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Quicksort ia__.:ui"'ie; of the most popular ‘internal serting algorithms. Many
researches smﬂsted wrmus immfbuamnnw of Quicksert. In this research, we
propose Kﬁjac—qn’t"Pimut ﬂuibksurt (AP@sort) which improves the performance of
Quicksort fo_a:ﬁ-ﬁa with rﬁpc‘atad glements by reducing the number of recursive calls.
APQsort uﬁlizes;.%vaiﬁ::ldiﬁhng!.v&lamems called “pivet predecessor” or “pivot successor”
combined with the Splitend partition to handles the repeated elements keeping the
elements which are equal to predecesser pivot or successor pivot instead of keeping
only the elements which are equal to the pivot. APQsert can check the sorted sublist
by consider poin'tér nf predecessor ph‘.t or successor pivot. We compare the
performance of APQsort with the parfﬂma of Mergesort, Heapsort, the original
Quicksert, gsort which is the Quicksort with split-end partition and SWQuicksort
whichiis Impravemant of Quicksort in four different data s&ﬁ;".eumpletely random
data, nearly sorted data, nearly reverse sorted data and upaémé element data. Our
expeﬁmaﬁﬁ show that APQsort significantly exhibits the fbster running time for
random data with a lot of repeat elements, sorted data and reverse sorted data than

Mergesort, Heapsort, Quicksort, gsort and SWQuicksort,
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118639427 [gap=4

114,213 (9 |86 |7 |gap=2
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5) NM9FENANALILLLINATH (Merge sort)
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split
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9117 2.5 N9 1IN FENAI AL LKA Y

6) AINTasm (Quicksort)

pINTasA [1, 2, 8, 11] gniauaiiulng C.AR. Hoare luil 1961 {uidsn1siEasaiu
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partition
EIEE 7 &S
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|
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7) flaam (Heapsort)

o

#1050 [1, 12] gnianedulae J.W.J. Wiliams Wil 1964 1113501359861
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8) N3FeNAFLIWLLILIANE (Radix sort)
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N7 IAULUULTANT [1] Lﬂuﬂqﬁ‘wﬂ\‘i@qﬂuquq?m’]ﬂ‘ﬂyj@m@:ﬁﬁ@ﬂ IﬁﬂL?ﬂJ
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313 313 844 245
245 844 245 299
299 894 153 313
844 245 894 698
&94 698 698 844
698 289 299 894
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2.1.2 AINTREH
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Function Quicksort (A[ ], l€ft, right)

IF(right > left) THEN

pivot_index = Partition (A, left, right);
Quicksort (A, left, pivot_index — 1);
Quicksort (A, pivot_index + 1, right);

ENDIF

End Quicksort

Function Partition (A[ |, left, right)

i = left; j =right— 1
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pivot = A[right];

LOOP
WHILE (A[i] < pivot) DO
i=i+1
ENDWHILE
WHILE (A[i] >= pivot) DO
j=i-5
ENDWHILE
IF (i >=j) THEN
Exit LOOP;
ENDIF
Swap Ali].and A[j};
ENDLOOP

Move pivotto correct position;
Return pivot index;
End Partition
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a ¢ & aa
2.1.3 N19ALATICUUUNDUT

a 0‘09; acl [ s o all v :// ac 1
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2.1.4 NOHHUN Master
OOUN Master (Master theorem) [1] \Hunguiunilddmiuuinaientves
al a ;ﬂl dl v a 1 o A v
ANNNINNTNEWAR  THalRasf lFanugedun Master azagflugtuasdtyayinsalidadu

o o dl = a = o dsl
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T(n)=aT(Ej+f(n)
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1.8 f(n)zo(n"’gba*g) A195UL & > 0 LAn T(n)=®(n'°9ba)
2.8 f(n):®(n'°gba) D) T(n)=®(n'°gbalnn)
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T(n)

Geu —— eelustlues nlEsas
n+1 R
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n n+1

16

2.1.6 BLFIUTDIFIUAL

N52FUINENAR (Median of three) [4] Hluagnsiaanfananannnisilszunns
AN BT 1URITYA ?ﬁ'\‘]ﬁ"]ﬂ@:mmﬁﬁﬂg'}umm?ﬂiﬂyj@mié’@fmﬁ’]ﬁﬁﬂﬂmmﬂmm%ﬂ 3
ATLUUES AD ATLUUILIN ATEAUINATRAZAIBARET e AN Fe L LaNITN
AWML LIN T UG NI TNATWALNNAE S18NITNANLAUILINRAINI NN TR LALIN AN
LA AR LT AU ENAMMELINAIAILMEINANY QaNTNA TR T e LN TN A U
WINALANITNALMITNY S1ANITNAIAKNLIARAININNAIE NI TN A LT B R LA AL
faunFnfundsusntudumbsting gafinaiiniseuifauaundndiunananaiu
FAumtsfing 1 dATARILIUINA1S T AN NINNGIENNEN A UL e uEdFURaNNEN
AR NA N LR LT %a@ﬂﬁ@m%ﬂm"’wmeﬂmaLﬂumﬁﬁﬂg’mm@mm%ﬂmuﬁq

aal = o o dy o 4 a o = a a ddﬁl dl o
1EANIRANFIANLLLTALNY NN i aNaI A NTas ANTs L ANENINAT UL 11ia9aNEa

o dl A IS v al [ 1 ar ¥ o & & = | ar
nanNaenNA1INALALY umuﬁﬂﬂmmwwa AINUANNATTINAUA NN UL TS
Andaien ARl

