List Verification

e Compare lists to verify that they are identical or
Identify the discrepancies.

e Example
e International revenue service (e.g., employee vs. employer)
o Listl is the employer list; List2 is the employee list.

« Various employers stating how much they paid their
employees;
e Individual employees stating how much they received.
e Complexities
 random order: O(mn)

e ordered list:
O(tsort(n)+tsort(m)+m-+n)




*Program 7.2: verifying using a sequential search

void verifyl(element list1[], element list2[ ], int n, int m)
/* compare two unordered lists listl and list2 */

.{ . (a) all records found in listl but not in list2
!nt ) (b) all records found in list2 but not in listl
int marked[MAX_SIZE]; (c) all records that are in list1 and list2 with

the same key but have different values
for(i = 0; i<m; i++) for different fields.

marked[i] = FALSE;
for (i=0; i<n; i++)
if ((j = seqgsearch(list2, m, list1[i].key)) ==0)
printf(“%d is not in list 2\n “ list1[i].key);
else
/* check each of the other fields from list1[i] and list2[j], and
print out any discrepancies */
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marked(j] = TRUE;
for (i=0; i<m; i++)
if (Imarked][i])
printf(“%d is not in list1\n”, list2[i].key);



*Program 7.3:Fast verification of two lists (p.325)
void verify2(element list1[ ], element list2 [ ], int n, int m)
/* Same task as verifyl, but list1 and list2 are sorted */

{
inti, j;
sort(listl, n);
sort(list2, m);
i=j=0;
while (i< n && j<m)
if (list1[i].key < list2[j].key) {
printf (“%d is not in list 2 \n”, list1[i].key);
i++: //fixed j, control i
}
else if (list1[i].key == list2[j].key) {
/* compare list1[i] and list2[j] on each of the other field
and report any discrepancies */
i++; j++;

)




else {
printf(“%d is not in list 1\n”, list2[j].key);
j++,
}
for(;i<n;i++)
printf (“%d is not in list 2\n”, list1[i].key);
for(; j < m; j++)
printf(“%d is not in list 1\n”, list2[j].key);
}



Sorting Problem

« Definition R: record K: key value

e given (R,, Ry, ..., R,1), where R, = key + data
find a permutation o, such that K ; ;) < K4, 0<i<n-1

e Sorted
. KG(i-l) S KG(I)’ O<i<ﬂ-1
e Stable
« iIf i <jand K; = K then R; precedes R; in the sorted list
e Internal sort vs. external sort
e Criteria

« # of key comparisons
e # of data movements
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Insertion Sort

Find an element smaller than K.

26 5 77 1 61 11 59 15 48 19
A 4
5 26 77 1 61 11 59 15 48 19
L 4
5 26 77 1 61 11 59 15 48 19
<
1 5 26 77 61 11 59 15 48 19
A 4
1 5 26 61 77 11 59 15 48 19
<&
1 5 11 26 61 77 59 15 48 19
<&
1 5 11 26 59 61 77 15 48 19
L 4

1 5 11 15 26 59 61 77 48 19

A 4
1 5 11 15 26 48 59 61 77 19
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Insertion Sort

void insert(element e, element a[], int i)

{ I iterd AR E P51 alli] o > MifESTE A SR S
a[Li+1]{2 e AP Hksy - LhbEAa e DR BO R AN Fyi+2{[E

element */
a[0] = e;
while (e.key < a[i].key)
{

/

a[i+1] = afi];
I--;
h
a[i+1] =e;

¥
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void insertionSort( element a[], int n)
{ 7> itall:n] BEFPEiKFIRNE >/
int j;
for (3 =2; J<=n; j++) {
element temp = al[jl;
insert(temp, a, j-1);



Section Sort
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Section Sort

 RHEFFHY10(E
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Section Sort

« 20 ER1

BOARE Y k] @

40 48 24 55 19 89 82 34 77 51
Bl B ARE Y - BE

19 48 24 55 40 89 82 34 77 51
B Aho ] B G  BA

19 48 24 55 40 89 82 34 77 51




Section Sort

« AER2 (48, 244 )
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Section Sort

« AEE3 (48, 344 f4)
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Section Sort

« AB%4 (55, 404 f4)
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Section Sort

o JFBEG (55 487 )
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Section Sort

« JE26 (89, 514 #4)
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Section Sort

o 3E%7 (82, 557 #A)
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Section Sort

o B8 (82, 557 )
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Section Sort

o 37E%9 (82, 89 FH I )

