|  METHOD AND SYSTEM FOR ROSTERI NG USI NG MULTI PLE LAYERED AND SEGVENTED
PHEROMONE- BASED COOPERATI NG AGENTS Field of the Invention [0001] The
present invention generally relates to conputing nethods and systens for
rostering, and nore particularly to a systemand nethod for rostering using
mul tiple layered and segmnented pheroﬁnne-based cooperating agents.
Background of the Invention [0002] Rostering problenms arise in any
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sol ve ity rdongpapieshlpehise ahldefise Tciepﬂitﬁlbﬁ?ﬁﬂii|transportation companies, shipping
companies, and airline/airport operators. Scheduling a staff duty roster for covering the
round-the-clock tasks is a highly constrained hard combinatorial optimization problem
(COP). The rostering problem is further complicated by flexible work patterns, public
holiday returns, annual and training and urgent leaves, high level of manpower balance,
and even-distribution of duty shifts.
[0003] Rostering is different from scheduling. In scheduling, the duration of each
task is given and resource and temporal constraints are also known. The main objective of
scheduling is to find a start time for every task and, typically at the same time, to allocate
proper resources for the task as well. Often, the main objective requires total costs to be
minimized. In rostering, a roster generally defines a work sequence using a shift list on a
rotating basis within a group based upon predetermined parameters. Also, rostering relates
to shift distribution; this is more than just controlling time for performing tasks as required
in scheduling. A roster seeks to balance staff within constraints imposed. In some
instances, rostering may have to accommodate other hard and soft constraints due to
individual preferences, capability and availability.
[0004] Rostering problem has been a lasting one. Traditionally, constraint

programming, Tabu Search, Simulated Anealing, Column-Generation, and Knowledge-




techni ques are inpractical for conplex rostering problens. [0005] Recently,
nor e advanced probabilistic search technol ogi es such as Genetic Al gorithns
(GA) and Ant Col ony Optim zation (ACO or ant systens) have been applied
to rostering problens. [0006] Genetic algorithns search for optinmal

sol utions on the basis of the princi@es of natural evolution that depends
substanti al lé on fitness. In a GA system solution of a problemis encoded
in a chBasags YﬁemEe{KﬂBﬂ)m&vedfeethedhbmmﬁd)mterkigoymueﬁﬁs THIEN Braditond

sol uti O&Cféﬁ“ able.with. algff' ned range of values.” Genetic algorithns
oper at e q‘éesp%’f)ﬁ?%??ftb‘i"i‘ I COMPEHSASEENGPIBIE®Sor chr onpsomes in a

sel ect i poesjepr odurRkicye e eratl
sel ecti [gn 5r]epr oduct‘lté(gln yeggkﬂ%?‘%ﬁc%%ﬁ%gg%lgg%e%e sclhﬁ% Ho p@h%esluc &F‘é‘ﬁ’&om y
gener at AlgogitirostisAjresd Ak Colony Qptimization 48COX, di Big swemb)ehervemeta,ﬂ aﬁﬁhequal ity.
The fi tio rfggggers sﬂected fromthe first generation are put into mat i ng
pool for rep fromwhich a new generation is derived by conbl ni ng
(crossowouy or al GeRiMO aldoRiha! AAk:II90 SpAMINolRILY U HlS ° DR e,
popul ation. The selection-reproduction 8 ution cycle re 5 un

opt i nal PréwiRles o naksalpesohuticu fat dﬁpendls mmbstantuflly o ﬁd&tsgr Th raeGAemtem [ on

| f d 0 CGenet th ful |
iy 1 oa i L P ElECoqeia ihromb e | Eachaiy b roBRDe, koaBBess Ul
appl i cadsiagenef is @e0Ritiod vakigole 'V\l'flﬂf@défﬁleﬁf}@ﬁ%? 61-‘%1&@8%&’& n%qrft%s 8?&9@,' ng the

sol utions nust be with a nmanageabl e | engt In tra
al gor i t¥hpeRiationof eacmdcsﬁb@@maoqmgvmpspm®se atsslemmaieptadomormwihmongene

(denot S gk | engt h. of th chr onos

represe tge gglé ﬁrft\ég%é&féu ?%{%3616& OﬁftreBW u?tff’nteﬁ’f’g‘? 198 2% Fﬁ@“smtt%%foae?‘gﬂléfﬁt can

have X ofa‘au@mnlyeg@brat@d tierobistfies ﬂia@ht&s”élédfed EROAARS tS theY fife ¥ sadl., f the
umerous ways to arrange shifts in a roster

gene. are

Appl i H{}“ 15 pemBens esehssded ithomn (Be diysiyenearpidomliago put fite a qsnartmt pcpolt frese
Shl fts ot al nher rrrut at IS huge.
Ther ef or'e, dﬂ&ionbﬁo’ﬁﬁ%%%ﬁ%%ﬁ%%g gS&r?ger %lgf"élb 'f'% SS?Ye Wé‘é‘g

unf easi(biuating) geneutlammgl amdlﬁaualsmmm&he (popﬁlatidnde TR tse B ior- @éﬁr@duoﬁ@h utions.
[ 0008] Si invented by Zhu Chun Bao and assigned to

gﬁapo Eat ent 103@
Nanyand V@ EXFE TePeris At Al gpHishFORItER hesdpemgownst ook anmbendfased
roster 'ﬁ?&iete?ﬁﬁﬁe%r@vom ohlﬁgcﬂeg iR pLrfGimey St em that uses genes to

statically represent sol
[0007] Genetic algorithms are useful in solving many real world problems.