Procedure Median of three (A[ ], left, middle, right)
IF (A[left] > A[middle]) THEN
Swap A[left] and A[middle];
ENDIF
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IF (A[left] > A[right]) THEN
Swap A[left] and Afright];
ENDIF
IF (A[middle] > A[right]) THEN
Swap A[middle] and Afright];
ENDIF
END Median of three

2.1.7 Meuiinulayawualanay

nisulsiudianauutiadanidu (Split-end. partition) [7] Qmauﬁuima Bentley LAY
Mcilroy l1it] 1993 1fudEn1suiianudieyafiadnandanasfuasnanApgiuls franndn

v
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Tuanennisutnudieyautiuassuniaziieuiiniudayallaunserisliannsouiaiudeya

fanasnganisiati nasulanuualRmEuivinz A wmiudios andannandiiuiiuaiuou

[ |
& (=3 o a A aA I e o

1N Tnan1sutairdeyalLUaUARIERASAINITATIAUIGNITNAUNNANYINALFA AN

u

v 1 v v
a a o = 1 '

sndneiianTsuLiiudiana fnani@nifaT i gl AvwianusauananiEniuazgnéingly
g 1 e o o = :: &
elflpinAusaananIaniuazgnéinely

agnsraudisresieys uasdiaanadinnsad j e

agn9rauLTediays TeuandRdgln 2,12

= pivot [ pivot i ? J| =pivot = pivot

2.12 nsuiviudieyauuualanidu

wasaunsutinudayanuualamauazlidunlsngniasaessiandn ainiumin

v o

v a dld 1 J o o o dJ < Dd‘ 09// ¥ v 1 o 1 dl
nastheanad@nniAwiafusananasgniivlinaeuiaaesdinelitllas ludwmiangnsies
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al i
o
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< pivot = pivot > pivot

2.13 dayatiasarunguaednsutsiudeyauuuaanidu

AanNnanNIsNHRg N L auil usamadel B s el luntinvualidananilu

ANNVINAUMINTNRYaYMAN e

Function Split-end partition(A[ ], l€ft, right)
i =pl =left;
j =pr=right—1,
pivot = A[right];

LOOP
WHILE (A[i] < pivotAND i <§) DO
IF (A[i] == pivat) THEN
Swap Ali] and A[pl];
pl =pf+ 1
ENDIF
i=i+1;
ENDWHILE
WHILE (A[j] = pivot AND'i <j) DO
IF (A[j] == pivot) THEN
Swap A[j] and A[pr];
pr=pr—1;
ENDIF
=i=1
ENDWHILE
IF (i >j) THEN
Exit LOOP;
ENDIF
Swap Ali] and A[]];
END LOOP

Move all elements which equal to pivot to the correct positions.
Return indices of pivot.

}
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WULWNTNWNY PSQuicksort a1N91uaaeaa9 Sedgewick [5] t@ualiild M = 9 uazain

[

o P4 4 = [ o O oI/ = 1% dsj
nannsinefiuansndaiusiaadanan lfaadl

=3SC

<PD f PD, pivot, SC |

917 3.1 anwnuziieyatiasnsanisuNiudieayates PSQuicksort

Function PSQuicksort (A[ ], left, right)
IF sizeof list A<M THEN
Call InsertionSort (A, left, right);
ELSE
mid = (left + right)/2;
Select pivot with Median of three (A, left, mid, right);
{ind_L, ind_R} =PSpartition (A, left, mid, right);
Recursively call PSQuicksort (A, left, ind_L);
Recursively call PSQuicksort (A, ind_R, right);
ENDIF
End PSQuicksort
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Function Median of three (A[ ], left, middle, nght){
IF (A[left] > A[middie]) THEN
Swap A[left] and A[middle];
ENDIF
IF (A[left] > A[right]) THEN
Swap Alleft] and A[right];
ENDIF
IF (Afright] > A[mid]) THEN
Swap A[middle] and A[right];
ENDIF
End Median of three
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Function Insertion Sort (A[ ], l€&ft, right)
FOR (i = left + 1; i <=right; i++) DO

Temp = A[i];
FOR (j =i; j > left AND A[j — 1] > Temp;j--) DO
Alll = Alj =11,
ENDFOR
Alj] = Temp;
ENDFOR

End Insertion Sort
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Function PSpartition_direct (A[ ], left, mid, right)
pivot = A[right];
Swap A[mid] and A[right — 1];
i =left+1,
j =right—2;
p-PD = A[left];
p-SC = A[right — 1],

LOOP
WHILE (A[i] < pivot) DO
IF (A[i] > p-PD) THEN
Swap Ali}-and A[left];
ENDIE
i=1+1;
ENDWHILE
WHILE (A[j] = pivot) DO
IF (A[j} < p-SC) THEN
Swap A[]] and A[right —1];
ENDIF
==
ENDWHILE
IF (i >j) THEN
Exit LOOP;
ENDIF
Swap Ali] and A[j];
ENDLOOP

