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Quantum(computinglisthe(delicatedrt/0fusing/dquantummechanical [System|[to [perform some kind 0f

computation. Suchlalsystem(differs(ih @ number(ofisignificantways [fromordinary [domputers:

e Alquantum!computerlactually does[allot ofl computations at[thelsameltime, eachlsolutionlis
represented by alparticularpossiblel$tate.[ This(is inherent[to[thelphysical [properties[ oflsuchla
system.

o Unlesslyoulare[sure(that[youlhavelteached[the final [((unique)(solution,youl¢an(not[Flook™[atthe
“values”/oflthe variables[in[the[computer [program [that[is[beingtun:(as(all[solutionsdre[possible at
thelsameltime, observing/the[values(Wwilllinfluence the[system and[putlitlinto[onelparticular, but
otherwisel(arbitrary, [state.

o Alllcomputations[must/bel teversible, thatlis, al statement[like[“al=[5"canlonly appearlin[the
initialisation[phaseloflalprogram,[becauselthe[previous(value[will[be[lost.[On[thelotherhand,la
statement|(like[*fa[=[a[#(3”[is[reversible, sincelyoulcan[retrieve the[original [value.

The properties(oflsuchlalquantum(domputer(makelit/possible(to[devise[very efficient[algorithms.[One
suchlalgorithm, [described by L. (Grover(see thelreferences), lis/searchinglinan insorteddrray (0flitems.
Withlordinary (domputers!this/dannotbe(donemorelefficientthanlin[O(N)[steps(anexhaustivelsearch:
eachlitem/is/éxamined(in(the Worstcase), Withthis[quantum[algorithm, however, (the [mumber 0f(steps
neededis[O(N"?).

Devisinggquantumalgorithms/tequires!a thorough inderstandingofl quantummechanics, therelisno
doubtlabout[ that.[Another questionlis:[do[Wwe[heed [ quantum[computersland special[programming
languages|(tolprogram((or(perhapsiemulate) thesealgorithms? This(article tries/to[shows [that atleastfor
thelquantum[search(dlgorithm,lalclassical [programming language like [Fortran(is[quite fit[(yes, the [pun
is[fortunate).

Thelprinciples

Tolunderstand[ thel quantum[ searchlalgorithm[welwill heed[to[ consider[ some[ ofl the[ differences
mentioned [abovelin[more[details. Thelimost[peculiar[differencel between [ quantum/ tomputingand
classical [computingis[that(d[variable[in[a[quantum computerhas [dll [possible [values(at/the[same(time,
onlyleach(value haslits[own[probability [of(being[observed.[Actually,[eachvaluelislassociated [Wwith the
complex valuelofithe [quantum[wavefunction[for [that(variable. Theprobability[oflobservingthat[value
islthelsquareloflthe hodulus(ofithatwave function.

IflyouldolobservelalquantumVariable,[then onelof the[possible[valueslis(selected [+(fruly at[tandom [+
and[the[wave function[¢ollapses:[all[Values willgetlalwave[function[0fl0, except/the onelthat[you
observe, thiswill Havedwave function ofimhodulus(1.

Aslmentioned(in[thelintroduction, dn[important(dspect(is(that(youldan not/use simplelassignmentslike
“al=[5"linlalcomputation. This/complicates/in[particular(the tise[0oflrandom Mumbers. But/there(is [d[way
out: [youlcan(storelinformation[about(the[previous(valuelin[the phaseloflthe wavefunction.(Thislis
known!as(the[Walsh[Hadamard fransformation). Using[this[¢lever(trick [youlcan tetrieve(the[previous
value by lapplying(the[same[transformation dgain.

Note:

L.[Groverldoesnotlcomment(on/floatingpointdperations, butlifla[computationlis[to be reversible at(all
times, floating[point/dperations/are(going(tobe very [different[from [what[we dre used [to.[After(all,[the
reversibility [oflthestatement[“al=[a[+[5.0”[dependsheavily [on(the[size[of theloriginal [Valueloflthe
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variablelalin(relationto the number(5.0. Tflalis Very [small, then theresult will [simply (be (5.0 and[even if
alislargelénough [tomakelthe result(differ from(5.0, youlprobablylooselaccuracy.