However, a preliminary condition for successful application of genetic algorithms is that
the chromosomes for encoding the solutions must be with a manageable length. In
traditional genetic algorithms systems, a chromosome (Cy) represents a solution, and a
gene (denoted as ggj, where j=1 to Lc, Lc is length of the chromosome) represents an
element of the solution. In this modeling, the element can have X values, each value being
statically represented by a value of the gene. There are numerous ways to arrange shifts in
a roster period. Applying static gene modeling using genetic algorithms to roster these
shifts may not be feasible when the total number of permutations is huge. Therefore, when
chromosomes exceed a manageable length, it becomes unfeasible for traditional GA
systems to provide optimal roster solutions.

[0008] Singapore patent 103338, invented by Zhu Chun Bao and assigned to
Nanyang Polytechnic, describes a dynamic GA modeling method and GA-based rostering
system. Unlike traditional GA system that uses genes to statically represent solution

parameters, the new method considers genes as shifting factors and swapping factors. The




paraneters, the new nmethod considers genes as shifting factors and swappi ng
factors. The 3 dynam c adjusting factors are used in GA evolution solution
searching cycles by the GA systemto adjust predefined shift matrix to
generate a roster solution. However, due to lengthy iteration cycles of GA
evol ution, solution searching may not e efficient, particularly when the
rostering problemis considerably large. In addition, a GA system
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better, are used by more ants, and therefore receive a higher amount of pheromone until an
optimal solution is found.

[0010] The ACO meta-heuristic consists of three problem-solving steps. First, the
optimization problem is defined into a virtual graph. Second, a local searching heuristic is
applied to select the next node for an ant to move to until the ant completes its solution
construction. Finally, when all ants have constructed a complete solution, global
pheromone updating rules are applied to update pheromone on links of visited nodes.

[0011] Although the ACO meta-heuristic has been proven useful for solving
different hard combinatorial optimization problems, it is not readily available for use to
solve real-world combinatorial optimization problems as the problem definition, local
searching heuristic and global pheromone updating rules are very much problem-
dependent.

[0012] In addition, traditional ant colony optimization (ACO) technology utilizes
simple cooperating agents (also named artificial ants) to search for solutions; and during

the solution searching within a virtual graph, the communication medium used by




dependent. [0012] In addition, traditional ant col ony optim zation (ACO
technology utilizes sinple cooperating agents (also nanmed artificial ants)
to search for solutions; and during the solution searching within a
virtual graph, the conmuni cation nmediumused by 4 cooperating agents is
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assignments within a roster period using multiple |ayered and segnented
pher onone- based cooperating agents, wherein the duty assignnment of each
staff is represented by a shift list. In one enbodi nent, the nethod
conprises the follow ng operations of receiving rostering problem
definition data; constructi n§ummanytafdhe Invempiont hat conprises a plurality
of staff nodes, a plurality of organizational nodes organized in a |ayered
structure, a plurality of shift bal ance groups and a plurality of shift
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correspondi ng organi zati onal node, one correspondi ng shift bal ance group,
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[0015] Another objective of the present invention is to provide an improved ACO-

based rotering method and system that can be applied to the rostering problems with more
- than one optimization criteria.
[0016] In one aspect of the present invention, there is provided a method for
rostering a plurality of staff with duty assignments within a roster period using multiple
layered and segmented pheromone-based cooperating agents, wherein the duty assignment
of each staff is represented by a shift list. In one embodiment, the method comprises the
following operations of receiving rostering problem definition data; constructing a virtual
graph that comprises a plurality of staff nodes, a plurality of organizational nodes
organized in a layered structure, a plurality of shift balance groups and a plurality of shift
lists, wherein each of the plurality of staff nodes is associated with one corresponding
organizational node, one corresponding shift balance group, and one corresponding shift
list; performing main roster scheduling cycles on the virtual graph by a plurality of the
multiple layered and segmented pheromone-based cooperating agents, wherein the

. cooperating agents utilize shifting factors to alter the shift lists and determine a roster




list; performng main roster scheduling cycles on the virtual graph by a
plurality of the multiple | ayered and segnent ed pheronone- based
cooperating agents, wherein the cooperating agents utilize shifting
factors to alter the shift lists and determne a roster 5 solution; and
perfornming fine-tuning operation on the roster solution fromthe main
roster scheduling cycles by swapping factors, wherein a best solution is
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according to the intermediate shift lists against various balance groups and multiple layered
organizational hierarchy; wherein the intermediate shift lists are constructed by the system
initially, and thereafter by the searching agents during roster solution searching cycles; the
scheduling flag is included in the staff nodes of the virtual graph; placing the cooperating
agents on the first staff node of the virtual graph; wherein each of the cooperating agents
carries out a roster solution searching cycle starting from the first staff node to the last staff
node; constructing a matrix of roster solution shift lists according to the shifting factors
determined by the cooperating agent; evaluating, according to constraints imposed and
shift balance criteria specified, the constructed roster solution searched by the cooperating
agent; wherein if the solution Q*uion is better than the solution searched in this searching
cycle QNCbest, then the searching module updates QNC st by assigning Q7lution tO QNcbest;
incrementing the agent counter by one; wherein one searching cycle is finished when all