Move PD, pivot and SC to the correct positions.
Return index of PD and SC.
End PSpartition_direct
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Function PSpartition_bubble(A[ ], eft, mid, right)
pivot = A[right];
Swap A[mid] and' A[right— 1];

i =left +1;
j =right—2;
LOOP

WHILE (A[i] < pivot) DO
IF (A[i] < A[i —1]) THEN
Swap Afi] and A[i —1];
ENDIF
=i+l
ENDWHILE
WHILE (A[j] = pivot) DO
IF (A[j] > A[j +1]) THEN
Swap A[j] and A[j + 1];
ENDIF
| 2 28
ENDWHILE
IF (i>j) THEN
Exit-LOOP;
ENDIF
Swap Ali] and A[j];
ENDLOOP

Move pivot to the carrect position.
Return.index of PD-and SC.
End PSpartition_bubble
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517 3.5 Anwnuzdeyatiaeudinisuiiiudeyauuy PSQsort

Function PSQsort (A[ ], l€ft, right)
IF sizeof list A<M THEN
Call InsertionSort (A, l€ft, right);
ELSE
Select pivot with Median of three;
{ind L, ind_R} = Split-end PSpartition(A, l&ft, right);
Recursively call PSQsort(A, left, ind_L);
Recursively call PSQsort(A, ind R, right);
ENDIF
End PSQsort

Procedure Split-end PSpartition (A[ ], l€ft, right)
Set values of i, j, bound left (indL), boundright (indR), pivot, predecessor pivot
(PD) and suceessor pivet (SC);

LOOP
WHILE (A[i] < pivot) DO
IF (A[i] >= PD) THEN
IF (A[i] == PD) THEN
Swap A[i]-and AfindL];

indL =indL +1;
ELSE
Update value of PD and Swap A[i] and A[indL];
indL =indL + 1;
ENDIF
ENDIF
i =1,
ENDWHILE

WHILE (A[j].>= pivot) DO
IF (A[j] == pivot) THEN
Swap A[j] and A[indR];
indR =indR-1;
ELSE If (A[j] >= SC) THEN
IF (A[j] == SC) THEN
Swap Alj] and A[indR];

indR =indR —1;

BLSE
Update value of SC and Swap A[j] and A[indR];
indR=indR - 1;

ENDIF

ENDIF
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j=i-5
ENDWHILE
IF (i >=j) THEN
Exit LOOP;
Swap Ali] and A[j];
ENDLOOP

Move the elements are equal to pivot, PD and SCto the correct positions;
Return index of PD-and SC;
End Split-end PSpartition
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dayatint PD partition SC partition Split-end partition
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Function APQsort (A[.], l€ft, right)
IF sizeof lisst A<M THEN
Call InsertionSort (A, left, right);
ELSE
Select pivot with Median of. three;
IF (pivot — p-PD == p-SC — pivot) THEN
{ind_L,ind_R} = Split-end partition(A, l€ft, right);
ELSE IF (pivot — p-PD < p-SC - pivot) THEN
IF (pivot = p-PD #0) THEN
{ind_L, ind R} = PD partition(A, left, right);
ELSE
{ind_L,ind_R} = SC partition(A, left, right);
ENDIF
EISE
IF (p-SC — pivet #0) THEN
{ind_L, ind_R} = SC partition(A, l€ft, right);
ELSE
{ind_L, ind R} =PD partition(A, left, right);
ENDIF
ENDIF

Recursively.call APQsort(A, left, ind_L);
Recursively call APQsort(A, ind_R, right);
ENDIF
End PSQsort

Function PD partition (A[ ], left, right)
Set values of i, j, bound left (indL), bound right (indR), pivot and predecessor
pivot (PD);

LOOP
WHILE (A[i] < pivot AND i <j) DO
IF (A[i] = PD) THEN
IF (A[i] == PD) THEN
Swap Ali] and AfindL];
indL = indL + 1;
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ELSE
Update value of PD and Swap A[i] and A[indL];
indL =indL + 1;
ENDIF
ENDIF
i=i+1;
ENDWHILE

WHILE (A[j] >= pivot AND i <j) DO
IF (A[j] == pivot) THEN
Swap A[j] and A[indR];
indR=1ndR —-1;
ENDIF
| =L,
ENDWHILE
IF (i >j) THEN
Exit LOOP,
Swap Ali].and A[j];
ENDLOOP

Move the elements are equal to PD and pivot to the correct positions;
Return index of PD and pivot;
End PD partition

Procedure SC partition (A[ ], |eft, right)
Set values of i, j, bound eft (indL), bound right (indR), pivot and successor pivot
(SC);

LOOP
WHILE (A[i] <= pivot AND i <j) DO
IF (A[i] == pivot) THEN
Swap Afi] and A[indL];
indL =indL + 1;
ENDIF
i =& 1
ENDWHILE
WHILE (A[j}>pivot AND i <j) DO
IF (A[j] <= SC) THEN
IF (A[j] == SC) THEN
Swap A[j] and A[indR];

indR=indR -1;
ELSE
Update value of SC and Swap A[j] and A[indR];
indR = indR — 1;
ENDIF
ENDIF
j=i-1
ENDWHILE