19 24 34 40 48 51 55 77 82 89

19 24 34 40 48 51 55 77 82 89
* /O

19 24 34 40 48 51 55 77 82 89




Section Sort

e selectionSort()

selectionSort( array[], length ){
smallest;
i, Js

for (1 =0; 1 < length - 1; i++ ) {
smallest = 1;

for ( J =1+ 1; J < length; J++ )
if ( array[ J ] < array[ smallest ] )
smallest = j;

swap( array, i, smallest );
printPass( array, length, i + 1, smallest );




WOrS€E case
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28



Variation

eBinary insertion sort
e sequential search --> binary search
e reduce # of comparisons,

# of moves unchanged
e List Insertion sort
earray --> linked list
e sequential search, move --> 0



Quick Sort (C.A.R. Hoare)

*GIven (RO’ R]_, ey Rn-l)
*Ki: key

If K; Is placed in S(i),

then  K;<Kg, forj < S(i),

K Ky Tor j > S(1).
® RO’ ey RS(I)-].’ RS(I)+1’ ey RS(n—l)

two partitions

CCCCCCCC



Example for Quick Sort

pivot

RO | R1 | R2 | R3| R4 | R5 | R6 | R7 | R8 | R9 | left | right
f26) 5 37 1 61 11 59 15 48 19y| O 9
11 5 19. 1 15| 26 [{59 61 48 37| O 4
(1) 5y PYPY{10 15}| 26 |{59 61 48 37¢| 0 | 1
M| 5 | 11 | 15 | 19 | 26 [{59 61 48 375 3 4
1 5 | 11 | 15 | 19 | 26 [{48 37} 59 { 61}| 6 9
1 5 | 11 | 15 | 19 | 26 | 37 48 | 59 { 61}| 6 7
1 5 |11 | 15 | 19 | 26 | 37 | 48 | 59 | 61 | 9 9
1 5 | 11 | 15 | 19 | 26 | 37 | 48 | 59 | 61

CHAPTER 7
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Quick Sort

¥oid quicksort(element list[], int left,int right)
int pivot, 1, j;

element temp;
1IT (left < right) {

1 = left; J = right+1;

g t = list][left] .key;

o 1++; while (list[i1].key < pivot);

; while (list]j]-key > pivot);

if (i < j) SWAP(list[1], list[j], temp);
} while (01 < j);

//exchange the number between groups using pivot
SWAP(Tist[left], list[j], temp);
quicksort(list, left, j-1);
quicksort(list, j+1, right);

Q.
@)
s
I
I



Analysis

Assume that each time a record Is positioned,
the list Is divided Into the rough same size of
two parts.

Position a list with n element needs O(n)

T(n) Is the time taken to sort n elements
T(n)<=cn+2T(n/2) forseme c
<=cn+2(cn/2+2T(n/4))

<=cnlog n+nT(1)=0(nlogn)



Recurrence Solving: Review

e I'(n) =2T(n/2) + cn, with T'(1) = 1.
e By term expansion.

T(n) 2T (n/2) + cn

= 2(2T(n/2%) +cn/2) + cn = 2°T(n/2°) + 2cn

= 2%(27(n/2%) + en/2%) + 2en = 2°T(n/2%) + 3en

= 2'T(n/2") + icn

e Set i =log,n. Use T(1) = 1.




Time and Space for Quick Sort

m Space complexity:
— Average case and best case: O(log n)
— Worst case: O(n)

= Time complexity:
— Average case and best case: O(n logn)
— Worst case: O(n?)
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Quick Sort

* E{Fquick sortfF 10 EF
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Quick Sort

« RPEFFHI10{EEF
N it 26 5 37 1 61 11 59 15 48 19
» CHERPHYES

« REEFFHYETF




Quick Sort

26 5 37 61 11 59 15 48 19
pivot left right
—
F5 v pivot = e 35+ pivot-|:
y 2 g
26 5 37 61 11 59 15 48 19
pivot left right
left right;X % =
swap(19, 37)
26 5 19 61 11 59 15 48 37
pivot left right




Quick Sort

26 19 61 11 59 15 48 37
pivot left right
—
F5 v pivot = e 35+ pivot |
y 2 i
26 19 61 11 59 15 48 37
pivot left right
- left rightix 2 <
swap(15, 61)
26 19 15 11 59 61 48 37
pivot left right




Quick Sort

26

19

15

11

59

61

48

37

pivot left right
—> —
F5 v pivot = e 35+t pivot |
‘ FTE
26 19 15 11 59 61 48 37
pivot right left
. Ieft right< <

swap(11, 26)