the agents have completed their solution searching cycles; evaluating the roster solutions

searched in cycle NC by comparing QNC, .o with the global best solution Qpes: searched so




shift balance criteria specified, the constructed roster solution searched
by the cooperating agent; wherein if the solution 1a011011 is better than
the solution searched in this searching cycle SZNChest, then the searching
nodul e updat es SLNCbest by assigning Qasolution to QNCbest; increnenting
t he agent counter by one; wherein onebsearching cycle is finished when al
the agents have conpleted their solution searching cycles; evaluating the

roster faplwhdreiAst Qé‘é@{g@.bsatejr RhaYOL 8, N¥dah¥ SRS, S q%%gwté b thbe

gl obal best solution best searched so 6 far; wherein i est is better
t han 52t tbalapperairetheStibesl grephhatuk stultiplpdagteretasd a¢gmafted treil dehsifits;

bal ' h ' I h, i ple-| d d d il
denci ¢ ibeteby BRECiih AR TR AR eyl panfiiiscSiuafte ghee avEon hat el

accor dithe shift BaltceYH LM nsRMnk  satibA&ichMt Mhrib@ 1BRAGS Sn @ Ot RS tlcBdrfMnding
satisfaction at various |layers and segnents; .increnenting the SO|U%IOH

sear chithg seljptibe searching cyble conater dcdnst aphstappisg aearbh iff eithier her beshwsisest

rost er | ut,i on _has no i r Qv nt after NBst cles.such n Nni >=
A L S O A p U g L L
(when Nuniter NRsster spea@RE EtgesbRBihes NISE @FheBONOtEON, Shbedkreb9ans bed so far

is presented for the fine tuning operations. [0019] In yet another
enbodi mesfer slutiqneQpe s¢rvehedtsedar is peesenind fiy thgpBratunmg opstiipns.ses t he

fol | ow tions: initializingt i ne- t uni i where th
bost ISt on sABexet alhed ottt wo it et g DRy, oBo SR o
previ ousdprised et follbehg ORRERSsORStialiSnL ORI fRR-fuRinSZReAfon, WheRtthaGeand

initializing a predetermnm ned nunber of ~cooperating agents M-, and all
r el at ecsohttianr Lot earefeast by eitbemthaimejnceheiludiag ecyslea s ﬁrevlousiyéme-tgmagf node

d det 1.Ni . hi gh I i i. I [ 1 taff des;
cott| nepreptebais e Plefith i rrits BBl At A e ig Srdins e BRER s
bal ance;Rpetatif®ASdHiAMM Sndall kahRE bty R¥RASRL gaeﬁﬁﬁ&@]gbjaﬁgida@ shiags st

roster SOPUtIOﬂ received from previous scheduling or fine-tuning operation
92bme; @leac sl wolepmdaddtempiapentigh ¢ lewewappiog regioas fomald¢het galfaodys;out a

roster fine-tuning cygl tarfing fromthe firs taff node . to t l,ast
Craff EUUE HSE b laer peotd Phovapri fefsh s e ekl fnl
S2asol WdnehaidtCaitdidtiohd evilfatel deco@ingSwatte BBt e6dteneslutiyn thRivagdeiém
eval uating, according to constraints inposed and shift balance criteria

speci f i praviouhechedaling orsnestuning eezation Ri-enplaeing cReREraing agenisqunipe firgt t he
solution ..S2asolution.is

20| oS3 A bk A5y PR M S SR R

I ncr emefifr pedd; RensERMANg GAHAMRTofRYstNBlutionahift Ats, Q°sotion according to the list
of swaps determined by the agent; evaluating, according to constraints imposed and shift
balance criteria specified, the roster solution Q%ution searched by the agent; if the solution
Q2 otion 18 better than the solution QNCbest searched in this searching cycle, then updates
ONCpest by assigning Q%otution t0 ONCes; incrementing the agent counter by one; checking
whether all the agents have completed their solution searching cycles so as to determine
whether the current searching cycle indexed by NC is finished; evaluating the roster
solutions fine-tuned in cycle NC; evaluating the global best solution Qppest searched in fine-
tuning cycle NC; updating state of the shift balances in the virtual graph; calculating trails
A[‘P(Tw)k,g], A[P(T) iels A[‘P(TT)k,j,i,g]; updating multiple-layered and segmented trail
densities ‘I’(‘cw)k,g (t+AL), P(T°) e (t+At) and YT jig (ttAt) on the virtual graph; and
determining whether the fine-tuning is finished; wherein for a “NO”, another fine-tuning
cycle is carried out; otherwise, if either the best roster solution has no improvement after

