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ACom ponent Based Heun gic Seach m ehod with Adaptive Pet uibat ions for
H ogital Pesonnd  Schedul ing
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Schoal of Com puer Sdence and Inbr m ai onT echnobgy
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Abdrad - Nure rogering is acom pix  shedul ing pobl em that affed s hosi td personnd on a
dalybas sd lover thewor Id. Thi spaper pr eent sanew componet -bassdappoachwi  th
adgptive perturbations f or anurse hedu ingoobl emaridng a amagor UK hopi td. The man
idesbehnd  this tedni que isto decom poe a <hedul eintoi s com ponents{ et he dlocat ed i
patternof eachnur <9),andbenmi micana urd evol utionar ypr ocessonbesecom ponent s o
iettivdy ddiver better shedul es The worthiness of dl com ponents in the shedul e has to be
oontinuoud ydem ond ratedi nor der f ort hem tor emaint here Thi sdem ong rationem pl oysa
dynamicevd uation fundtion whichevd uates how wel eachcom ponent  cort i butes tow ards the
f nd objedive. Twoperturbation eps are then gopliedit hef ¢ perturbation diminatesa num ber
of com ponent s that are deem ed not worthy to gay in the current sthedul et he ssoond  perturbation
mayd ot hrowout ,witha owl e of pr obabil y,somewor thycomponent s Thed imnaed
com ponentsar er epni hedwi thnew onesusigasst of cong rudiveheur idicsus ngl ocd
optimd y ai eria Com puttiondr el tsud ngbda  aind ances dem ondrake the appl icabiil y of
the proposedgppr cach in ol ving red -world problem s

Keywords Nurse Rodering, Condrudive Heuridic, Loca Search, Adaptive Perturbation

1 ht odud ion

Em pbyeeshedul inghasbeenwi  ddyd udiedf ormoret hand0yeer s Thef ollowingaur vey
paper i veanover viewof t hear ea BradleyandM a i n,1990; Emget d, 200daand  2004b.
Em pbyee sthedul ing can be thought of as the problem of as3 gning em ployees to shif sor duties
over a ghedul ingper iod 9 that certainor gani zationd and persond cond raints ae stidied t
invol ves the cond rudion of a shedul e for eadhempbyee  withn  an organization inor derf or a
=t oft aks to be fulf ed| nthedomanof hedthearet hisispat al aly dd lengi ng because of
thepr eence of arange of dif eent gaff equirements on dif eent days and dif s Unlike many
other organi ztions hedthcae indi utions work twenty-four hours a day for evely sngle day of
theyeartk egular shif work has anef fed on thewwrr =5 wel bang and job stifation (M udler
andM oCl okey1990) . Theexd enttowhi cht hed afipd e st idfiest hes &f cani mpad
dgnif cantly upon the workng envi ronm ent.

Automdicgppr oacheshaed  gnif cat benef 1 si nsai ngadmi nidrativeg aftimeandd
gener dly im pove thequa 1y oft he shedul es produced. However, unti - ecent Iy, m od pesonnd

ghedul ing pr oblemsinhogpi tadswer el ved manud |y ( Silvetro and Si Ives ro, 2000) .
Schedul ing by hand isuaid ly averyt meoonsuming tak. W thout an autom dic toolt o gener ae



ghedul esandt ot et hequd 1 yof acong rucdedshedul e pl aner sof tenhavet ousever vy
draghtforward cond rants on working t meand idlet mein the recuri ng pocess  Even when
hogi tals have com puterized 94 em st eding and grephtal f etures ae often usedbut attomaic
ghedul e gener ation fetures ae di not common. M oeovert hereisagrowing redistion that
theaut omaed gener aionofper  <onnd shedul eswi thinhed thcarecanpr ovides gnif cant
benefi sand savi ngsl n thispaper, wefoaun  thedevebpment  of new tedhni ques for attomdic
nurer oderingys emsAgener  dover viewof var iousgppoachesd ornur sr og eringcanbe
found in Sitom pul and Randhawa (1990) , Cheang & d( 2003) and Burke et d( 2004) .

M odr ed wor ldnur ®r oderingpr oblemsar eedt remedycompl exanddi f alt Ti enand
Kamiam a(1982)f or example say nurse rogering ismoe compex then thet adil ng sd eaman
pobl em due to the addit ond cong raint oft otd number of worki ngdays withn  theschedul ing
period. Since the 1960° § m any paper s have been publ ished on various aped s of nur e rog ering.
Ealy pgper s (W aner and Prawda, 1972, M| er, Pierskd laand Rath, 1976) attem ped to ol ve the
pobl em by us ng mahem aticd pogr an ming modds However, com putationa dif alteexd ¢
witht hesegppr caches due tot he enormouss zeof t he ssr ch gpace | n addit on,f or modr ed
pobl em st hegoabf  f indingt he' optimd <ol utioni snot onl yoom pl etdyi nfead blebut d
lagdymeani nges Hopi td adminidraorsnor mdywant t oqui dd ya esteahi ghqud 1y
ghedul ethat stifiesdl hard cong raintsand as many of t cond raintsas pos ble

The aboveobsr vaions have led to a num ber of other atem pisto 0l ve red wordnur < rod ering
pobl em sSever dheur igicm et hodshavebeendeve oped( eg., Blau, 1985, Anzaand M ura
1987). 1 nt hel1980 sandl aer,at @ i ntdi gencemet hodsf or nur r ot ering, suchas
oond rant pogr anmig (M eyer auf’m Hofe, 2001) , exper t 32 em s(Chen and Y eung, 1993) and
knowédge based g2 ems(Beddoeend Petrovi ¢ 2006) were inved igated with omeuaess | n
thel990 s and laer, m any oft he peper stadé the pobl em with m ea-heurigic mehods which
indide dmukted anned ing (Bruso and Jaoobs  1995), variabe neghbouhood  sear ch (Burke et
d, 2004)t abu sach (Dowdand 1998, Burke, DeCausn aedker andV anden  Berghe, 1999) and
evol utionarym & hody| Burkeet d , 2001; Kawanakaet d , 2001) .1 nver yr ecent year St here
have been inoread ng interetsin the sudy of mahematicd program mig based heurigics (Bard
andPur nom 0,2006and2007; Bd iénandDemeul emeeder,2006) andt hed udyof hyper -
heurigics (Burke & d, 2003; Ross 2005)f ort he problem (Burke, Kendd | and Soube ga, 2003,
O zcan 2005) .