11

19

15

26

59

61

48

37

pivot

right

left




Quick Sort

11 5 19 1 15 26 59 61 48 37

pivot [eft right
—
FH e pivot = i F5 v pivot-)
FIE

11 5 19 1 15 26 59 61 48 37

pivot left right _
‘v left righti2 < =
swap(1, 19)

11 5 1 19 15 26 59 61 48 37

pivot left right




Quick Sort

11 1 19 15 26 59 61 48 37
pivot left right
FH e pivot = i F5 v pivot-)
EI B
11 1 19 15 26 59 61 48 37
pivot right left _
left right < <
swap(l, 11)
1 11 19 15 26 59 61 48 37
pivot right left




Quick Sort

1 5 11 19 15 26 59 61
Ivot right
eft _
mm) EE L pivot/] ePiE
F5 vt pivot = e ‘
1 5 11 19 15 26 59 61
pivot left
right ' left right < <
swap(l, 1)
1 5 11 19 15 26 59 61
pivot |eft

riaht



Quick Sort

1 5 11 19 15 26 59 61 48
pivot right
left

m—) 4mmm 0 pivot)

FHrpivot = i ‘mxﬁ_

1 5 11 19 15 26 59 61 48

pivot right

' left righti2 < =
left swap(15, 19)

1 5 11 15 19 26 59 61 48

pivot right
loft




Quick Sort

1 5 11 15 19 26 59 61 48 37
pivot [eft right
—> -
D pivott ity it pivot | o5
1 5 11 15 19 26 59 61 48 37
pivot |eft right
‘v left righti2 < =
swap(37, 61)
1 5 11 15 19 26 59 37 48 61

pivot

left

right




Quick Sort

1 5 11 15 19 26 59 37 48 61
pivot [eft right
—> -
‘«ﬁ Lpivot < ehiE 35 v pivot- ) e
1 5 11 15 19 26 59 37 48 61
pivot right left
. left right < <
swap(48, 59)
1 5 11 15 19 26 48 37 59 61
pivot right left




Quick Sort

1 5 11 15 19 26 48 37 59 61
pivot right
lef :
4 @ pivot | eniE
' F5 vt pivot < eniE
1 5 11 15 19 26 48 37 59 61
left right;z 2 = PIVOt right
¥ left
swap(37, 48)
1 5 11 15 19 26 37 48 59 61
pivot right

left



quicksort{element a[], left,
pivot, i, j;
element temp;
if(left < right){
i = left;
i = right + 1;
pivot = a[left].key;

while(a[1i].key < pivot);

do
3--3
while(a[j].key > pivot);

if (i<
SWAP(a[i], a[j], temp);
¥
} while(i < j);
SWAP(a[left], a[j], temp);
quicksort(a, left, j-1);
quicksort{a, j+1, right);




Merge Sort

e Given two sorted lists
(initList[1], ..., initList[m])
(initListfm+1], ..., initList[n])

*O(n) space vs. O(1) space
Generate a single merge list
(mergeList[i], ..., mergeLis[n])
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Merge Sort (O(n) space)

void merge(element initList[], element mergeList[]
int 1, int m, Int n) addition space: n-i+1

{ k, t: # of data movements: M(n:

j

M 13 P (T SRS R
i,

e

Faftednveanz=s 15>
le (1<=m && jJ<=n) {

f (inttList]i1] .-key<= i1nitList]]}]-key)
mergeList[k++]= InitList]i++];
else mergeList[k++]= 1nitList[j++];

}
1T (1>m) /* mergedList[k:n] = initList[j:n] */
for (t=]; t<=n; t++)
mergeList [t]= initList|[t];
else for (t=1; t<=m; t++)/* megedLlst[k n] = initList[i:m]
mergeList[k+t-1] = |n|tL|s [t]

} .



Analysis

earray vs. linked list representation

earray: O(s(n-i+1)) where s: the size of a record
for copy

e linked list representation: O(n-i+1)
(n-i+1) linked fields

CHAPTER 7
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voild mergePass(element initList[], element
mergedList[], int n, int s)
{/* {iF-w &E&NEEHEE > BinttList[]?® & & fpakh
PEBOERSE E P mergedList[] -n 28 7)Y ~ & Bk
SNt F - B ERE X Y 4
int 1, j;
for( 1=1; 1I<=n -2 * s + 1; 1+= 2*s)
merge(initList, mergedList, 1, 1+s-1,
1+2*s-1);
iIT ( i+s-1 < n) Onecomplementsegmentand one partial segment
merge(initList, mergedList, 1, 1+sS-1, n);
else
for( J=1; J<=n; J++) Only one segment
mergedList[j] = initList][]}];

i i+|s-1 i+2|s-1

2*s
| | | |




void mergeSort(element a[], int n)