Nrpstop Cycles such as when Ny; >= Nppgop 0r if the total number of roster scheduling cycles




whet her all the agents have conpleted their solution searching cycles so as
to determ ne whether the current searching cycle indexed by NCis
finished; evaluating the roster solutions fine-tuned in cycle NC
eval uating the gl obal best solution 5 Fbest searched in fine- tuning cycle
NC, updating state of the shift balancés in the virtual graph; cal cul ating
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nedi um fP§Fiod oiing irrngtlnleplaypmdl @nyd otgmenied phierdmong-Yassdséappeenting agentsi n a

roster yered and s nt er onone- based .
cooper at‘ﬁ%%é gg’&@&g“vﬁter Pﬁg?aﬁg gﬁfﬁ rggg?eaﬁgg’gfta%fdﬁg ch staff is
represenocd] by a sOnétadlasige $002 Hhvekion ISURANHRARWhetdA Hal eBR4riced ah$ t hat
t he new pethod has enhanced and, significantly inproved the traditional ant

col ony SHiikisantly wrproxesbihe Eepitismalpntgolopy mﬁmgﬁtwmé@(:@ﬁec@plmebbmne
€.q., météa'tlﬁg% rle@&yt?bggf ﬁﬂ&oﬁxl%gg%{"% ﬂquﬂ %? fe Sind 3B ngmelﬁgt?gﬁl ¢ bR Ge0t ap

cooperating agents; Seg ponet Bhsed

cooper ataimey gype of sooﬁlélnan@‘ ageats, klg. lrﬁulﬁpRSIaﬁbéred hed Bpendnife] prRYo6K? baedear ch
for optimal solution npl, ex and._ | ar ge solution ace represented by

the vir tcaalteraﬁ*%ﬁoﬁgenf%c?li%ecfgwe s passiBis ’i?fusﬁﬁé? SFBNRC @Etﬂ shaped for optimal
i nfor W&stﬂﬂoﬁt}%ﬁmﬂ@aﬂ&%t e Qﬂtﬁa’ﬂ%ﬁfwzeg‘tépr%&érﬁ%ﬂeyr 131 R'F]rﬁfal"iigttagﬂn and roster

optim zation |level at various orga shi ft bal ance
groups #@022per a tlhheenamitype( dpherdmonagohtagnsr ek mfnngatpm almirs manpoeref or e,

(L can SeRLSSSIl fart SR aRLML LoD RarateLore ColLN coLLon, cLLterl g, and

sol uti omidatchy la9tR, SR B&fahHEEoups and per a time unit (day) during the rostering periods.
Therefore, it can represent various solution parameters, optimization criteria and constraint
information. The segmented pheromone is able to divide the solution path into predefined
number of segments, which has advantages over a single unified pheromone, significantly
improves local searching and global searching algorithms, increases solution searching
efficiency, and maximizes satisfaction level of soft constraints and optimization criteria.
[0023] Computational experiments show that the new system is most efficient
among other rostering systems. It is about 30 times faster than today’s best rostering
software available on the market and in Al and OR research communities. It can also
provide most optimal solutions as well.
[0024] Another advantages of the invention is that the method of scheduling and
fine-tuning staff duty roster using multiple-layered and segmented pheromone-based
cooperating agents allows the rostering engine to be flexible and to automatically generate
a solution based on a number of input parameters, and the solution is optimized based on

the optimization criteria and multiple hard constrains and soft constraints imposed.




nunber of segnents, which has advantages over a single unified pheronone,
significantly inproves |ocal searching and gl obal searching al gorithnmns,

i ncreases sol ution searching efficiency, and maxi m zes satisfaction |evel
of soft constraints and optim zation criteria. [0023] Conputati onal
experinments show that the new system i& nost efficient anong other
rostering systems. It is about 30 times faster than today S best rostering

sof tvar gooaial | abl ghewbidievaPinPldvaiadorthe #fidn é\? wohfes 't
can al so :grOV| de nost” optimal sol utlons as wel [ 0024 her advant ages
of the ihevioHowing detaileH aleseripgiometfipoefeméd emhcertinnbntnghamf 1nfcomaactlomwrtg tlet af f

duty roster usi.n e-layered and segmented pheronpne- based
coopera?F(f%npﬁB lﬂggraawlflggls the rostering engine to be flexible and to
automatically generate a solution based on a nunber of input paraneters,
and the solution is optimzed based on the optim zation criteria and

mul tiple hard constrains and soft constraints irrposed 8 [0025] The

obj ectives and advant ages ﬁf' ﬁﬁe in tnntqﬂg \BI becone apparent from the
fol I owi ng detailed descri ptPSh ST HIEY P 2 §ﬁg835nents thereof in
connection with the acconpanying drawi ngs. Brief Description of the

Drawi ngs [0026] Preferred enbodi nents according to the present invention
will noWWoB8l descPrdfededientbadanents mseonding trethecprsapdripvengion wilk 88w ba whi ch
i ke ref I|k n [.0027

exerml argmrs PRTERA e O3S sBecsh Gy RuCHERR or WL i eiterebey Byfrly,

Ilsts faéncaemaé;élememgrl od. [0028] FIG 2 is a functional bl ock di agram of a
rosteri n% syst em usi nlg mul tiple- |ayered and segnent ed ﬁherom)ne bast
cooper al9%3¥ agent §1¢n &@@(frxeaw@éym W@ﬁ@seléﬁ%mfr?en%teb aipga plu

i nventi | lustrates a two-phase approach to generate a
rost er ?ﬁﬂalg:s%gr%glé#%&peﬁog one enbodi nent of the present invention. [0030]
FIG 4 fdoksst r at eFI@yDasra dusdtionhi bigelotiiagramhiof & rbsteting sysean upiog ndilﬂip’»lef ent
shifting factor 0031] FIG 5 |Llu3trates.d nam c shlftupg 3 shift

list wi aryegeék,%q pe ¢ate mhwqqlg(rgd ased cooperating agents in accordatice with one

embodiment of the present invention.