IF (i >j) THEN



Exit LOOP;
Swap A[i] and A[j];
ENDLOOP

Move the elements are equal to pivot and SC to the correct positions;
Return index of pivot and SC;
End SC partition
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Unsorted Ratio Method Compare Swap Recursive
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0 qsort 1173180 60,394 20377
APQsort 195 053 44 997 12
SWaQuicksort| 2,785,270 70,403 0

0.01 qsort 1,009,750 96,329 33,011
APQsort 6,189,330 86,973 6,209
SWluicksort 1,579,790 77,014 0

0.03 gsort 1,018,690 62,752 32,757
APQsort 3,056,180 89780 5,468
SWaQuicksort 948 546 88,210 0

0.1 gsort 1,042 550 73,941 31,615
APQsort 753510 98,354 4573
SWaQuicksort T6T 823 105,615 0

0.3 qsart 1,088 980 92 087 29803
APQsort 1,249 700 113,249 3,829

5119999 4.3 NNIANLHUNTVIANNAENAMILTaaRNAUE A A UL aUNAL

55

nimaaesiudeyauuunanudn nanlunisdscuisnaresiuneuisnsandmiv

y nw
Iy ALLUANNNANITEN

A o

|

dayaeaniiuaaangil

v >
o o

1 TIN1IANHUNI96INNT] VEITURBUIBTNANUARIAIANTIT] 4.4

diuazauetiua N g iuIesaN inasuanfagiin 4.4 Tnauii

1) A lddiaesann@nian Indeaud Hun acnlddiuaesani@nidy 0.001 0.01 uay

0.03 Ap fayaRuinan EnnH A UTINAWIUNID WUTT APQsort tlsziaana

Q} < QII 1 A o o o dl A o a ¥ 1 :/j
MRAELIINGADENNULATIALY LUBANAIN APQsort lin1saitiunslaasautiasndndunan

anew 4o SWQuicksort ln1aifsauinauiiludauaunin Wesainnisutisiudieyaaeg

SWauicksort azut iviiaxagan.iludieyatioananatiniendeandisomaniudeyatiosn

anadnsiANnAndvisaIIAUAAD Beiindiayalan @ind funang sxialiinn suieiu

o

k4 = v a o d |d| a g
1RHAN ﬂﬂmziﬂ@LﬁHQﬂUﬂimLLHW@ﬁ‘ﬂ@\‘i AANTR T



56

o

o ] tﬂl = o o a v v ] % 1 IOQJ o =2 <1
2) @G]?WZQ'JHV]1NL§‘FLI\‘]@’]®UN®W1T1@Lﬂﬁl\‘iﬂ‘]_lm’mzlj@l,l,‘i_l‘i_l@j\l 1®LLﬂ m*mimmumamz«mmﬂu

'
¥ = o '

0.1 U 0.3 An dayalaruanan EnndAvinAuduanuauiias wudn SWQuicksort
dszananalaneiinnan Liesaan SWauicksort Wnnsaiiunisiaasaniieandidunau
250U 491 APQsort UszinanaLeaeL59N37 gsort-4He9a1n APQsort Mn1silFeune s

o Ao o o oz ! al o o A Ny @ o
LL@Zﬂq?@@UVﬂﬂ@Lﬂﬂ\‘]ﬂU gsort Lmez\l’]?ﬂ@mﬂ’}?L?ﬂﬂW\‘Iﬂﬁjumﬂummimﬂumu’mmﬁﬂ

0074+ _—

0.06 H ‘
0.05. 1 mSWQuicksort

U

0.04 17 Bqsort

003 & | mAPQsort
002"

0.001 G.Gill 003 01 03
arw i A uansaEungn

an |

] =l o

3109 4.4 nauBeunaunaInvaasiiayaguinian ingiiu

q



Unrepeated Method Compare Swap Recursive

SWaQuicksort| 15,571,100 65,033 0
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void swap(int& X, int& y){
int temp = X;
X=Y,
y = temp;

}

= o o
MIITeIaAUUYNa U (Merge sort)

void mergesort(int array[], int temp[], int left, int right){
if(left < right){
int mid = (left + right)/2;
mergesort(array, temp, left, mid);
mergesort(array, temp, mid+1, right);
merge(array, temp, left, mid+1, right);
}
}

void merge(int array[], int temp[], int left, int mid, int right){

inti, left_end, tmp_pos, size;

left_end = mid-1; tmp_pos= left; size=right - left + 1,

while(left <=left_end & & mid <= right){
if(array[left] <= array[mid])
temp[tmp. pos++] = array[left++];
dse
temp[tmp_pos++] = array[mid++];
}
while(left <= left_end)
temp[tmp_pos++] = array[left++];
while(mid <= right)
temp[tmp_post++] = array[ mid++];
for(i = 0; i <size; i++, right--)
array[right] = temp[right];
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Fwoia (Heapsort)

void heapsort(int array[], int left, int right){
inti;
for(i = (right-1)/2; i >=0; i--)
siftdown(array, i, right);
for(i = right; i >= 1;i--){
swap(array[ 0}, array[i]);
siftdown(array, 0, i-1);
}
}

void siftdown(int array[], int root, int bottom){
int done, maxchild, temp, cur;
done = 0; -eur = (reot* 2)+1;
while( cur <= bettom & & !done ){
if(cur == bottom)
maxchild = cur;
elseif(array[cur] > array[ cur+1])
maxchild = cur;
else
maxchild = cur + 1;
if(array[root] < array[maxchild]){
swap(array[root],array[maxchild]);
root = maxchild;
cur = (root* 2)+1,
}

else done=1;