{ 7* (EHE&EPF ARalln]dF */
iInt s =1; /AR RS R N>/
element extra[MAX SIZE];

while(s<n) {
mergePass(a, extra, n, S);

S*=2;
mergePass(extra, a, n, S);
S*=2;
}
) G sl s
2s 2;>577.“

4s




Interactive Merge Sort

Sort 26, 5, 77,1, 61, 11, 59, 15, 48, 19

26 |5 [[[ 77111 [ 61][[11 |[59 [[15][[48 |19

\ /N /N /N | N

5 26 77 |11 6115 59[[[19 48
\ / \ / |

1 5 26 77]|@h1 15 59 61/][19 48

\ ]

1 5 11 15 26 59 61 77|19 48
|/

1 5 11 15 19 26 48 59 61 77

O(nlog,n): [ log,n | passes, O(n) for each pass

CHAPTER 7
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Recursive Formulation of Merge Sort

26 | | 5 11|59 || 15| |48 | |19

771]1]]|61
5 26 /opy \%)py 11 59 |/copy copy
77 111 61

11 15 59| |19 48

1 5 26 61 77|11 15 19 48 39

[ (1+5)/2] [ (6+10)/2

1 5 11 15 19 26 48 59 61 77
| (1+10)/2]

Data Structure: array (copy subfiles) vs. linked list (no copy)
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Recursive Merge Sort

left right

Point to the start of sorted chain

Int rmergeSort(element aj], 1int link[],Int
left,int right)

{
int mid;
IT (left >= right) return left;
else {
mid = (left+right)/2;
return listMerge(a, link,
rmergeSort(a, link, left,mid),
/rmer eSort(a, link,mid+1,right));

ks left mid right
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ListMerge

int listMerge(element a[], int link[], int startl, int
start?)

t /R {EHEFErychainssy pliEstartl kstart2Bd46 » & eMa it

B NINK[O] & (E—EB T AVIETE - [B{ESFraychainsHyBEE « *
int lastl, last2, lastResult=0;

for(lastl =_startl, Iast2 = start2; lastl && last2;

it (a[lastl last2]) { key in first lis
Iagk egat £U|t £1- 13stl;is lower, link ti
last]l = Ilnk[last1] element to start
}I c and %h%ngi_stirt
else i oin o firs
IlnkﬁlastResult = Iast2;p
lastResult = _last
last?2 = link[last ],

startl

Y

start2 0, o

A 4




/* RELERAVECBR I RE B AR HVHEAS ™/ first is exhausted.
iIfT(lastl == 0) link[lastResult] = last2;
else link[lastResult] = lastl; second isexhausted.

Eeturn 11nk[O];

O(nlog,n)
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Heap Sort

*Figure 7.7: Array interpreted as a binary tree

Index: 1 2 3 4 5 6 7 8 9 10
Number:26 5 77 1 61 11 59 15 48 19

input file

CHAPTER 7
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*Figure 7.7: Max heap following first for loop of heapsort

Initial heap

exchange
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Figure 7.8: Heap sort example

(b)
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Figure 7.8(continued): Heap sort example

[8]‘ [9]‘ [10]‘
(d)
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Heap Sort

voild adjust(element a[], Int root, Int n)

int child, rootkey; element temp;
temp=aJroot]; rootkey=a[root] .key;
child=2*root; /// 1%
while (child <= n) {
1T ((child < n) &&
(afchild] .key < aJchild+1].key))
child++;

it (rootkey > a[chlld]-key)

rea

else {//move to parent i
alchild/2] = a[child]; _ .
cr[uld *= ], [ ! 2i —%—_2lrl

} /\
g[child/Z] = temp; ///\\\

¥




Heap Sort

void heapsort(element a[], int n)
{ ascending order (max heap)

int 1, j;

element temp;

for (1=n/2; 1>0; 1--)

adjust(a, 1, n);

for (1=n-1; 1>0; 1--) { top-down n-1cylces
SWAP(a[1]., a[i+1], temp):
adjust(a, 1, 1);

bottom-up

CHAPTER 7
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Radix Sort

Sort by keys
KO, K1, e K1
Most significant key Least significant key

Ry Ry, ..., R, are said to be sorted w.r.t. Ky, K, ..., K, Iff
0 1 r-1 r— .
(k% k..., k™) <= (K° kI osi<n-

i+17 |+1’