[0029] FIG. 3 illustrates a two-phase approach to generate a roster in accordance

with one embodiment of the present invention.

[0030] FIG. 4 illustrates dynamic shifting of a shift list based upon different
shifting factors.

[0031] FIG. 5 illustrates dynamic shifting of a shift list with several partially fixed
shifts.

[0032] FIG. 6 illustrates swapping of two individual shifts in a shift list of an

individual based upon different swapping factors.

[0033] FIG. 7 shows an exemplary source graph constructed by the graph
constructor of the rostering system of FIG. 2.

[0034] FIG. 8 illustrates the balance groups related to an exemplary station and
sub-balance groups related to teams under the station.

[0035] FIG. 9 illustrates the minimum manpower requirement, the duty shift
distribution and shift balance during the rostering period for an exemplary balance group at

an exemplary balance layer.




shifts. [0032] FIG 6 illustrates swapping of two individual shifts in a
shift list of an individual based upon different swapping factors. [0033]
FIG 7 shows an exenpl ary source graph constructed by the graph
constructor of the rostering systemof FIG 2. [0034] FIG 8 illustrates

t he bal ance groups related to an exeng ary station and sub-bal ance groups

related to teams under the station. [0035] FIG 9 illustrates the m nimum
”anowe(ooééaqw rengid, lehﬁugt%&és shi &em;gé&t §d191'i‘5d-9&ré}{}§g A, tenb {i‘i‘ﬁﬁif’e during
the rostering period for an exenpl ary ‘bafance group at- “an’exenplary

bal anceldyasedr org8nizftxi@b hidrhchiekCand theit asad@sted meKplepdegmygnted pheromone

sol ution-searchin th, the nultiple _|ayered organizational hierarchies
and thefri]‘?nsgée§§8§’%°'?[8§%¥r3fetqeﬁcglwgﬁtl%@ep‘ﬂ’é’ﬂf’gwg densities deposited by
the seappbnng agentsg; in filgmyks tak fhe dA0BJB;cEH lel dBsd! Rfcgs the
cooper a{i ng] .agent object, straff nodoe%ggjﬁegt ,gg?o‘(;:%gle&’ gggr C C%‘en(léﬂjﬁe’uri stic and
deposi t saanclofg deymsivt adl depbsitidnt opkeemenyet end phetipledaered ahérondandidli es.

[ 0038] FElI Gt' 12 is a general flowchart of the rostering method using

mul ti pl <05[ti65er ed and segrent ed pher onone based cooperating agents in

accor da{bg@s]Wi th oprg, eIH9G PEREalofoWRRrPLESEN FostRN e idd lﬁﬂ&ltﬁil@ 13 is

a detailed flowhart of the main roster schedul i ng nodul e of 12 in
accor dalayeredi aril segmenitrb gphenontonef basheé qoppsratitg iagewstin acofdddek0vithl Ge 14
illustrates.the %ﬁﬁeri C rﬁwa‘p@ﬁ%ng met hod for fine-tuning the roster

pr evi ouSPYOYmTE} A tBAPIFSSH PHHPY ng factors by the searching agents. [0041]

FI G 15[0obdjust r at BRG.t136is a@leiled YIOWRWAP BT 1he nih Ratkr atkkdulihg ARdUER S IFIw t he
candi date swaps are used iin the rostering systemfor fine-tuning the roster

by the &2Hradeprignceyiinese embodipientpitthe presenf invegtioni | ed fl owchart of a
AT ST E G I R O
previously generated using shifting factors by the searching agents.
[0041] FIG. 15 illustrates the selective swapping method and introduces hoW the
candidate swaps are used in the rostering system for fine-tuning the roster by the searching
. agents.
[0042] FIG. 16 is a detailed flowchart of a roster fine-tuning module of FIG. 12 in

accordance with one embodiment of the present invention.

Detailed Description of the Invention

[0043] The present invention may be understood more readily by reference to the
following detailed description of certain embodiments of the invention.

[0044] Throughout this application, where publications are referenced, the
disclosures of these publications are hereby incorporated by reference, in their entireties,
into this application in order to more fully describe the state of art to which this invention
pertains.

[0045] In the following detailed description, specific details are set forth in order to
provide a thorough understanding of the invention. However, it will be understood by

those skilled in the relevant art that the present invention may be practiced without these




[ 0043] The present invention may be understood nore readily by reference to
the follow ng detailed description of certain enbodi nents of the

i nvention. [0044] Throughout this application, where publications are
referenced, the disclosures of these publications are hereby incorporated
by reference, in their entireties, inQo this application in order to nore
fully describe the state of art to which this invention pertains. [0045]
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order to provide a thorough understan I'n I nvention
wi | | bematetslishaye dObbeentdfrs@réaeslkn deted so ms héteto obsomveatht pagstnttiiadntibine pr es ent
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not bee Bnﬁi@‘&ﬁﬁérhea@ Al eﬂ@ltn? {Qﬁﬁé’xﬁzzﬁﬁh IPi1RRBGH et }{5&%&?}51@§%@tthé @Y@s@h\‘, on.