Thispgper tadd esanur <r oderingpr oblem arisngat amg or UK hopi td ( Aidkd inand

Dowdand, 2000; D owdandandThom pson, 2000) .1 td argeti & oo estewedd yshedul e or
wadof nurses by asi gning each nurse one of anum ber of predefined shif patterns in the mod
ef dentway. Bes dest het radit ond gopr ocachof | nteger Li near Pr ogram ming( D owdand and
Thom pson, 2000), a num ber of m eg-hewrigic gopoaches have been expl ored fort his problem .
Forexampl gi n( Aicd inandDowd and, 2000and2003;  Ai dd inandW hi te, 2004) var ious
gopoaches  basedon  geneticd gori hmsare presnted.l n (i and Aidd in, 2004) angopr cach
basd on alermng dasdfer g2 emisinvedigaed.l n (Burke Kendd!| andSoube ga, 2003) a
tebusar chhyper heurigici si ntroduced, andi n( Aidd inandLi ,2006) anet imadonof

digr bution dgori hm isdesx ibed.l nthispaper wewll eport anew com ponent-based heurigic
sach  gpproach with adgptive perturbaions which im plem ents optim zation on thecom ponent s
withind ngleshedu es Thi sgppr cachcombi nest hef eaturesof i tegt ivei m poovemn ent and

oond rudtiveper turbation with the il y to avoi d geti ng Sudk al ocd mhnima

The f anewok of our new agori hmisani eat ive im povem ent heuridici n which the deps of
Eval uation, Pet ubat ion-| Pet ubat ion-1 andRecong  udt ionaeexecuedi nal oopunt i a
doppingoondi toni sr eached. | nheEval  uationd ep, aaur rent compl eteschedul ei sf i &



decom poedi ntoass gnm entsf ori ndividud nur 5 andt henbeasd gnm entf oreechnur =i s
evd uaed byaf undionbasduponbat hhar doond rantsand of toong rants | nthe
Pet ubat ion-1 dep, DImenurses aemaked ast exhedubd and their asd gnm ents are rem oved
f om the <hedul eaccor ding  to the eva uating v ues oft heir a8 gnm entsl n the Pet ubat ion-1
dep, each remaning nures i has asndl chance tobe reshedul ed, disegar ding the evd uating
val ueof hi dherad gnment. Fi ndly,i nt heRemond wd iond ep,ar efinedgr eedyheur igici s
degined to repair a broken 0l ution and theolt aned com plee <0l ution is fed into the Eval uation
depaga N to repeett he loop.

Oumpr oposdm & hodbd onget o thegener ddsof [ od sar chlnpartadar,it somewha
dmiatothet et edlocd Seach dgori hm (Lourenco, M at nend Stutd e, 2002)t hey indide
a0l utionper tubat ionphaseandani m povemn entphae. However ,t heydi f eri nt hewayi n
which thee twophasssr eimpemened: The puposof  perturbation int eraedlocd Seach is
tot rand orm onecom pl etesol utioni ntoanot her compl eexnl ution. Thi s vesast hed at ng
poi ntf ort he locd heurigics which follow. Howevat he am oft heper turbation inour mehod is
tot and orm one com plete ol ution into a part d <ol ution which isthen fed inb the recond rudtion
heurigics forr epai t

The res oft hispaperi sorgani zed as follows Sedion 2 gres an over vi ew oft he nurse rog ering
pobl em ,andi ntroducest hegener & ramewokolbur methodobgy. Sed ion3pr esent sour
dgori hm fornur ®r odering. Bendma kr el tsud ngr ed -worldda ast sool lededf rom a
maor UK hogoi td @ presned insedion 4. Condidi ng remaks ae insdion 5.

2 Pdimnai es
21 TheNursRog e ng Probl em

The nurse rog eringor oblem tadéd inthis paperi sto areasteweekd y sthedul es for wardsf  up to
Onur s al ageUKhopi td. Theeshedul  eshavet omeat t hedem andf orami nimum
num berofnur  sesof di f eentgr adesoneachshi f whildbel ngsent obef arbyt heg af
oonor nedandst  ifyingwor kingoont radts Thef  arnesobj edivel sachi evedbymedt ingas

manyof t henur =S r equed saspos bleandoond  deringhi gorica | nbr maion( eg. pr evious
weekends t 0 enar e that unsat ified requet s and unpopul a shif s areavenl y digr buted.l nour

modd,t hedayi spar k& onedi ntot hreeshi fstwot ypesof dayshi f knownas' eard es and

I aes, and alonger night hif Duetdhogii td policy, anurse would norm ay work ether days
orni ghts nagrenw esk( but not bot h),andbecauseof  t hedi f erencei nshi £ | ength,af ull
week swok would norm dy indide m oe days then njit s However, omeped d nurses work
other mixtir es and the problemcan henomot 9 m ply be decom posed inb days and nights

However,adesy ibedi n D owdandandThom pson (2000) ,t hepr oblem canbespl 1 i ntot hree
independent dages Thef ¢ uses akngosadk modet o ensue thett here are auff @t nurses to
m et heoover ing cond raintsf  not, addit ond nurses (agency safj ae locat ed to the ward, 0
thatt hepr oblemtadd edi nt hessoondphessi sd waysS ees ble Theseoondd agel & hemod
dif adtendi nvol vesd locatingt headt ud daysor ni ghtsanuseewor ks Oncet  hishasbeen
ded ded, athirdphassuses  anework f ow mode( Ahujaet d, 1993)t o dlocse thoson days to
‘earil es and | as . Since gages 1 and 3 can be 9l vedqui dd y,t his paperi s only concer ned with
the hphl y cond rained sscond gep.