M55 89a1A LU ULNAT D (Insertion sort)

voidinsertion(int g ,int left,int right){

inti, j, temp;
for(i = left+1; i <=right; i++){
temp = &[i];
for(j =i (j > left) && (temp <dj-1]); j--)
dil=alj-1];
a[f] = temp;
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AINFDIANVINIIUINYUDY Hoare

void HQuicksort(int array[],int left,int right){
if(right > left){
int pivot = partition(array,left,right);
HQuicksort(array,left,pivot-1);
HQuicksort(array,pivot+1,right);
}
}

int partition(int array[],int-eft,int right){
inti, j, pivot, temp;
i = left; j =right-1;
/I Pivot selection'is random element
temp = (rand()* RAND_MAX)%(right - left + 1) + left;
pivot = array[temp];
swap(array[temp],array[right]);
/I Partitioning
while(true){
while(array[i] < pivot) i++;
while(array[j] >= pivet) j--;
if(i >=j) break;
} swap(array(i].array(j]);
swap(array[i],array[right]);
returni;

a 14 @/ gl @ [ (2 o .
AINYDSAAIIAINDUNTIAZAINNNAIVDIAIMAD (PSQuicksort)

void PSQquicksort(int array[],int left,int right){

Il Size of array issmall call Insertion sort

if(right - left <= 9) insertion(array,left,right);

else{
int pivot = PSpartition_Direct/Bubble(array,| eft, right);
PSQquicksort(array,| ft,pivot-2);
PSQquicksort(array,pivot+2right);

}
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int PSpartition_Direct(int array[],int left,int right){
inti,j,ind_PD, ind_SC, mid, pivet;
mid = (left + right)/2;

/ Median of three

if(array[left] > array[mid]) swap(array[l€eft],array[mid]);
if(array[left] > array[right]) swap(array|left],array[right]);
if(array[mid] < arrayfright]) swap(array[mid],array[right]);
/I Result of method: leftissmall, mid is big, right is median

i = left+1; ind_PD =1eft; j =ind_SC =right-1,
pivot = array[right];

/I Partitioning
while(true){
while(array[i] < pivot){
/I Update pivot predecessor
if(array[l] > array[ind_PD])
swap(array[i] ,array[ind_PD]);
i++;
}
while(array[j] >= pivot && i <=j){
/I Update pivot successor
if(array[j] < arrayfind_SCJ])
swap(array[j],array[ind _SC]);
==
}
if(i >=1) break;
} swap(array[i] array[j]);
pivot =1i;
swap(array[i],array[right]);
j=i-g

swap(array[ind_PD],array[j--]);
if(i <ind_SC) swap(array[ind_SC],array[++i]);
return pivot;
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(PSpartition_Bubble)

int PSpartition_Bubble(int array[],int |eft,int right){
inti, j, pivot, temp, mid;
mid = (left + right)/2;

/ Median of three

if(array[left] > array[mid]) swap(array[left],array[mid]);
if(array[left] > array[right]) swap(array[left],array[right]);
if(array[mid] < arrayfright]) .swap(array[ mid],array[right]);
/I Result of method: left issmall, mid is big, right is median
swap(array[ mid],array[right-1]);

i = left+1; j=right-2; pivot = array[right];
/[l Partitioning

while(true)f
while(array[i] < pivot){
temp =i-1;

// Bubble up pivot predecessor
if(array[i] < array[temp])

~ swap(array[i] array[temp]);
i++:

}

while(array[j] >= pivot && i <)}
temp =j+1;
/[ Bubble down pivot successor
if(array[j] > array[temp])

- swap(array[j] array[temp]);

=

}
if(i >=j) break;
} swap(array[i] array(j]);
pivot = i;
temp=i+ 1;
if(array[i] <array[temp]) swap(array[i],array[temp]);
swap(array[i],array[right]);

return pivot;
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void SWQuicksort(int array[],int left,int right){
int cur, L, R, tempL[100], tempR[100Q], i, j, mid, pivot;

tempL[0Q] = left; tempR[Q} =right; cur =1,
dof

cur--; L =tempL[cur]; R=tempR[our];

Il Size of array issmall call Insertion sort
if(R - L <=9)insertion(array,L,R);

el sg{
/I Median of three
mid = (L +R)/2:

if(array[L] > array[R]) swap(array[L],array[R]);
if(array[L] > array[mid]) swap(array[L],array[mid]);
if(array[mid] < array[R]) swap(array[mid] ,array[R]);

/I Result of method: |eftis small, midis median, right is big

i=L; j=R-1; pivot = array[R];