[0046] It is to be noted e follow ng descri ospi tal
envi r ontisentiens Bhe h@@@ﬁp]l @Woumammlacgood&(i)ﬂ’ bxmnplaﬂmerelmbecpusenmrpistels of

th Th tal t |
nor et - BicA e b en 45y S8R captiRpls Y avameley "B strbgiegt diprk

const r adiffgenthOards @Rt stations BRI AVEGEntWRAks.! Tn aédhft“ﬁ)ﬁr Rmnd\{\ﬁﬂﬁlaﬁs heid f erent
stations and different teams. In addition, its indivi dual s have different

ski |l | diffarentglidl leygle amcéwa@rlem tFustheonere, extemahfattorssichias peblishhadislaysubl i ¢

the var Phiikagit B BRBReRes oF GRIFLIERR s a0F! onffiot SRR Tl st A% <" 0

typi cal differemstquifegtsityaid ensmalRReRs afeh:?ﬁw@lr &5mBst drga&ﬁiﬂtioﬁﬁl Hen&thd i mted
to the hospital environnment as described herein. 50047 Referring now to

FI G 1, Preserptdnyegtion ipot dmiteddoghedioppitalenyixonnegit as descebebereids a roster 10
h | f
navi .o o) ReBlrinfhbl b 36110 SRRl AEhcad S Alaaudvalt (L

The r os bba rmﬂmmashgret plufaimy“rbﬁshlftlhrs&tfoﬂayosﬂﬁ p'E‘ﬁodibf nidaygad sHift lisEilbéy t han
days, C | so be of a dlff?rent ti.me unit endi ng upon the_roster

peri od E qatq SRR gXanpRlg 91 die Rlwlibhetrshutt [igs. ﬁb%rqs@g.@saa% steids omisr k| oad
of an i peivi9upd tShafkf" dééfoih].e et ﬁ{ang@{yhoﬂ canl QLFS ol &l Bf arHi ht AneSiHif t

lists in the  roster rresponds t e total nunber staff that is
r epr esedemuhding upohn. th«EaEsherqmtibd 1t i required.r &stleof he shefphsats emtrespan@nofat t hat

| :hPfe : f C\;vlrro d ng%grb isntél?\];lfflﬁlag (fta%féﬁ'b{htﬁggﬁutlgr? [ger{j %y Th-leht%ta nun%er OMIIL‘% hs% n ‘d‘;Jl
' roster 10 corresponds to the total number of staff that is represented by ‘m’. Each cell 18
in the roster 10 represents a shift that is performed by a staff on a particular day. The terms
‘workload’ and ‘shift list’ are clarified hereinafter.
[0048] Normally, working shifts in a roster are set on a rotating basis to provide
round-the-clock coverage. There are usually two ways to rotate the working shifts,
namely, two-rotating shifts (2RS) or three-rotating shifts (3RS). The 2RS consists of a
morning shift (D) and an afternoon shift (E) whereas the 3RS consists of a morning shift
(D), an afternoon shift (E) and a night shift (N). For a particular rostering problem, each of
the shifts has a defined time period, although variations to the defined time period are
possible. Here, D, E and N are working shifts, whereas off-days (OD), public holidays
(PH) and annual leaves (AL) and training leaves (TL) are non-working shifts.
[0049] Most organizations that need round-the-clock coverage define shift patterns
as base templates over a fixed period of time. For example, a weekly base template for the
2RS may be “D, D, D, E, E, HD, RD” where ‘HD’ refers to a half day and ‘RD’ refers to a
rest day. An example of a 3RS with a bi-weekly template is “D, D, D, E, E, HD, RD, E, E,




[0048] Normally, working shifts in a roster are set on a rotating basis to
provi de round-the-clock coverage. There are usually two ways to rotate the
wor ki ng shifts, nanmely, two-rotating shifts (2RS) or three-rotating shifts
(3RS). The 2RS consists of a norning shift (D) and an afternoon shift (E)
whereas the 3RS consists of a norning1ghift (D), an afternoon shift (E)
and a night shift (N). For a particular rostering problem each of the
shifts Raw, | t i, time
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E, HD, RD' where HD refers to a half day and refers to a rest day.
An exanpiquende, theFRpiance ks rot inpowsait Iayﬂmmmealfevqusload}pemﬁcm;oﬁ E, HD RD, E,
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respect ktaef bas td b6 Thared 1Bt aifferORSBstbANB AR DS IQRE yaldﬁrg iuBlit Melidsisbaid of
each kind of shifts in the roster period, for exanple there are 3 Ds and 2