The daysor niht sthat anurse coul d work inone week define the st off ead bleweed ywor k
paterns ( e hif patengf ort hat nurse Each dif pattern can be repeened  as a 04 vedr
withl4d ements wher et hef F 4 7d ementsr epesent t he7daysof  t heweekandt hel a8 7
eément sthe correpondng7ni ghts oft he wesk A '1 or* i nthe ved or denotesa sthedul ed
dayhi ght ‘wor kedbr ‘not worked” For exam ple( 11111000000000) would be a pattern where
thenur = works thef ¢ 5days andno mpht s1 n totdf he hogi td dlowsjud under 500 such
it patens A ped fcnurss oontrad usud ly dlowss0 to 100of t hese. Dependingon the
nurses pr eferences t her ecent hi 2oryof pet ternswor ked, andt heover dlat t adivenessof t he
pettern, a prefeencecogd i sdlocat ed to eech nure-shif patternpa t Thee vd ues were &ti n
doe conal tation with the hogoi td and range f om0 (perfet) o 100 (unaccept ddle), with abias
tol owervd ues Duet ot hei ntrodud ionof t hesepr eir encecod swhi chékesi  ntoaooount
higorici nbr mdon( eg weskendswor kedi npr eviousweeks ,wea ead et or educet he
phng  horizon f om theor igindf ve weeks to the aurrent one week without affecting sol ution
quat y. Further details aboutt he pobl emcan be found in D owdand (1998) .

The pobl em can be form ukecks  follows

Deddon variaks
% =11 nurseiwoks dif paternj Ootherwise

Param e s

m = Num berof pos bleshif paterns

n = Num berof nurss

g = Num berof grades

& =11 dif patternj cover speriod k O otherwise
0 =11 nurseii sof grade sor higher, Oot herwise
B = Prebencod of nure i working shif patternj
Rs = D em andfor nurses withgr ade somper iod k
A() =Se off eed bledhif paternsfor nurse i

Targetf undtion:

M > Spx ( 1
i=1 . A)

Subjedt o: j
2% A AL ( 2
i ACi)
Y Saax Rk (L 4hs {1 o (3
i A) FL

Theoong raintsout | nedi n( 2) ensr et hat ever ynur wor ksexad lyoneshi pat ternf rom
highe f eed blest . Theoons  rantsr epeent edby( 3) ensur et hatt hedemandf ornur ssi s
fulF ed for every grade on every day and mght and ini ne with hogoi ta policy m o nurss then
necessr Yy maywork during any gien period! mpr adisgt hereisaeoe dhor tage of nurses ad
adud overdaf ngisveryr are Not e that hedef init on ofq; dlowstha highe graded nurss
canabgt 1 utet hoseat | owergr ades fnecessr y. Thi gor oblem can be regardedasamul  t ple
dhoi e st-oover ing pobl en. The stsae given by the shif patermvedr s and theohj edive is
to mnimize the cod oft hest s needed to povile  auff @t cover f or each shif & eachgr ade
Theoong rantsdesr ibedi n( 2) enf orcet hechoi eof exadt lyonepa tern( st)from the
dternatives ava lablefor each nurse



22 Genead Desii ptionof t heCom ponent BasdHeui dicM e hod wi th Adapt ive
Pet ubat ion (CHAP)

The bad ¢ m ehodol ogy 1 eet ively oper ates the 2eps of Eval uation, Pet ubat ion-| Pet ubat ion+
I and Recond ud ion in aloopon one sol ution (e thepseudooodegpr et ed in Figure 1). At
thebeghni  ng oft he loop, an Init alizztion $ep is usd toobt an adat ng ol ution and init dize
omei nput par aneers( eg. € oppingoondi tong .l nheEval  uationg ep,t hef i ness( i et he
degree of aitabil y) of eachcom ponent i n the current <ol ution is evd uated under anevd uation
fundion. Then, thefinesmesar ei susdpr obabii dicdlyt osd edt com ponent st obe
dimaed in the Pet ubat ion-1 €ep. Com ponents withhi gh f ness have alower pobab 1l y of
beingd imhated. Fur theemort oexapel ocd minimaint hesdl utiongaoe cgoabi il esf or
uphil movesmud bei noorporated. Thi ssa rtedout inthePet ubat ion-1 & epby
pobabi i gicd ly diminating even som exuper ior com ponents oft he sl ution in a totdly random
m anner.

Ther esllt ngpar td =0l utionsar et henf edi nbt heRemond wd iond ep, whi chi m plem ents
goplicaiongped T cheur idicst oder iveanew andoompl  eesol utionf rom part d <l utions
Throughout t hee i erationst he bet <ol ution isreli ned and T ndly retuned asthe f nd <ol ution.
Thisd gori hm uses a geedy ssach raegyt oadeei mpovement t hroughi ted ive
perturbation and recong rudion.

CHAP ()

{
t=0;
Create an initial solution S(0) with an associate cost C(0);
Coest = C(0);

While (stopping conditions not reached) {
/* Decompose the solution into its component (i.e. shift
Patterns of individual nurses) */
SH={s 1S 2,...,S nh
/* The Evaluation step
Use an evaluation function to assign each component a score;
/* The Perturbation-1 step
Eliminate some well-arranged components from S(t);
Obtain an incomplete solution S'(t);
[* The Perturbation-Il step
Randomly eliminate some components from S’(t);
/* The Reconstruction step
Add new components into S’(t) to make it complete;
S()=S'(t);

If (C(t) is better than C best ) C pest =C(1);
t=1t+1;

}

Return the best solution with the cost C best ;

Figure 1. The pseudo code oft he bas c dgori hm.