/[ Partitioning

while(true){
while(array[i] < pivot && i <=]) i++;
while(array[j] >= pivot && | <=j) j--;
if(i >=j) break;

} swap(array[i},array(j});

swap(array[i],array[R]);

j =i-Ldi =1+,

if(i <R){
tempL[cur] =1i;
tempR[cur] = R;
cur++;

}

if(j > LK
templL[cur] = L;
tempR[cur] =7;
cur++;

}

}
Ywhile(eur > 0);
}
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AINFDINVINITUIVNIVDY Bentley 1ag Mcilroy

void gsort(int array[],int left,int right){
Il Size of array issmall call Insertion sort
if(right - left <= 6) insertion(array,|eft,right);
el se{
ints, pl, pm, pr,i,j, K, pivet, ind_pl,ind pr;
pl = left;
pm = (right +left)/2;
pr = right;
Il Size of array isbig, use median of nine
if(right - left> 40){
s= (right - 1eft)/8;
pl = Median3 @rray,pl,pl+s,pl+2+s);
pm = Median3array,pm-Ss,pm,pm+s);
pr = Median3 @tray,pr-2+S,pr-s,pr);
}
pm = MedianOf Three @rray,pl,pm,pr);
pivot = array[pm]; swap(array[pm],array[right]);
i =ind_pl =left; j =ind pr = right-1;
I/ Partitioning
while(true){
while(array[i] <= pivot && | >=i){
/l Find an element is equal to pivot
if(array[i] == pivot)
swap(array[i],array[ind_pl++]);
i+
}
while(array[j] >= pivot && | >=i){
/l Find an element is equal to pivot
if(array[j] == pivot)
swap(array[j],array[ind_pr--]);
)=

}
if(i >j) break;
: swap(array[i],array[j]);

/I Check, the pivot element 1n left bound
if(min(ind_pl - left;i -ind_pl) > 0K
for(k = left; k <ind.pl; k++)
} swap(array[k] array[j--]);
el se{
if(i - ind_pl ==0) j = left;
}
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/I Check, the pivot element in right bound
if(min(ind_pr - j, right - ind_pr) > 0¥
for(k = right; k > ind_pr; k--)
swap(array[K] array[i++]);

}
else{

if(right - ind_pr==10) i =right;
}

if(j - left > 0y gsort(array, left, j);
if(right - +>0) gsort(array, i, right);
}
}

/l Function median of three

int Median3(nt array[],int | ft,int mid,int.right){
if(array[left] > array[mid]) swap(array[left],arrayfmid]);
if(array[left] > array[right]) swap(array||eft],array[right]);
if(array[mid] > array[right]) swap(array[mid],array[right]);
return mid;

}

9
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(PSQsort)

struct pivots{ int left, right; };

void PSQsort(int array[],int left,int right){
/I Size of array is small call Insertion sort
if(right - left.<=9) insertion(array,left,right);
else{
struct pivots pivotNew = Split-end_PSpartition(array,| eft,right);
if(pivotNew.left - left <='9) insertion(array,left,pivotNew.|eft);
else PSQsort(array,left,pivotNew.left);

if(right - pivotNew.right <= 9) insertion(array,pivotNew.right,right);
else PSsort(array,pivotNew.right,right);
}
}

struct pivots Split-end PSpartition(int array[],int left,int right){
inti,j, k, mid, pivot, PD, SC, i_pivot,i_pd,i_sc;
struct pivots index;
mid = (left + right)/2;



/ Median of three

if(array[left] > array[mid]) swap(array[left],array[mid]);
if(array[left] > array[right]) swap(array[left],array[right]);
if(array[mid] < array[right]) swap(array[mid],array[right]);
I/ Result of method: left issmall, midisbig; right is median

/I Set values & pointer.of pivot, pivot predecessor and pivot successor
pivot = array[right];~PD = array[left]; SC.=array[mid];

i =i_pd=left+1; i pivot = right-1; j =i _sC=i-pivot-1;
swap(array[mid],array[i_pivot]);

/[ Partitioning
while(true){

while(array[i] <pivot){
// Find pivot predecessor
if(array[i] >= PD){
if(array[i] == PD)
swap(array(i], array[i_pd++]);
else{
PD = array[i]; i_pd=left;
swap(array[i], array[i_pd++]); }
i}++;

}

while(array[j] >= pivot && i <=j){
Il Finding pivot
if(array[j] == pivoty{
swap(array[j], array[i_pivot--]);
] swap(arraylj], array[i_sc--]);
/I'Finding pivot successor
elseif(array[j] <= SCH
if(array[j] == SC)
swap(array[j], array[i_sc--]);
el se{
SC =array[j]; I _sc=i_pivot,
} swap(array[j], array[i_sc--]);
}
]
}
if(i >=]) break;
swap(array[i], array(j]);
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/I Move pivot predecessor to correct positions
for(k = left; k <i_pd; k++)
swap(array[K] array[j--]);

/ Move pivot to correct positions
for(k = right; k > i_pivot; k--)
swap(array[K] ,array[i++]);