Basically, thelidealbehind[the[quantum[searchlalgorithm is[simple: mise[altandom searchlikelin(the
program/(sketched below [and thake(sure(that/during[each fiterationthe chance dflfinding thelitem we are
looking for(is/increased. Herelis[alclassical [program [for(drandomsearch:

integer,lparameter 00 : : [n=100

integerJI00000DOOOOO000: : 01

integer00OOOOOOOOOO000 : s Didx

integer,lldimension (1l:n)[l::[item

dolJill=[11,n

UU0idx=lrandom (n) ! JReturnallrandomlJintegerllbetweenll1JandlIn
OO0i £ (Hitem (1dx) H==010) [Jthen

OO0 write (%, *) " Foundlthellitem:[Jindex[=[1" , idx

J00000exit

O00endif

enddo

Onlaverageyoulwillneedn[steps to find(thelitem[and[therelis (no[guarantee that(you [will havefound
thelindex. [But (with the following[quantum search algorithm[the numberof steps reducesfo0.5N " to
0.8N'"?, dependingon the value 6f N:

integer[l0: :[0i
integerll0: :Ur

integerU00: :Onl00 ! OThelnumberllofllitemsinllthellarray
integerlll: :Letallll![Thellnumberlloflliterationslithatllgivesllus
HoooooooooooooooOCo Othellexactlanswer

rl=llg random(n, 0)

dolJill=11, eta
OOOif0(Ditem (r) O==010) Jthen
UOO0O0callldinvert phase
Lllendif

U00rb=lg_random (n, r)
OO04 £0 (DrfD==000) Othen
OO0 callllinvert phase
[0endif

U0r=lg_random (n, r)
enddo

write (*,*)) Index[islJ:00",r

The[precise[number(ofliterations, eta,(is[important: only(afterprecisely thatinumber(ofliterations [is it
safe(to[observelthevalue oflthe([variable r,[becauselthen(thewave function has(collapsed(tolthe eéxact
valuelthatweldrelooking(for: thelindex 0fithe élement/in[the(array item [thathas/thevalue(l.

Note(thatlit(is[necessary[topass[the[previous(value(to the [function that[returns(atandom mumber. [The
routine invert_phaselinvertsthephaselofithe (complete wave(function.

Aslshownlin(the(article(thatdppeared in[DrMDobb’s Journal, [this[algorithm gives[the[desired [resultand
for(N=4, the mumber 0fliterations (eta) [is 1. [(A[completeanalysis0flthedlgorithm[requires(quite[Some
quantum/thechanics. Ttlis[described(in/thesecond reference.)

Implementationiofthe algorithm

HowldoWwe¢mulate(thiswith Fortran? [Well,[Welknow[that(the[variable r[in[thelabovel[program(c¢an
only(takelon[thelinteger(values(1 [fo IN[and[eachlis[associated [with(d[complex[value(+the value[oflthe
wavelfunction.So, herelis[alderived type(to[simulatethis:

typellquantum integer



U00integerll: : JiJODJODOOOODOOOOOO! DThellvalue
U 0complexll: :Hamp lLHHOOOHCOOHO HOThel lwavel lfunction
endltypellquantum integer

Andthevariable » becomes(an(array((in[the[programlitlis(¢alled gi) oflsuchlintegers, tolémulate/the
multiplevaluesliticanhave:

type (quantum integer),ldimension (l:nostates)ll::[qi

Thelsingle[check “ifl(item(r)==[1)", Whichimplicitly [évaluates the[condition for(all possible[valuesof
ritustbereplaced by Fortran’sléquivalent(oflsuchlalcheck:

wherell (Hiv==[]11])
U0gill=llg_invert phase ([gilJ)
endwhere

The Body [dflthe [program mimicksthe [dbovelquantummechanical [code:

callllg init (Ugill)

ivi=00

iv(3)=01

dollilJ=[11, nosteps

Owherell (Livi==[1L1)
UOO0O0gild=0g invert phase (Lgill)
U endwhere

U0gill=llg_random ([lnostates,[Igil])
U00Owherell (Hgild==010])
UOO0O0gild=0g invert phase (Lgill)

U endwhere
U0gill=llg_random ([lnostates,[Igil])
enddo

write (*, *)lg_observe (Lgill)

Ofldourse, thefull (dodelisTonger(than this, @s(several [Operations(on(the derived typelarelinvolved. But
thelessencelis[that[the[ quantum[mechanical(Vversionlis[émulated step[bylstep.[ Nowhereldolweluise
explicitly the[values(oflthetandom [variable[or[of[the Wave[function. [((Even the implementation [0fthe
functionlq_observe()lislsuchlthat(the Wwave [function(dollapses(to dlsinglelstate).