Insum mary,our m ethodol ogydi f ers rom someot herl ocd ssr chm ehodsuchass m ulsed
anned ing (Kirkpat i &, Gdatt and Veodhi , 1983) and tabu seer ch (G lover, 1989)i n the way thati
does notf ollow onet gd ory inthe sarchgpace By g emdicd ly dim inating com ponent s of
a sl utionand then repbni hi ng withnewoom ponent st his dgori hm essnt idly em ploys along



Lquence of moves betweent eraionst hus permt ng moecompex  and moe digant changes
between sues ve sl utions This feature meansthat our m ehodhas  the abiil vy to jum pqui te
ead ly out ofl ocd mhnima Furthermoe unlike popul ationbased evol utionay dgori hm swhich
need to mantain a num ber of sl utions as parents for offgoringpopagat  ion in each gener a@ion,
thism ehod operadeson asngle ol ution a at me Thusi  dim inates the et ra CPU k m eneeded
tomantainast of Ll utions

3 A Com ponent Based Heui gic procedure  with Adaptive Pet uibat ion for Nurse
Rodei ng

The bad c idea belind the mehod is to deerming f or each aurrent shedul et hef nes of it
patterns asd gned to individud nurses The proceskegps  the hif paternsof somenurss tha
ae wdl choen (havinghi ghf ness vdueyi nthe aurrent shedul eand £ es to rephoe  the hi f
patternsof ot her nur st hat havel ow fi nesvd ues Toenabbt hed gori hm toexeat e
iettivdy, a each i edt ion, arandom ly-produced threshol d ( nthe range [0, 1]) s gener aed, and
dldi f pat ternsvhosef 1 nesva uesexaeedt  het hreshol dar el abdl ledasgoodpat  ternsand
arvwe inthe aurrent shedul e Theremaning hif paterns ae labd ledss ‘bad patterns’ anddo
not arve (becomeat ind) Thef nes vae thereforemor reponds tothe arwd dhance of a
sif paternasgned toaged fcnure The ‘bad” <hif peaterns are removed f om the aurrent
ghedu eandt hecor regpondi ngnur sssar er deased, wa t ngf ort heirnew asd  gnm entsbya
oond rudive heurigic. Following thist he above depsse 1 ead.  Thus the globd shedul ing
prooedur e is basedon 1 egt ive im provem ent, while an egt ive cong rudive prooess is perform ed
within.

3l hitaiztion

Inthisdep, aninit d ol ution isgenerad to srve assseed  fori st ed ive im povem entt S
wdl knownt hat f or modme ahewridicd gori hmst hei nit dizaiong rategy canhaea
dgnif cant nf luenceonper formance Thus nor may, as gnif cant & fortwil bemadet o
gener ate a dai ng pointt hati s as good as pos ble For nure rod ering,t hereaea  num ber of
heurigic techni ques that can be gpplied to poducegood  dart ng ol utions

Forour methodabgy, duet ot hef adt hatt her epghoement r aei ni tS 1 di tedt ioni 5 &t ivly
hgh, t he perform anceis gener dly independent  oft hequa 1 y oft he init d <ol ution. H ow eved,
the sed isdready ardt ivdy good <l ution,t heover dl com putationt mewil deceese Since
the m gor purposof t his paperi sto demondrae the perform ance and gener d gpplicabil y oft he
proposed mehodd ogy, weddiberadygener a&en  edremdy poori nit d 0l ution by random ly
asgning ashif paterntoeah nuree The geps desr ibed instion 3.2t0 H aeexeat &l in
squencei nabopunt | at oppingoondi ton( i el utiongud 1 yor t hemax m um num berof
i edt ion)i sreached.

3 Evauation

Inhi sg ep, t hef i nesof i ndividuahur s asd gnments bassdonoompl  eteshedul esi s
evd uated. The evd uaion fundion shoul d be norm dized and hence can be form ubedss

FE)=D WA (E) "i, (L n} ( 9
b edt o



gwk =1 ( 5)

W hee E; ae the if patern as gned to thef hnur & nisthenumbe of nurses f,(E) and
f,(E )i sthe contr butionof E it owads thepr ebence  and the feed bil y agpet oft he <ol ution
reped ivey.

f,(E) evd uaes the shif pattern ass gned to anurse in term soft he degree to which i stidies

thesof toong raints(iet hisnur &2 spr ebr enceonhi gherass gnedshi f pat tern). | tcanbe
formueed as

GE) = (9
wherep; i st hepr eferencecod ofur  sei workingshi f pat ternj andp nmaa@dp mhaet he
madmum andminimum oog vd uesamongt hedi f pa ternsof d | nur ssont heaur rent
ghedul er epedt ivey.

f,(E;) evd uates how fart he shif pattern asd gned to anurse stifiesthenad oond rants { e
cover age requi rem entand grade dem andg. This can be form ulatedss

LE)= " i (L (7

where Gi s the cover age cont i butionof nurse i working shif pattern j and cnaand cni are the
m axm um andmi nim umoover age cont f butionvd uesamong the shif paternsof dl nurses on
the cur rent sthedul er epedt ivdy.

In aour rent shedul et he covesge  cont i butionof each nurseshi £ patternist s oont 1 bution to
thecover of d It hreegr ades whi chcanbecd aulaedast heum of gr adeone, t woandt hree
oover edshi f st hat woullbecom euncover  edi ft henur sdoesnot wor kont  hishi f pat tern.
Therefore, weform ute G as
3 14
G =26 (X, dy), ( 9
k=1

s=1
W heeq; =11 nur<ii sof grade sor hjher , Qot herwise
& =11 it paternj cover speriod k O otherwise
d=1f heeisadortage of nurses duringoer iod k of grade s{ et he cover age vd ue
without congler ing shif patternij smd lat han demand Rs) O otherwise

3B Pet ubat ion-1

Thisdep istodet erm ne whethert het ur =5 asd gnment( denoted as E, " | {1, n}) sou d
be refi ned fort henext 1 eration or whetheri  ¢houl d be dim natedand thenur = placed in the
gueue wait ng fort henext r exhedul ing. Thisisdone by com paring higher asd gomentf  nes
F(E) oarandomnumberr  gener eed for each i eraion intherange [0, 1}t F(E)<r § hen E
wil beremoved f om the aur rent shedul e oher wie E; wil aurwe ini spreent poston. The
daysendni  ghtgt hatt henur s shi f pat terncover sar et henr deasedandupdat edf ort henext
Remong ud ion gep (e bdow). Byudng thit ep, an asd gnmentE ; with alargerf  ness vd ue
F(E;) has apopor t ond |y higher probabiil y of survivai nthe aurrent shedul e This m echanian
performsinasmia wayto roulettewhed sd edion in geneticdgori hms



34  Pet ubat ion-1

Followng the Pet ubat ion-1 dep,t he shif paternof each remaning nure dli  has achance  to
bed imnatedf rom bepa td shedu eang venr aeof r . Thedaysandni ghtst hat an

dimnaeddi f patern cover s aret henr deasedf ort hened Remong ud ion gep. Asuaid f or
m uitionoper aors com par edwi th thed im nation rae int he Pet ubat ion-19 ep,t her ae here
choul dber et ivdyand lert of adil aeconver gence Ot herwisg herewil benobi  as nt he
sam pling,| eadi ng to arandom resr t ype dgori hm. From asries of exper im ents wefound that
rm <5.0% Vi ddsgoodr el tsandhencei & hevd ueadopt edbyust orour exper imens Thi s
process is and ogous to the m uition operatori n agenetica gori hm. Note that our m ehoduses

i sPeatubat ion-l dep to dimnae omef e com ponents and thus generae anewdi verst ed
<l ution indirect ly.