Most significant digit first: sort on K then K1, ... with respect to

Least significant digit first: sort on K1, then K™, ...
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Figure 7.14: Arrangement of cards after first pass of an MSD

sort
} ] |
3 * 5 4
% * .” .. .
¢ |
®e MO
bl = :

SUILS: B < ¢ < ¥ < A
Face values: 2<3<4<...<J<Q<K<A

Figure 7.15: Arrangement of cards after first pass of LSD sort

| a B[ L] 1 [ o
r'z | | : || ]
v . 1 * ’ i :'b‘ ’ ‘ -
| ’ o0 @ .
~—!L-I . { ‘ ’ n '
ol M ‘ + 1 o
1 2 . €] 4 i Y b




(1) MSD sort first, e.g., bin sort, four bins & ¢ ¥ A
LSD sort second, e.g., insertion sort

(2) LSD sort first, e.g., bin sort, 13 bins
2,3,4,...,10,J,Q, K, A

MSD sort, e.g., bin sort four bins & ¢ ¥ A
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Radix Sort

0< K<999
(KO, K1, K2)
MSD LSD

0-9 0-9 0-9



161p Aq 1i0S

9]eualeduod

front[
front[
front[
front[

front

front[

front
front

front]
front[

271, 93, 33, 984, 55, 306, 208, 179, 859, 9 After the first pass

QO X NN ®WN B9

d (digit) = 3, r (radix) = 10
179, 208, 306, 93, 859, 984, 55, 9, 271, 33

NULL
271 | NULL
NULL

93 N
984 | NULL

55 | NULL

306 | NULL
NULL

208 | NULL

179

33

NULL

S
>

859

Example for LSD Radix Sort

ascending order

CHAPTER 7
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rear
rear
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rear

© ® N o U b» W N B O

82




front[0]

front[1]

front[2]

front[3]

front

front

4]

5]

306

» 208

null

null

null

33

null

null

25

» 859

null

front[6]

front[7]

front[8]
front[9]

null

271

. 179

null

984

null

93

null

306 208 9 33 55 8590 271 179 984 O3

rear[0]

rear[1]

rear[2]

rear[3]

rear[4]

rear[5]

rear[6]

rear[7]

rear[8]

rear[9]



front[0]

front[1]

front[2]
front[3]
front[4]
front[5]

front[6]

front[7]

front[8]
front[9]

9 33 55 03 179 208 271 2306 859 984

s 33

25

179

null

208

" 271

null

306

null

null

null

null

null

859

null

984

null

93

null

rear[0]
rear[1]

rear|2]

rear[3]
rear[4]
rear[5]
rear[6]
rear[7]

rear[8]

rear[9]



Data Structures for LSD Radix Sort

An LSD radix r sort,

Ro, R1, ..., Rn-1 have the keys that are d-tuples
(Xo, X1, ..., Xd-1)
#define MAX DIGIT 3
#define RADIX_SIZE 10
typedef struct list node *list _pointer;
typedef struct list node {

int key[MAX_DIGIT];
list pointer link;
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int radixSort(element a[], int link[], int d,
int r, Int n)
{/* MFH—{Ed{ir & ~ ﬁtﬁﬁzréﬁﬁﬁﬂjﬂiﬁiﬁﬁﬂ?a[l nj
digit(ali]l, j, r) [E{EFHali]lir &EARHEETE ]
[EN B () - !Eﬂ{lmé'@'-'éf(l?ﬂ%ﬁ%m[o r) - [E—{Er E Y
e AR A </

int front[r], rear[r]; /7*750Y5EMNERETEIR*/
int 1, bin, current, first, last;

/ *@J—{I’“fl rstiaiaHEC ERE iG>/
first = 1;

for(C 1 =1; 1 < nj; 1++) link[1] = 1+]1;
Iink[n] = 0;
for( 1 = d-1; 1>=0; |——)

{ TR R U R
for?%%ﬁﬁﬁ%%ggﬁg EQ{T%ln++) front[bin] = O;



for(current = first; current; current = link[current])
{ Var i ot Sl RE RV AN e
bin = digit(afJcurrent], 1, r);
1T front[bin] == 0) front[bin] = current;
else link[rear[bin]] = current;
rear[bin] = current;

¥

iR R LRV A
for(bin = 0; !front[bin]; bin++);
first = front[bin]; last = rear[bin];

/g FZE iz s*/
for(bin++; bin < r; bin++)
if(front[bin])
{
link[last] =front[bin]; last = rear[bin];}
link[last] = O;
}

return first;

}



Practical Considerations for
Internal Sorting

e Data movement
* slow down sorting process
e Insertion sort and merge sort = linked file

Perform a linked list sort + rearrange records
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List and Table Sorts

Many sorting algorithms require excessive

data movement since we must physically

move records following some comparisons

— If the records are large, this slows down the
sorting process

We can reduce data movement by using a

linked list representation




List and Table Sorts

However, in some applications, we must
physically rearrange the records so that they

are In the required order

We can achieve considerable savings
performing a linked list sort and then

oy first
ohysically

rearranging the records according to the order specified

In the list.