Conclusion

Quantum! ¢computing[is(alfascinating[areal of[tesearch, [ which[theoretically [haslalgreat[potential [for
solvingtough[problems![¢fficiently. [However, [the nature of quantum mechanics makes!(it[difficult to
design(thecorrespondingalgorithms. Maybe [emulations [0flsuch[systems as/demonstrated herecan Help
design/them.

OfGourse, [the [Fortran Wersion will Mot fun [in(a time Gomplexity [6f O(N"2): it still has o [iterate Gver all
possible[values[and(that means(the timelit needs, [O(N 3 2), [is[worse[thanan[exhaustive[search.[Still,
whenlyoulookdtithe number 0fldccesses to [theldrray(as/alwhole, [this[is the[same as for[the[quantum[]
mechanical version.
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Thelfullprogram

Below youfind[the [Gomplete[program[(the Wwrite[statementsare merely [debugging|[tools, they would [Be
impossiblelin/an(actual (quantum(mechanical [program). The[Output/is[shown [dfter that:



!
'llProgram/ladlhoc:[limplementllquantumllcomputingllprinciples
'IBasedllonllanllarticlellbyllLovlK.Groverllaboutllthellguantum
!Usearchllalgorithm, [IDDJ, Haprill]2001

!

modulellguantum computing

Ud0typellguantum integer

U000 Jintegexrd: : 01

U000 complexl: :Hampl

LJendtypellquantum integer

O00interfacelloperator (==
HOO0OOmodulellprocedurellquantum single is equal
HOOEO O modulellprocedurellquantum array equals value
0endJinterface

contains

subroutinellg init (Lgill)
d0type (quantum_integer) ,[ldimension(:),[lintent (inout)[l: :lgi

O00integer000000000COOO000000DCOOOOO000000OCDOOOOO00000 : : 041
H00comp lexOOHOOOOOOOOOO0O0MO0OOOOOOOO00000O0000000000000 : : Juniform ampl

O00uniform amplf=Ccmplx (0J1.0/sqgrt (real(size(gi))),[0.00)
Hfdoli0=1, size (gi)

OO0 g (1) $i0000=041

HOOOOHgd (1) sampll=lluniform ampl

[ enddo

end lsubroutinellg init

logicalllfunctionllquantum single is equal (Lqgi, Uivl])
L0t ype (quantum_integer),lintent (in)[: :[gi
U0integer, lintent (in) LCOOOOOOOOOOO00 s < Hiv

Hd0guantum_single is equalll=lgi%ill==[iv
end/functionllquantum single is equal

functionllquantum array is equal (Lgi,ivl))[l&

d0result (log_array)

Lf0type (quantum_integer),lldimension(:),[Jintent (in)0: :[gi
Ol0integer, ldimension (:),Uintent (in) 0000000000000 < Oiv

Ud0logical,ldimension (l:size (qi))O000O0O0OO0O000O00: :Olog_array
UO0integerd000000000OOOOOOOOOOOOOOOCOOOO00000000OCO : 04

Uo0dolJil0=1, size (gi)
OO0000og_array (1) D=0gi (1) $ill==[iv (1)
enddo
end/functionllquantum array is equal

functionllquantum array equals value (Ugi,ivl)[s
[0result (log array)

O00type (quantum integer),lldimension (:),intent (in)[l: :Ogi
DDDinteger,Dintgnt(in)\HHHHHHHHHHHHHHHHHHHHHHHHHHHH\::Div

[logical,lldimension (1:size (gi) ) DHOOOODOOOOOOCOOO00: :[Jlog array
J00integer0000000000COOOOO000000DCCOOOD0000000OO0OOO . 04

Lifdollil=11, size (gi)
COO00Log array (1) D=lgi (1) $ill==liv
d0enddo
endllfunctionllquantum array equals_value

functionllg_random([Ilnostates,[Igill)[l&
Hl0result (Ligrll)

d0type (quantum integer) ,lldimension(:),intent (in)[l::0lgi



d0type (quantum _integer) ,lldimension(l:size (qi))000: :Ogr
0integer, Uintent (in) OOCOOOCOOOCCOOCOODOCO0OCO0OC0 : :Dnostates

O00integerll: ;i
U00integerll: :[0j
H0integerll: : [k
Ud0integerl: :[and bits
Ud0complexl: :[lnew_ampl
d0complexll: :[Jsigned ampl

O00new amplf=Ccmplx (J1.0/sqgrt (real (nostates)),00.00)

[0dolJill=[1, nostates

OO0 g (1) $il=1

U000 gr (1) $ampl=1(0.0,0.0)