$H Remond ud ion

The Remnd ud ion $ep takes a part d shedul e as the input, and poduces a com plee shedu e
ast heout put. Si ncet henew shedul  ei sbassdoni  terativei m povem enf rom thepr evi ous
ghedul e dl hif asd gomentsin thepar t d shedul e doull rem anundhanged.  Thereforet he
Reong uat ion task isreduced to asd gning shif paternsto dl unshedul ed nurses to com plit ea
part d <0l ution.

Basd on thedom a n know | edge of nurse rog ering,t hereae manyrules that can beused to build
ghedul es For exam ple, Aide in and Dowdand (2003)i ntroduce three buildng rules a‘Cover’
rule, a‘Contr bution'r ueanda ‘Combined r ule Sincet he ladt worulesse quite Smiar,i n
thispgpeveonl  yappl yt he' Coverr uleandt he' Com bned r ulet of ulf t heRecong d ion
task

The' Cover’ r ulei sded gnedt oahi evet hef eed bil yof t heshedul ebyass gningeath
unshedul ednur st hedhi f pat ternt hat cover st hemog num berofuncover edshi fs For
indanee, esume that ashif pattern cover s M onday to Fridayni ght hif s Further asum e tha
the aur rentr equi rem entsfort he njht  shi f st om M onday to Sunday aess  fdlowsf 4, 0, +1,- 3,
-1,- 2, 0), where negative s/m bol m eans under cover andpos i ve m eansover -cover . The gren
if pettern hence has a cover vd ueof 3 asi cover sthe night shif s of M onday, Thurday and
Friday. Notethaf or nurses of grade st hisrule only count sthe shif srequif ng grade s nurss as
long asthereisasngleuncover ed shif ort hisgradef dl shif sof grade sare cover ed, shi f s of
grade (s1) a& counted. This operaion is necesar y as otherwise hjher graded nurses m ghtlf
lower graded dem andf d, eavi ng thehi gher graded demand m ght unm et & dl

The ‘Combned r uleisded gned to adieve abd ance between <ol ution quai y and fead bil y by
gag though the enti e st off eed ble hif patterns for anurse andess gning each one asore
The one withthe hphest [ e bed) soreisdoenf  hereismoethan one shif pattern with the
bet soret hef ¢ suchshi f patenisdosen Thesoreof ashif pateniscaalad asthe
weighted um oft henur s&5 prebencsood p;f ort hat part culr i pattern and § soont 1 bution
tothe cover of di hree grades The lattei s measred asa weighted sum of grade onet woand
threeuncover edshi f st hat woul dbecover  edi ft henur sewor kedt hisi f pat tern,i .et he
redud ioninshort dl M oepred sy and usig the sam enotation as beforgt he sore § of dhit
pettern or nureii scaubt edss

§ =w,(100- p )+ W (X 3 &), ( 9

s=1



w here wyi sthe weight oft henur s&5 preferencecog p;f ort he shit pattern and wd s the weght
of cover ing an uncover ed shif of grade sq ;i s1f nurseii sof grade s or higher, 0 ctherwise
&islf sif paternj cover sday k O dher wisse i sthe num ber of nurses needed to el esst
stidythademand Rd herese g nurses in shortage duringper iod k of grade s Oober wise
(100-p;) mus beused in the soor  as hher p; va ues are worse and the m axm um forp ;i s 100.

Usdng thesbove tworules at he rates ofp ; and por eed ive y,t heReoond 1wt ion depasd gns
shif patenstodl unshedubd nurses unti he boken ol utioniscomplee | naddit ont o avoi d
gagnaion atl ocd optim a andom ness needs to be introduced into the Reoond it ion geps This
isachi eredbyd lowingeachunshedu  ednur £t ohaveanaddi tond andlr aep st obe
ghedul ed by arandomly-sekd shif patern. Note thatt he aum ofp p » and ps shoul d bel.

Al notetha because wesdl ve thegobl em withoutr €ying on any prior know | edge about which
nures shoul d be shedul edeer 1 e and which nurses latert he indexi ng oder of nurses gren in
the origind datast wil be aoplied thoughout t heRetong udt ion sep.

A fter abokensol utioni sr epa red, t hef i nessof t hisctompl etesdl utionhasbbecd al eed.
Unfortunatdy, duet ot hehi ghly-cong ranedna ureof t hepr oblem,f eas bil ycannot be
guaranteedHence,  t hef ollowingpend tyf undtiongppr oachi susedt oevd uaet hesol utions
obta ned

n m 14 g n m
MR DD 0%+ Wama 2, 2 MR- D D Gag%; 0, (10
i=1 j=1 k=1 s=1 i=1 j=1

where cong antw gemand S the pend ty per uncover ed shif sinthe ol ution, and a‘max’ fundionis
useddue to the pend ization of under cover ing.

4 Com puttional Reults

Thised ion desr ibes the com putationa exper im ents used to tes our proposed dgori hm . For dl
epea iments 52 red data sts(as povi ded by the hogi td) aeaval  ldbb  Each data st cons 4s
of one weeK srequirements{ e 14t meperiodyf or dl shif and gradecombi nations anda 1 & of
nurses avai labk together with their preBencecos s and quai cations Typicd ly,t here wil
bebet ween 20and30nur s per ward, 3 grade-bandssndd41l  dif eent shif paterns They are
m oderatelys  zedpr obl em soom par edt oot her pr oblem s eportedi nhel 1 erature( Burkeet d ,
2004). Theda awasml lededf rom threewar doover aper iodof sver dmonthssndoover s
rangeof shedul ingd tudions e g meda a ndanceshavever  yf ewf ead ble ol utionswhi 14
othershave mut pleoptima. A ZpF eoont aning af hesb2 ingances isava labl e to download
a http:/ wwwecs nott ac. uk/ ~jpl/Nuree DaaNureD atad p.