Rearranging Sorted Linked List (1)

Sorted linked list, first=4

I R | Ry | Ry | Ry | Rs | Rg | Ry | Rg | Ry | Ryg

key 126 | 5 | 77 | 1 |61 |11 |59 | 15| 48 | 19

linka | 9 | 6 | O 2 3|1 8 | 5 |10 7 1

Add backward links to become a doubly linked list, first=4

I R Ry [ Ry Ry | Ry | Rg | Ry | Rg | Ry | Ryg
key (26| 5 | 77| 1 | 61|11 |59 | 15| 48 | 19
inka| 9 | 6 | 0 | 2 | 3|8 |5 10| 7 |1
linko y 10 4 | 5 (0 | 7| 2| 9|6 |18




Rearranging Sorted Linked List (2)

R, is in place. first=2

| Ri[ Ry | R | Ry | Rs | Rg | Ry | Rg | Ry | Ryg
key | 1 | 5 | 77 | 26 | 61 | 11 | 59 | 15 | 48 | 19
linka | 2 6 9 3 10 7 4
linkb | 0 | 4 10 | 7 6 8

R,, R, are in place. first=6

| Ri ] Ry | Ry | Ry | Ry | Rg | Ry | Rg | Rg | Ryg
key | 1 | 5 | 77 | 26 | 61 | 11 | 59 | 15 | 48 | 19
linka | 2 | 6 9 | 3 | 8 10 | 7 | 4
linkb | 0 | 4 10 | 7 2 6 | 4 | 8
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Rearranging Sorted Linked List (3)

R;, R,, R;are in place. first=8

| Ri | Ry [Rs TRy | Rg | Rg | Ry [ Rg | Ry | Ry
key | 1 | 5 | 11 | 26 | 61 | 77 | 59 | 15 | 48 | 19
linka | 2 6 8 9 6 10 7 4
linkb | O 4 10 7 3 8

R, R,, R;, Ryare in place. first=10

I R, | R, | Ry | R, | Re | Rg | R, | Rg | Ry [ Ryp
key | 1 | 5 | 11 | 15 | 61 | 77 | 59 | 26 | 48 | 19
linka | 2 6 10 9
linkb | O 4 3 10
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Algorithm for List Sort

istSortl(element aJl, int linkall,
Did ( [] []

oid
f/* ﬁ%ﬁﬁ%ﬁﬂ’“flrstF%ﬁz‘fAETJEF?E%BE Efacerall-n] B ESFRAVIE

- * Z:E: *
=6t I!nkb Méé SIZE Z / Eﬂﬁﬁ% SRS </

EO gcurre
a rrent

s ﬁ*ﬁ%@%ﬁ@ Frent

inNt n, Int

= flrst current current =

i” * / Convert start into a doubly lined list

= prev;
1 prev = curren i TR,
fo?gl%gﬁ %W%@@Jal[flrst]@umg. x| key | 26 | 5
aF %f Stk T { linka| 9 | 6
O(mn) g E%E £€ 3}} = f}rst - ;
LS _ .
: % IHEBP |F§%§ IIH | ; £empy: k|
- ey
’ e linka
linkb |




(1)

I R1] R2l R3] R4 R5 R6] R7/ R8 R9 R10
key| 26 5 77 1| 61 11 59 15 48/ 19
link 9 6 0 2 3 3 5 10 { 1
=1 } 2},
first= ii Rl R2 R3] R4 R5 R6 R7 R8 R9 R10
key 1 5 77 26/ 61 11| 59 15 48 19
inkT 4 6 o 9o 3 g 5 1o 7 1
J 1B © 3% Astart [ (a)l B A g
:{étzé i R1 RZ R3] R4 R5 R R7| R8 RY RIO
key 1 5 77 26| 61 11 59 15 48 19
link 4 6 0 9 B'b) 8 5 10 { 1
=3 | ; |
frst=8 R R2 R3 R4 RS RE R7 RE RY RLO
key 1 5 11| 26| 61| 77/ 59 15 48 19
link 4 6 6 9 3 o0 5 10 7 1




iI=4
first=10

first=1

| Rl R2] R3 R4 R5 R R7] R§ RY R10
key 1| 5/ 11| 15 61 77 59 26| 48 19
ink .4 6 6 8 3 0o 5 9 7 1

|

% (d)

| Rl R2] R3 R4 R5 RE] R7] RE RY R10
key 1| 5| 11| 15 19 77| 59| 26| 48 61
inKk 4 o6 6 8 100 0o 5 9 7 3