/ Move pivot predecessor to correct positions
if(array[i] = SC){
k =i_pivot;
while(array[k] == SC){
swap(array[k--].array[i++]);
if(k<=1) break;
}
}
else{
while(array[i] == SC) i++;
}

index.left = j; index.right = i;
return index;

a s 9 @ a @ [
AINFDIAAIIAITLTFAR AN (APQsOrt)

void APQsort(int array[],int left,int right){
Il Size of array is small call Insertion sort
if(right - left <= 9) insertion(array,l€eft,right);
else{
int mid, difL, difR;
struct pivots new_index;

/Il Median of three

mid = (left + right)/2;

if(array[left] > array[mid]) swap(array[left],array[mid)]);
if(array[left] > array[right]) swap(array[left],array[right]);
if(array[mid] > array[right]) .swap(array[ mid],array[right]);
Il Result of method: left is small, mid is median, right is big

difL = array[ mid] --array[left]; difR =array[right] - array[mid];

if(difR < difL){
if(difR =0) new_index = SC_partition (array,left,mid,right);
else new_index = PD_partition (array,left,mid,right);

}



}

}
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elseif(difL < difR){
if(difL '=0) new_index = PD_partition (array,left,mid,right);
else new_index = SC_partition (array,left, mid,right);

}

el se{
if(difL '=0) new_index = PD_partition (array,left,mid,right);
else new_index = Split-end_partition (array,left,mid,right);

}

if(new_index.left - left <= 9) insertion(array,left,new_index.left);
else APsort(array,left,new_index.left);

if(right - new: index.right <=9) insertion(array,new index.right,right);
else APsort(array,new_index.right,right);

nisuLiaiudayasiet fadnutinaavian(PD partition)

struct pivots PD_partition(int array[],int left,int mid,int right){
inti,j, k, pivet, PD, indL, indR, ipd;
struct pivots index;

swap(array[ mid] array[right]);

/I Set value and pointer of pivot and pivot predecessor
i =indL = left+1; ] = indR =right-1;

pivot = array[right]; PD = array[left]; ipd = |eft;

while(true){

while(array[i] < pivot){
/I Update pivot predecessor
if(array[i] >= PD){
if(array[i] == PD)
swap(array[i],array[indL++]);
elsef
ipd=.indL; PD = array[i];
swap(array[i] array[indL ++]);

| ey
}
while(array[j] >= pivot & & i <=j){
/[ Finding pivot
if(array[j] == pivot)
swap(array[j] array[indR--]);
-
}
if(i >=]) break;
swap(array[i] array[j]);
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j=i-g

if(indL <= indR){
/ Move pivot predecessor to the correct position
if(i '=indL){
for(k =ipd; k <indL; k++)
} swap(array[k],array[j--]);

dse j = left;

/ Move pivot to the correct position

k = right;

while(k > indR){
while(array[i] ==pivot & & 1 <= k) i++,
if(i >=k) break;
swap(array[k--],array[i++]);

index.left=j; index.right =1i;

}
else{
/I case al elements are equal
index.left = left; index.right = right;
}
return index;

nisuLiudayasieraaNradsanan (SC partition)

struct pivots SC_partition(int array[],int left,int mid,int right){
inti, j, k, pivot, SC, indL, indR, isc;
struct pivots index;

swap(array[ mid] ,array[left]);

//Set valueand pointer of pivot and pivot successor
i =indL = left+1; j =indR =right-1;

pivot = array[left];~SC = array[right]; isc =right;

while(true){
while(array[i] <= pivot & &i <=){
/l Finding pivot
if(array[i] == pivot)
swap(array[i},array[indL.++]);
i++;

}
while(array[j] > pivot && | <=j){
I/l Update pivot successor
if(array[j] <= SC){
if(array[j] == SC)
swap(array[j].array[indR--]);



else{
isc =indR; SC=array[j];
swap(array(j] array[indR--]);
}
}
-
}
if(i >=]) break;
} swap(arrayli],array(jl);

if(indL <=indR){
/I Move pivet to the correct position
k = left;
while(k <.indL){
while(array[j] == pivot && | >=Kk) j--;
if(j <=Kk) break;
swap(array[k-++] array[j--]);

/ Move pivot successor to the correct position
if(i '=isc){
for(k =isc; k >indR; k--)
swap(array[k] array[i++]);

}

else i =right;

index.left =j; index.right=1i;
}
else{

index.left = left; index.right = right;
}

return index;

nisuLisiudiayasaeramInassiauan (Split-end partition)

struct pivots Split-end partition(int array[],int left,int mid,int right){
inti, |, K, IPL, IPR, pivot;
struct pivots index;

/I Set val ue and pointer of pivot
pivot = array[right]; swap(array[mid],array[right-1]);
i = IPE = left+1; §j =1PR'= right %2;