41 Algoi thm Déails

Table 11 $ detaled com putationa r eaul ts of various gopoaches over 52 ingances The resul ts
i dedinTablel aebasd on20 runs with dif eent r andom seds The ssoond ladr ow (headed
‘Av.) oontansthe meanvaieof  dl ool umns and the lagr ow (heeded ‘% ) shows the rdaive
perentagedevi aionvalesof  t heabovemeanvd  uest oheopt imadsol utionvd ues W hen
com puting themean, a cenoedoog val ue of 255 hasdbeenused 1 and gori hm falstof nd a
fead ble 90l ution (denot ed as N/A). The following notations are em ployed in the tabk

e IP:opt imdorbet -known sl utionsf ound by XPRESS M P, acommea & i nteger
pogr am ming ol ver( Dowdandend Thom pson, 2000) ;



* GAZL betr eall tout of 20 runof abes c gengticdgori hm (Aide inand W hie, 2004) .

* GAZbet realtoudf 20 runs of an adgptive GA,which is the sam e as the bas ¢ genetic
dgori hmrevigon, buti dsot esto df earn goodpar am eers during the runtim egat ng
f omthevd ues grerbebw  (Aidkd inand W hte, 2004) .

* GA3 bedreailtout of 20 runof amut popul aiongenet ic dgorf hm ,which isthe smeas
the adapt ive one, but d o feat uresom pet ing ub- popul aions (Aidd inand W hte, 2004) .

* GA4: betrealtout of 20 runsof t he il dim binggenet ic dgori hm ,which isthe smeas
themut popul aion gengticd gori hm ,buti d< ind udes alocd sear ch in the form of a hil
dim beraround the cur rent bes <ol ution (Aidd inend W hte, 2004) .

e GASG: bedreult out of 20 runs of an indired genetic agori hm,which m gpsthe cond raint
ol utionpacei ntoanuncond  rained ace, t henssar cheswi thint hat new ace and
event ud Iyt rand aesl utionsbacki  ntot heor igind gaoe( Aidkd inandDowd and, 2003) .
Upto four dif eent r uesand ahldl dimberareused inthisagori hm.

» EDA:betr et out of 20 runsof an eximadonof digi bution dgori hm (Aide in and Li,
2006) ;

* LCS:bedr eaitout of 20 runof alearning Cless f er Sygem (Li and Aidd in, 2004) ;

o Conheu: begr el t out of 20 runef our m ehod withoutt he two g eps of perturbaion;

* CHAP:ourf ull Com ponent based Heurigic m ehod with both A daptive Perturbetion Seps
* Bed: bedr eall t out of 20 runof CHAP;

* Mean aveege realltof 20 runef CHAP;

e Inf: num ber ofr uns term nating with thedbes <0l utiorbel ng infeas ble;

* # num ber ofr uns term nating with the bes <0l ution bengopt im &,

o <3:number of r ungt ermnaingwi tht hebed sl utionbagwi  thint hreecod uni tsot  he
optimum Thevd ueof t hreeuni tswaschoenasi toor regpondst ot hepend tycod of
violatingt hel esg i mportant | evd of r equest si nt heor igind f ormuktion. Thus t hee
ol utions ae i aceptik to the hogpi tal.

Sea¢ | IP |GA |GA |GA |GA |GA EDA |CS (Con CHAP (20 runy
-1 1]1-21]1-3|-4 |-5 1 heu Bes Men | nf # <3