(e)



1rst

foid iIstSort2(element a[], int linka[], Int n, 1

/> BNIstUHEVRRE > Br 7 AT 25 (B S inkb DIYN >/

int 1;
element temp;
for. (1 = 1; 1 < n ; 1++)

1
/AR VE B EIERERTECE: - ERVERS ME 21K

Syze

1, 2, ., 1- 1ﬁi§J:El’]nB$?EZ<“ﬁ§ZT IERERIAIE |/

Whlle (fl [fl

/* a[Q]mT—é%ﬁﬂFﬁﬂﬁﬁﬁmﬁﬂ’ﬂEﬂﬁ */
if (First 1= i)

/Fa[First]FYSEEE S /MY > WRFEEa [ 1] 5 DURF#ES (5 5 3/

i E Erlfll[flrsﬁi ]temp)

First - q;

?é'ﬁlrst = link[Ffirst];




Table Sort

* The list-sort technique is not well suited for quick
sort and heap sort.

* One can maintain an auxiliary table, t, with one entry
per record, an indirect reference to the record.

e Initially, t[i] =i. When a swap are required, only the
table entries are exchanged.

e After sorting, the list a[t[1]], a[t[2]], a[t[3]]...are
sorted.

* Table sort is suitable for all sorting methods.
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 After sorting (hondecreasing):

Permutation Cycle

key | 35 14 | 12 42 26 50 31 18
t 3 2 8 5 I 1 4 6

e Permutation [32857 14 6]

e Every permutation is made up of disjoint

permutation cycles:
e (1, 3, 8, 6) nontrivial cycle
* R1 now isin position 3, R3 in position 8, R8 in position 6, R6 in position 1.
e (4,5, 7) nontrivial cycle
e (2) trivial cycle
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Table Sort

Before Auxiliar
sort 0 T 1 F 2 r 3 r 4 T table Ty
Data are not moved. l l l l l
(01234 R/ R, R, R, R,
Key |50 9 11 8 3
A permutation
linked list sort K N N
{
(4’3’1’2’96)\fter Auxiliary
sort | 4| 3| le| 2 0 ta_tl)_le
YOLAFAB =R > FL1LA%3BEE > > F4LAF0BE

(0,1,2,3,4)
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Every permutation iIs made of disjoint cycles.

Example
R1 R2 R3 R4 R5 R6 R/ RS
key 35 14 12 2 6 50 1 18
table (3> 2 D O,
two nontrivial cycles trivial cycle
— 3 | 4 —
R1 R3 RS R6 R1 R2 R2
33— 8 ——J6—'1— 2|

B
R4| R5 | R7T |R
5 - 7-— 4 5
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() R1 R3 R8 R6 RI1
1 .3 .8 .6

12— 18«50 35
35 1
2) =12 t[i]=i
3) R4 R5 R7 R4
4 5 7
26 31— 42

l |

42 4 ——
|




A

R, R, | Rs | R, R Ry Ry Rg
g 35 14 12 42 | 26 50 31 18
t 3 2 8 5 7 1 4 6
%) AL .
g/ 12 14 | 18 42 26 35 31 50
t 1 2 3 5 7 6 4 8
(b) S—{E e EE E Y 12 L &
g 12 14 | 18 26 0 31 35 42 50
t 1 2 3 4 5 6 7 8
(c) (A E 1L &

CHAPTER 7
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Table Sort

oid tableSort(element a[], int n,
/> sEYlall:n]pi5lalt[1]],

int t[])

.., a[t[n]] */

Iint i, current, next; R, | R:‘ Ry | Ry | Rs
element temp; _SEE | 35 | 14 ) 12 | 42 | 2
_ - _ ¢t | 3 2 | 8 | 5 | 7
for (1 = 1; 1 <n ; 1+1)
if (ef1] = 1)
/> LeGAIRHYS EEEE R >/
gm = a[1]; current = 1,
next = tjcurre t!
% curren i E xtl
CLEErenE o Ghrven
prile (lclpiena = 0:
Ecurren = curPént y = eyele




Summary of Internal Sorting

N0 one method Is best under all circumstances.

e Insertion sort 1s good when the list is already
partially ordered. And it is the best for small n.