Es i n 2Rsed sgheddlay hChanges ji mpspewertrainagement aldoeffechnostaring sppdarplanningome

sort of n Tpor t ant wor kl oad
speci fi a4 ﬁgﬁﬁgf%ﬁg% &% ﬁg%r‘j?% ge%ute%[ﬁ%gyg “Ha 3“’er‘?‘8 altlsthf% &Sngaggggnﬂags “r a
3RS t hateniyslatamusg be doristrudted Sihdfabsifiagl toahfietath angRthubDios@rihf ethe Bhifr 1ass er s
because of | eave taking, public holidays, and fixed schedul es. Changes in

manpowe ArerAsiRsiRd s fe-apags manually tp sasuse .tlw@ stefi@nd shifts pembalanged datkeditingst er

because,of 2f ist that is based on
a base th% @gg%%ﬁéﬁ%?%%%ggéulﬁa Oh%?ngzg{s?(ﬁ}g}]g%}é{réhthat staff. I n manual
rosteri [0@51]t he shiWdrkldadtand staff adigusicat car be eenr cmghxrmmmblryot teasiBnsur e
that staff an fts are b nceddlly durln the e rost eriod
and at BYemptq %e is &% ?ﬁaﬁ%gﬁ'g‘ tpepisal ﬁ?‘é?’ér%‘ﬁ@r [oosiofe 3@%&%&&3&&5 Ltaft

assign ﬁ%ﬂc@@s g@&e)fmﬁeﬁ'ﬂf’l' gféla%'&ﬁ aqlﬁeva?i%hf( Ft%?ﬁﬂ cox@HEi‘ﬂ'EgiBﬁQ to K t%ikén'S

because techn factors such as wor a ance, and soci al

fact or snﬁu atnoaat gﬁm@xamplct gb‘&gnmbmlegmlaamdnmamo‘oalk)vsstcmtdrmggo dongmimiant s
have to be take into account. For .exa over atio y not
O o Btat e er, o SRARIL Ay L et e anrnlg B optosd 3hd SRR o
staf fi ngsgonatdiadiduil prdierad®y bAgfideARdmahafatiors such as staff experience and

willingness to work in specific groups. Generally, computers have a problem with trying

to convert such human factors into rules, especially when the decision-making process is
more social or political than technical. Thus, it is desirable and acceptable to manually
perform certain tasks such as defining workload, working hours, number of work shifts,
organizing team members while leaving complex calculations for deriving an optimal
roster to computer processors.

[0052] Referring now to FIG. 3, a roster is derived in two phases in accordance
with one embodiment of the present invention. Generally, in the first phase or Phase I,
workload, staff assignment and shift lists are determined. Workload refers to the amount
of work to be done by a group of staff. In some instances, workload refers to the number
of staff and total number of work shifts required in each team or at each location where
round-the-clock coverage services are provided. To every individual, his/her workload is
often represented in the form of base-template 62 in the roster period 60. The base

template contains a list of standard working or non-working shifts. After the base




assi gnment shoul d preferably consider human factors such as staff
experience and wllingness to work in specific groups. Generally,
conputers have a problemw th trying to convert such human factors into
rul es, especially when the decision-nmaking process is nore social or
political than technical. Thus, it is1desirable and acceptable to manually
performcertain tasks such as defining workl oad, working hours, nunber of
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of a rosteri ng 'system 20 using the 1nproved ant colony optim zation (ACO
t echnol wggiunn 30 a¢ diaatadoepavately andifiendns garie30a, 30by Bec, 30ds30w adcaxdimg foon. The
rosterip st 20 ~copprises a workl oad,and shif tLing optim.zer and
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30a stores roster calendar information 22; the storage medium 30b stores staff information

32 and multi-layered team organizational information 34; the storage medium 30¢ stores
base templates 36, non-working shifts such as staff leaves and public holidays 38, and
fixed schedule information 40; the storage medium 30d stores constraint information 42,
ACO-based searching parameters 44 and weight factor settings 46; and the storage medium

30e stores intermediate pheromone densities and shift balance state 50 and agent searching

log 52.

[0054] Outputs of the rostering system 20 are rosters 28 as exemplified by the
roster 10 of FIG. 1.

[0055] The workload and shift setting optimizer 24 receives the roster calendar

information 22 from the storage medium 30a, the staff information 32 and multi-layered
team organizational information 34 from the storage medium 30b, and the base templates
36, non-working shifts such as staff leaves and public holidays 38, and fixed schedule
information 40 from the storage medium 30c. The workload and shift setting optimizer 24

optimizes the workload and actual shift loading in terms of overall balance in work force




rostering engine 26, and at |east one storage nmedium30. It is to be noted

that the storage nmedium 30 is indicated separately as different parts 30a,
30b, 30c, 30d, 30e according to data stored therein for illustrative

pur poses only. As shown in FIG 2, the storage nedium 30a stores roster

cal endar information 22; the storage #@di um 30b stores staff information

32 and nulti-layered team organi zational information 34; the storage nedi um
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t hat receives constraint 1nformation 42, ACO based sol ution-searchi ng and
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30d to A& &Ah personal requirements for leaves. The constraint information 42 also includes

personal wishes and staff pairing; most of which are categorized as soft constraints. For
instance, some staff may wish to work on a preferred shift pattern, for example, D-RD-E
pattern and weekend DE pattern. The D-RD-E constraint states that it is desirable to take a
morning shift before rest day (RD) and an afternoon shift after the rest day. The weekend
DE constraints states that if a person has to be on duty during a weekend day (Saturday and
Sunday), it is better to arrange a D shift on Saturday and an E shift on Sunday. Another
constraint example is that a senior staff has to supervise a junior staff. Hence, in this
constraint example, both the senior staff and the junior staff must be paired in the same
working shifts for the whole roster period.