0L | 8 9 9 8 8 8 8 9 31 8 80 0 20 20
02 149 |57 %7 5) 50 51| 5 | 60 |100 49 549 0 2 3
03 |50 |51 %51 50 |50 51 |50 |68 P4 50 519 0 12 17
04 |17 r |17y 177 17 17 7 |17 |20 17 70 0 20 220
66 |11 |12 11 11 11 11 |15 |2 11 115 0 19 19
6 | 2 7 7 2 2 2 2 2 20 2 21 0 18 20
07 |11 N/ A|N/A| 11 13 |12 |14 81 45 11 115 0 12 20
08B |14 |18 18 1% 14 15|15 483 A 14 160 0 10 15
0 | 3 N/ A[N/A| 3 3 4 14 |17 N/ A 3 85 0 12 12
10 | 2 6 6 4 2 3 2 5 13 K 3. 6 0 0 2
|2 4 4 2 2 2 2 2 N/ A 2 20 0 20 20
2|2 |14 14 2 2 2 3 4 N/ A 2 24 0 15 19
13 |2 3 3 2 2 2 3 5 |103 2 23 0 14 20
14 | 3 4 4 3 3 3 4 7 |21 3 192 0 3 5
153 6 6 3 3 3 4 5 5 3 30 0 20 20
16 |37 |40 40 38 38 39| 38 | 3B |[159 3r 3712 0 16 2
7 |9 |12 12 9 9 10 9 2 N/ A 9 92 0 18 20
18 |18 |19 19 19 19 18 19 |33 |15 18 181 0 19 20
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19 |1 5 5 1 1 10 |32 N/ A 1 16 0 11 2
2|7 |10 10 8§ 8 7 7 7 36 7 42 0 8 8
21 | 0 I U 0 0 0 1 6 23 0 01 0 18 20
2|5 8 B % 5 |25 26 |38 |10 25 269 0 6 16
23|10 8 8 0 0 0 1 3 N/ A 0 01 0 19 20
24 |1 4 3 1 1 1 1 1 N/ A 1 10 0 20 2
5|0 6 5 0 0 0 0 0 4 0 11 0 15 2
26 |48 N/ A|N/A| 48 |48 |48 52 | 93 148 48 636 0 8 16
2r | 2 |17 17 2 2 4 |28 |19 N/ A| 3 177 0 0 2
28 |63 |66 66 63 | 63 64 |65 |67 N/ A | 63 633 0 11 20
2|15 |20 20 14 17 15 | 109 |56 N A |15 624 1 9 1
0 |3B |4 4 4 »H | 3B |3V |44 pr B 483 0 5 5
31 |62 N/ A|284 166 9 65 159 123| N/ A |66 6.5 0 0 O
32 |40 51 51 99 41 42| 43 | 42 N/ A |40 47 0 8 15
3B |10 N/ A|N/A| 10 2 |12 |11 15 N A|11 1220 0 0 18
A |V 42 42 48 40 39| 41 | 70 |N/ A| 38 427 0 5 14
H|3H B I 35 % (46 ©4 N A|l3%6 48 5 0 0 2
¥ |2 N A|3Bb |4 B3 32 45 |54 |198 2 417 0 4 5
37 |5 8 3 5 5 5 7 12 |62 6 7 0 0 0 16
3B |13 N/ AIN/A|14 |16 15 25 30 120 14 | 46 5 0 0 10
P |5 9 8 5 5 5 8 13 |118 5 59 0 5 22
40 | 7 14 10 8 8 7 8 15 |26 7 82 0 18 18
41 |54 N/ A | 65 4 |54 55 | 5% |57 121 5 542 0 18 2
42 |38 |41 41 38 |38 39 |4 (80 PpL 4 4 1 0 0 16
B 12 24 24 39 24 23| 23 | 58 |N/ Al 22 26 0 16 17
4 |19 |36 36 19 | 48 |5 |24 B4 N Al 19 287 0 1 4
45 |13 N Al 9 3 3 3 6 15 111 3 45 0 4 19
46 |3 |17 10 3 6 6 7 P28 N/ A 3 58 0 2 13
47 |3 N/ A| 5 4 3 3 3 3 N/ A 3 30 0 20 20
48 | 4 9 9 6 4 4 5 18 N/A|5 129 0 0 5
49 127 136 36 30 29 30| 30| 37 |N/ Al 2r 383 0 1 2
5 [107 N/ A |N/A |211 10 10 1¢9 119 N/ A 107 1075 0 12 20
51 |74 N/ A [N/A |[N/A | 75 74 | 171 |125 N/ A |8 180. 9 3 0 O
52 |58 IN/ A |[N/A|N/A | 75 58 67 |8 INJ A |58 &7 1 3 4
Av. [21. 1 |78 6b. 0(37.1123.2|22.0]29. 7 |35.5|157. 4|21. 7 28.6 0.1 9.6 14. 4
% 0 |278 P08 16 1 4| 41| 68 | 646 |2 7 355

Table 1. Com paison ofr eal ts by various gppoaches  over 52 ind ances

For dl dataindances weused the following st off xed param e sinour  exper im ents

e Stoppinga 1 erion;amaxi mum iteat ionob0, 000, or anopt im a/bedt -knownsol utionhas
been found,

Rate of Pet ubat ion-i n Sedion 3.4:r ,,=0.05.

* Raes of Reoond ud ion in Sedtion 3.5:p ; =0.80,p » =0.18,p 3 =0.02;
« Wepht sti nformula (9w ,=Lw ; =8w , =2 and w; =1,

» Pendty weghti nf ness fundion (10W gemang =200;

Note thasomepar amex vdues ( et hemaxdi mumnumberof i eraionsr ,,p 1,p 2 and ps)ar e
bassdonour ee iencandi  ntuit onandhusw ecannot pr ovet heyar et hebes f oreach
indance. Ther edof t hevales] 1ew pW ;,W 5,W 380dW  gemang) & €t hesam eashoseusedi n
previ oupaper sl ving the ssameb52 ingances and wearecontinung touse them for cond gency.
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Ourmehod was coded in Java 2, andd | exper im enfs were under taken on a Pentium 42. 1GHz
m achineunder W indowsXP. Tot edther obud nessoft  hepr oposedd gori hm,eachdat a
indancewas unt wentyt im esbyf ixi ngheabovepar am e sandvar  yingt hepseudor  andom
numberseeda t hebegi nmg. Theexeaut iont imeper r unandpedat  ai ndancevar iesf rom
sver dmiill ssoondst  020secondsdepend ngonhedi  f aultyof t hei ndividud dat ai ndance
Table21 $ the avege runtim esof various goprcacheover t he sme52 indances t hef € 9x
{ elP,GA4d GA2 GA3 GA4ad GAD) wererun on adif eent Pentium | PC,while the
following two( e EDAand LCS)on admia Petium 4 20GH z PC. Ohbvioud y,t he IPism uch
dowert han any oft heebove meaheurigics Am ongthese m e-heurigic mehods our dgori hm
takenom or et im ed thoughanaoour  atecom par ioni N teem <of r untim eisdi T aultduet ot he
dif eent evi rooments( i e madi nes compi lersandpr ogrammigl anguages i nuse  For
examplet he genetiaA gori hm sae coded in C and the ED Aiscoded in C++. The com parison in
term sof t henum ber of evd uationd sd sodi T aultbecausst  heot herd gori hm sevd uaeeach
candi date sl ution as awhole, while our dgori hm evd uates part d <ol utions as well

P GA-1|GA-2 |GA-3|GA-4 |GA-5 |[EDA |LCS CHAP
Time(sd | >24hours | 19 23 13 15 12 23 45 12
Table 22 Com paison oft he aveege  runtim eof verioussppr oaches

42 Anayd sof Reallts

Ther el ts ofd It hegppr caches n Tablel areobt a nedbyusghesam e52benchm a kt et
ingdances with thebal T gure repesent ing the optim d <ol ution found by acommead d wof tware
packege. Com paed with the reall ts oft he mahem aica program mimgappoach  whichcan  take
up to24 hours runtime(shown inthe | P’ col umn), ourr eaul ts (shown in the ‘Bet’ column) are
only2. 7% m oreexpend  veonavesgebut t heyar ed | achi evedwi thn 20sconds Com paed
witht hebes r el tsof var iousm et a-heuridicappr oaches i ngener dt heCHAPTr eall tsar e
dightlybet tert hant hoseof t hebet -paformingi ndiredt gengt icd gori hm (withar dative
per ant agedevi  ationvalieo#%o ) andaemuchbet  tert hant heot her§( withdevi aionva ues
f om10% to 278% ).