/[ Partitioning
while(true){
while(array[i] <= pivot && | >=i){
if(array[i] == pivot)
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swap(array[i], array[IPL++]);
i++;

b

/I Move the
if(min(IPL - left, i
for(k =1

: -3:
index.left = j; index.rig
return index;
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Sizes Mergesort Heapso—rt HQuicksort PSQuickson_D PSQuicksort_B| SWQuicksort
10000| 0.0036830 0.0047315 0.0029142 00024836 0.0042744 0.0021235
30000 0.0119137 0.0160183 0.0094400 0.0082703 0.0147984 0.0070840
100000 0.0428059 0.0607545 0.0351396 0.0298896 0.0563094 0.0259684
¢ﬂl
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Sizes Mergest_n-r‘[ “Heaﬁson— HQuicksort PSQuicksorl_D PSQuicksori_B| SWQuicksort
10000 407 685 485,739 266,270 317,403 309,868 177677
30000 1,363,080 1,646,380 897,729 1,094,460 1,075,390 599,787
100000 5,074,190 6,169,120 3,466,000 4,185,100 4.130,840 2,240,760

° of ¥l fo? P "
muqum\iﬂmﬁﬂumwm@ﬂ

Sizes Mergesort Heapéorﬁ HQuicksort PSQuicksort_D PSQuicksort B| SWQuicksort
10000 133,616 124,201 38,339 39176 136,781 38,252
30000 447 232 419,876 126,190 128,705 477 295 125,883
100000 1,668,930 1,574,900 468 961 436,551 1,811,020 426,412

o na/l n; v [ 24 nd' dl
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Sizes Mergesor-t Heapsort HQuicksort | PSQuicksort_D | PSQuicksort_ B | SWQuicksort
10000 19,999 0 13,568 2,406 2,406 0
30000 59,999 0 40,870 7,220 7,228 0
100000 199,999 a 148,501 24 338 24 529 0
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Sizes Method Compare Swap Recursive Time(s)
SWQuicksort 177,677 38,252 0] 00021235

10000 |gsort 332 400 34,049 8,342| 00027316
PSQsort 313,561 41,500 1,020 00026024
SWQuicksort 299 7817 125,883 0| 0.0070840

30000 |gsort 1,131,770 113,927 24 707| 00089912
PSQsort 1,083,560 135,898 3,046| 0.0085569
SWAQuicksert 2,240 760 426,412 0| 00259684
100000 |gsort 4 046070 435,956 42 426| 00313685
PSQsort 3,929 010 477 164 7,639| 00300950

D31z dn ANALRRL A LR AN

Unsorted Ratio Method Compare Swap Recursive Time(s)
SWQuicksort 422773 8,190 0| 0.0023400
0 qsort 796,086 8,190 8,191| 0.0034400
PSQsert 95,285,300 113,166 9,136| 02706600
SWQuicksert| - 3,055,370 58,956 0| 0.0138055
0.01 gsort 966,789 43,767 33,280| 0.0056489
PSQsort 8,936,160 103,586 4831] 00318353
SWQuicksort|  1,615520 54,819 0| 00081909
0.03 gsort 978,725 50,210 32.673| 0.0059560
PSQsort 4130,310 99,807 4.340| 0.0167076
SWQuicksort 954 877 74637 0| 0.0058722
0.1 gsort 992 949 87974 31,608| 00063992
PSQsort 2,154,130 95,773 3,851] 0.0103522
SWQuicksort 744,410 89,333 0| 0.0055727
0.3 qsort 1,025,060 72,107 29,680| 0.0071567
PSQsort 1,338,500 102,102 3,382|0.0080226
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Unsorted Ratio Method Compare Swap Recursive Time(s)
SW0uicksort 467 770 23,190 0| 0.0029700
0 gsort 1,173,180 60,394 20,377 0.0062300
PSQsort 80,343,300 131,506 8,304 02982700
SWQuicksort 27185270 70,403 0] 00128148
0.01 gsort 1,009,750 56,329 33,011 0.0057673
PSQsort 7,952,980 117,288 5060 0.0297323
SWouicksort 1,579,790 77,014 0| 0.0081704
0.03 gsort 1,018,690 62,752 32,757 0.0060806
PSQsort 4,008,150 113,000 4384 0.0166721
SWQuicksert 948 546 88,210 0| 00060681
0.1 gsort 1.042 550 73941 31,615 0.0066120
PSQsort 2,043 650 109,634 3,850 0.0101015
SWCQuicksont 767,823 105,675 0| 0.0060734
03 qsort 1,088,980 92,087 29.803| 0.0075689
PSQsort 1,298,910 117,324 3,385 0.0080481

nsilsznranalRatd1uLde AL LA

Unrepeated Method Compare Swap Recursive Time(s)
SWQuicksort| 15,571,100 65,033 0| 00648253
0.001 gsort 349170 68,796 30| 0.0029598
PSQsort 316,701 90,765 15| 00032669
SWQuicksort| 2,221 710 86,156 0| 00118118
0.01 gsort 626 895 92 811 300| 00047133
PSQsort 586 044 111,360 146| 00049779
SWQuicksort| 1,225 800 91,702 0 00081525
0.03 gsort 768 823 105,892 900| 0.0057887
PSQsort 727358 121,872 437| 0.0059075
SWQuicksort 788 523 91,901 0| 00067437
0.1 gsort 934 267 119,524 3,003| 0.0071844
PsQsert 885,618 128,133 1,212| 0.0070584
SWQuicksort 762,706 113,884 0| 00070607
0.3 gsort 1,049 220 118,683 11,440| 0.0081610
PSQsort 1,007,160 130,418 2,198| 0.0079900
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