UO0000do030=01, nostates

HOooOdO0Osigned amplli=[new ampl

COOCOEO0and. bitsHb=Hiand (Hgi () $1001, Ugr (1) $10010)
HoooO0O00dok=0,bit _size (and bits)[1

HooooooooodCi £0(Dbtest (and_bits, k)[) signed ampll=[signed ampl
o000 enddo

DOOCEEO0 g (1) $ampll=lgr (1) $amplli+lIsigned amplli*[Igi (j) %ampl
OO0 )enddo

[0enddo

end /functionllg random

functionllg invert phase (Lgill)[ls
U0result (Lgrll)

d0type (quantum_integer) ,lldimension(:),lintent (in)[l::0gi
d0type (quantum_integer) ,lldimension(l:size (qgi))LU0d: :Hgr

Uintegerl]: :[i

U0doill=11, size (gi)
OO0 g (1) $il=1

HUOO gr (1) $ampll=1gi (1) $ampl
H00enddo

end/functionllg invert phase

integerlfunctionllg observe (Lgill)
Ud0type (quantum_integer) ,[ldimension (:): :[gi

H0integerl]: :[i
H0realll: :Ornd
O00realllO0: :Uprobability

LC0doli0=011, 20
00000 calllrandom number (Lrndl)
[enddo

probabilityl=[10.0

HUo0dolil0=01, size (gi)

U000 probabilityl=lprobabilityll+[labs (Lgi (i) $amplll) O**[J2
HOO0001 £0 (Hprobabilityl>Hrndl]) [then
DOOOOEO00g . observell=[gi (1) $1

OoOoO00000exit

Oo0000endif

[0enddo

HoddolJil0=1, size (gi)
DDDDDDifD(in(i)%iD/=Dq_observeD)Dthen
OO0 gl (1) $ampll=1(0.0,0.0)

L else
o000 gd (1) $ampell=1(1.0,0.0)

U000 Dendd £

[I''lenddo



endlfunctionllg observe
endllmodulellquantum computing
programlquantum search

Uusellquantum computing
H0implicitlinone

U00integer, Uparameter000D0O00O000DOOODOO000O000 : :Onostatesl=14

O00integer, Uparameter000000O0O0D0DOO0OO00000000 s s [nosteps=01
Ud0type (quantum_integer) ,lldimension(l:nostates)l: :[gi
O00integer,Udimension (l:nostates) DO0DOO0OIO00D : : Hiv
J00integer0000000000000000C0000O000OO0000000C0000O0 : : 041
O00integer000000000CCOOOO000000ODDOOOOO000000DOCO : <05

oo

Ood!'0Initialisellthellquantum]"system"

aoo

Ud0callllg init (Hgill)
O00write (*, ' (a,10£5.2) ') J'Init"',0(lreal (gi (j) $ampl) ,[j0=1, nostatesl])

oo

OO0 OThelltestllfunctionllislirepresentedllasllanllarray
ooo!

O0ivl=0

CE0iv (3) =01

ooo!

Ut Find thellcorrectiistate

Lt [Note:

Lot Countingllstartsllatlll, [lnotl0.
ood!

HdolJill=11, nosteps

ot wherel) (Hivi==0111)
LOOOOOO0dgill=lg_invert phase (Lgill)
U000 Jendwhere

OO0 write (*, ' (a,10£5.2) ') U'First', U (Ureal (gi (3) $ampl) ,[I300=L1, nostatesl])

UOO0O0gil=lg random ([nostates, Lgill)
00 write (*, ' (a,10£5.2) ') J'Random ', [ (real (gi (j) $ampl) ,[1300=[1, nostatesl])

U000 wherell (Dgill==010)

UOO0O0000gill=lg_invert phase (Lgill)

U000 endwhere

0000 write (*, ' (a,10£5.2) ') ' Second', [l (HUreal (gi (7) $ampl) ,30=1, nostatesl])

UOO0O0gild=0g random ([nostates, lqgill)

00 write (*, ' (a,10£5.2) ") 'SR, [ (Hreal (gi (j) $ampl) ,[1300=[1, nostatesl])
[Penddo

d0write (*, *) g _observe (Lgill)

O00stop

endllprogram lquantum search

Theloutput:

InitlJ0.5000.5000.5000.50
First[l0.50010.5000.5000.50
Random[10.500]0.5000.50L10.50
SecondlJ0.500]0.500J0.500]0.50
SR[J0.000J0.000J1.000.00

03

(Thelast(linelisthe[correctindex).