Sinosour  proposed m ehodol ogyuses a‘Covert ueand a‘Combied r ueini s Reoond udt ion
depf orshedul er epaing, i tmaybei nteretingbknow i ft hegoodper fomanceof our
dgori hmiana nlyduet ot hest wodd icaebui Idingr ules Tod af yt hisweper form edan
addit ond =t of experiments by i pping the two perturbaion gepsi e only im plem enting the
Reoond ud ion dep to buildashedul ef roman emplysol ution. Thism et hoddoesnot  yi dda
dnglef eas blesnl utionf or24i ndances ag he' Contheu’ ol umndhows Thi sunder | nest he
dif autyof t higor oblem andmog i mpotattlyi tunder i neshekeyr  olespl ayedbyt het wo
dimnaiong epsi nour f ullmethodd ogy, asheRecong  ud iond epd onei snot  capabkbof
20l ving the problem .

Figures 2 and 3 show the reaul ts of our m ehod and thebet i ndired genetic dgori hm grgphicd ly
inmoredeal The barsabove the yaxi srepesent <ol ution quat y out of 20 runst he bladk bars
show thenum ber of optim d 0l utions found { et he vaieof ‘ #i n Table 1), and thedot ted bars
repesert t henum ber of goodf ead blesol wtionswhi chaewi thin3cod  uni tsof t heropt imd
2l utions ( et he vd uedf * <3'i n Table 1). The bars bebw the yaxi s represent t henum ber  of
t mest hed gori hmfaledt of indaf ead blesdl utioni nhexe20ung iethevd ueof ' Inf’in
Tablel). Henogt he less the area babw the y-axi s and the m ore above, t hebet tert he dgori hm'’s
performance Notet ha' mied ng bar sneant hat,i n20 runs f ead blesol utionsar eobt anedat
leed onoe, but noneof t hem areoptim dor of good quali y (withiB  units of optim dvalies .
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Figure 2 Realltsf om CHAP.

Figure2showst haf or CHAP,21oupb2dat ai dancessar el vedwd (i e withl00%
2l utions beng withn3uni  tsof optimd va ues , 42 indancesr e 0l vedopt im dly atl et once
and overdil here are 5 infead ble 0l utions for 3indances  Fort he beti ndired genetic dgori hm
(hown inf gure 3t heresltsae dightly worss 15 dataindancesr e 0l ved we] 28 are ol ved
tooptimd y al eed onog and intotat here are 56 infead ble 20l utions for 6dat aing ances
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Figure 3: Reallts oft he beti ndired genetid gori hm { e GAD).
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Figureddowsaaummar  yof Tadl eli ngr gohtd f ormdandgi vesanover  dlcom par isonof
perform ance oft heoher  gppr oaches withour poposed m ehodol ogy. The bestr eal ts fort hese
ingdances are obtained by the IP oftware, and in gener d, our goproach perform sbhettert han the
previ oubes -performinggopoadh.  Thebad c geneticd gori hm ( e GA ), he adaptivegenet ic
dgori hm (ie GA-2),bemu 1 popul aiongenet icd gori hm (i e GA-3)andevent hehi 4
dimbing genetic dgori hm { e GA4) which indides m ut ple popul ations and angibor  ate locd
sach ad | dgnif cantly ouper form edin term soff ead bifl v, bes and aver age reaul ts

The othert hree goproaches { et he GA5t he EDA and the LCS) bebng to the d ass ofi ndired
gopoaches | nwhidha st of heurigic rulesi nd uding the ‘Covert ule and the ‘Combhed r ule
used inour goproach,i s used for schedul e building. Com paed with the EDA and the LCS, our
new gopoach perform sm uch betteri nterm soft he best andaveage  reaul ts and dightly worse in
teemsof f eed bl y. Com par edwi tht heGA-5whi chper formsbest anongd |t heheur idic
agori hm s our gopoach  perform sbetteri n dl agped s off eed bil y (99% vs 95% ) bedr exll ts
(217 varass 220) and aveege rellts (286 vs 3%) . naddit onji  sworth menioning thett he
GAbBuss thebet pos ble oder oft henur s (whidh, of cour g, has to be found)f ort hegr eedy
heurigic to build a schedul e, while our dgori hm only uses af xed indexi ngoder ing gien inthe
origind datasts
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Figure 4: Summ & reaul ts of various seach dgori hms

5 Condudons

This paper preent s a new gppoach  to addess the hogi td personnd  sthedul ingpobl em. The
m gori dea behnd this mehod isto decom posea <0l ution into com ponents and then to mimic a
natr d evol utionary process on these com ponents to m aket eraive im povem ents in each sngle
ghedul el neach i ea ion, an unfi port onof t he sol ution isremoved. Any broken ol ution is
repa red by arefined greedy buildngooces

Takenasawho € hepoposdappr  ocachhesanumber  of di dind advant ages Fi rdly,iti s
dmpeand easy to impement becaue 1 uses greedyd gori hmsand locd heurigics  Seoond vy,
due tof sfeatures of mantainingonl y adnge < ution a each f eraion andd imnaing inferior
patsf om this <l wtioni can quidd y conver ge to locd optima Thirdly,t he technijue  has the
abil y to jumpout ofl ocd optimain anef fedive manner. Findly,t his approach can be eas ly
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com bined withoher m eg-heurigics to adheve 1 spesk performance on <ol utionqua 1 yi CPU-
t meisnott he m gor conor n. For exam plet abu seer dcan  be used in the Recond ud ion gep to
eql ore thengihbour  ing 0l utions in anaggr ess ve way andavoi d od es by dedr ing et butes
ofvi dtedsol utionsast abu. | naddi t on, 9 m ulstedanned ingooutibeusedast heacoept  ance
af eiafort he reaul t ng <0l utions after Reoong ud ion to acoept not only im poved <ol utions as in
the aur rentf orm ,but d <0 worse ones with acertan levd of probabii .
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