* Merge sort has the best worst-case behavior but
needs more storage than heap sort.

 Quick sort has the best average behavior, but Its
worst-case behavior is O(n?).

* The behavior of Radix sort depends on the size of
the keys and the choice of r.
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Complexity of Sort

stability | space time

best average | worst
Bubble Sort stable little O(n) O(n2) O(n2)
Insertion Sort | stable little O(n) O(n2) O(n2)
Quick Sort untable | O(logn) |O(nlogn) [O(nlogn)| O(n2)
Merge Sort stable O(n) |O(nlogn)|O(nlogn)| O(nlogn)
Heap Sort untable | little |O(nlogn) | O(nlogn)| O(nlogn)
Radix Sort stable | O(np) |O(nlogn) | O(nlogn)| O(nlogn)
List Sort ? O(n) O(1) O(n) O(n)
Table Sort ? O(n) O(1) O(n) O(n)




=
(=}
(=}

0.000
0.004
0.011
0.033
0.067
0.117
0.179
0.662
2.439
5.390
9.530
15.935

0.000 0.000 0.000
0.009 0.008 0.006
0.019 0.017 0.013
0.042 0.037 0.029
0.066 0.059 0.045
0.090 0.079 0.061
0.116 0.100 0.079
0.245 0.213 0.169
0.519 0.459 0.358
0.809 0.721 0.560
1.105 0.972 0.761
1.410 1.271 0.970

e
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1000 2000 3000 4000 5000




External Sorting

* The lists to be sorted are too large to be contained
totally in the internal memory.

*So internal sorting is impossible.
*The list (or file) to be sorted resides on a disk.

* Block: unit of data read from or written to a disk at
one time. A block generally consists of several
records.

e Read/write time of disks:

. selek Otlim)e (P =RHFRE]) - HERE RS UERS 2] IERERGE (track,
cylinder

. Igepcv time (EZEHFE]) @ U ERERYRZE: (sector) i FI[FE 5T
B

°%$nsmission time (EimlF ) © IEERHEBEE A /S L
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Merge Sort as External Sorting

* The most popular method for sorting on external
storage devices is merge sort.

* Phase 1: Obtain sorted runs (segments) by internal
sorting methods, such as heap sort, merge sort, quick
sort or radix sort. These sorted runs are stored in
external storage.

* Phase 2: Merge the sorted runs into one run with the
merge sort method.
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File: 4500 records, Al, ..., A4500
Internal memory: 750 records (3 blocks)
block length: 250 records

Input disk vs. scratch pad (disk)
(1) sort three blocks at a time and write them out onto scratch pad

(2) three blocks: two input buffers & one output buffer

750 Recordg[750 Records

750 Recordg [/50 Records

750 Recordg[750 Reco

N

N

N

1500 Records

1500 Records

1500 Records

3000 Records

Block Size = 250

4500 Records

2 2/3 passes

CHAPTER 7
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Time Complexity of External Sort

Input/output time

= {s = maximum seek time

=t = maximum latency time

= tw = time to read/write one block of 250 records
to=6G+1+ tw

Cpu processing time

= tis = time to internally sort 750 records

= ntm = time to merge n records from input buffers to
the output buffer
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Block Size = 250

HE HeF ]
(1)fe AHHU18{[HEER18t, 36t,, + 6t
NELBEFE 6t » B AL1S{EE IR
18t,, °

(2) WA & Of 21506 (444E18 36t + 4500t

[ & 51, 450050 8%)

(3) & ORI {E150055508% » $£12 24t + 3000t
{2

(4) fE—{lE=53000FECHEHY AR 36t +4500t,,
F1—({E75 150058 50 £ 11 =2 78

EHAE—#E (4500/250 = 18)
SRR 132t + 12,000t + 6t



Consider Parallelism

Carry out the CPU operation and 1/O operation
In parallel

132 tio =12000 tm+ 6 tis
Two disks: 132 tio 1S reduced to 66 tio
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K-Way Merging

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

NN N N

W

A 4-way merge on 16 runs

2 passes (4-way) vs. 4 passes (2-way)

CHAPTER 7 127



Analysis

| log, m | passes O(nlog, k*log, m)
2 K
« 1 pass: | nlog, k |; n: number of compared, k: k way

e |/O time vs. CPU time

e reduction of the number of passes being made over the
data

o efficient utilization of program buffers so that input,
output and CPU processing Is overlapped as much as
possible

* run generation
* run merging
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