[0059] The rostering system 20 arranges constraints, both hard and soft constraints,
based on a constraint’s precedence according to their weight factor settings 46. Most of the
hard constraints such as the number of work hours and the_number of D, E and N shifts in
the roster period would have been satisfied when an initial shift list is provided. The ACO
rostering engine 26 then evaluates additional constraints that were not considered

previously.




for roster solution 28. To achieve the optimal roster, the total nunber of
avai l abl e staff and working shifts should be evenly distributed daily
within the roster period at every organizational hierarchical |ayer. The
roster 28 generated by the rostering engine 26 can be sent for printing or
integration with other database systef#. [0058] The constraint information
42 includes | egal regulations, organizational rules and personal
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DE constraints states that if a person has to be on duty during a weekend
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identification (ID) that is unique to each roster period. The roster period is pre-defined
because the length of a shift list 16 in FIG.1 depends on the roster period. The roster
calendar information 22 includes a list of public holidays (PH), which is essentially
important in haﬁdling PH returns.

[0064] The ACO-based rostering engine 26 is adapted to perform ACO-based
solution searching cycles by cooperating agents. The solution searching comprises two
steps: 1) main scheduling and 2) fine-tuning. At step of the main scheduling, the search
agents adjust the initial shift list matrix that has one or more shift lists using shifting factors
to thereby derive a roster 28. The search agents use swapping factors to fine-tune the
roster that previously generated in Step one for further optimizing the roster solution.

[0065] The dynamic adjusting factors adopted in the rostering system comprise a
shifting factor and a swapping factor. FIG. 4 illustrates dynamic shifting of a shift list 16
for different values (X) of the shifting factor. An un-shifted original shift list 16 is shown

as a reference 80a for the dynamic shifting. In 80b, the shifting factor has a value of zero




I nformati on may be refreshed when a new search cycle starts. [0062] As
there are a | arge nunber of rostering factors to be considered in

determ ning an optimal roster solution, and such rostering factors nay not
equal ly affect searching for the optimal roster solution, there is a need
to set a weight factor for each of thg rostering factors. The wei ght
factor ranges fromO (least inportant) to 1 (nost inportant). The wei ght
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shifts at positions 112a, 112¢, indicated by a swapping factor pair (1, 3), are swapped
within the roster period. In 110d, two individual shifts at positions 112¢, 112g, indicated
by a swapping factor pair (3, n) are swapped within the roster period. Similar to the
situation described in FIG. 3 and 35, it is noted that within a shit list, not all shifts can be
swapped. Therefore it is necessary to construct an adjustable shift list on which the
swapping factors can be applied and then after swapping, the removed shifts will be
inserted into the adjustable shift list to generate the roster shift list.

[0068] Referring now to FIG. 7, a virtual source graph 200 for the exemplary
hospital nurse rostering problem is created. Where the nursing staff 202d (216, 218, 220),
assigned to various work sites or locations are grouped in a multi-layered organizational
hierarchy. For example, in the hospital environment, the organizational hierarchy may
consist of three layers, e.g., ward layer 202a, station layer 202b, and team layer 202¢c. A
staff nurse is assigned to an i®-team under a j"-station in a k™-ward, where the k"-ward
(Wk 204 in the graph) may have several stations (S™*, 206, %%, 208, ..., SWk\s 210), and

each j™-station (j = 1 to NW%kys may have several teams, where NWkisis the number of




Thereafter, the dynam c shifting occurs for all adjustable shifts such as
92a, 92b, 92e, ..., 92f, where the shift 90g was positioned as the first

el enent as shown in 90c for a shifting factor 94 with a value of one
(X=1). Upon conpleting the dynam c shifting, the two fixed shifts 92c, 92d
marked with synmbol O, are inserted bat& into the shift list 16 as shown in
90d in their respective original positions as in the reference 90a. The
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i ndi cated by a swapping factor pair (2, n-1). In 110c, two indi vidual

shifts at positions 112a, 112c, indicated by a swapping factor pair (1, 3),
are swa vvrthntrge SL®E |od In 110d, two individual ,ghifts at
posi ti 0@86%12 Y rlg@égt d y a swapping factor pair (3, (ﬁ) are
swapped wi thin the roster period. Simlar to the situation described in

FIG 3 and 5, it js noted that within a shit list, not all shifts .can be
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hi erarchy. For exanple hospital environnment, the organizati onal

hi er ar cexpressyd actotlewvst of three | ayers, e.g., ward Iayer 202a, station

| ayer 202b, and team | ayer 202c. A staff nurse is assigned to an ith-team
under a jth-station in a kth-ward, where the kth-ward (W 204 in the

gr aph) Ej@yglhave se}\,eerwl ssTaprgmsSL()SV\kl 206, SVWk2208, , S W N(2)210), and
each jth-station (j =1 to NV Ns may have sever al teams where NVKNs is the
nunber of 16 stations |n ward VK. For exarrpl e the station Si wk206 has
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(not shown in graph 200); SL = a set of shift lists 202e, each of the shift list being
associated with each of the staff nodes.
[0074] As can be seen from FIG. 7, each staff 202d is associated with a shift list
202¢. For example, staff P5'™!; is associated with shift list 226. Note that the shift lists
may contain non-adjustable shifts, 222, 224, e.g. fixed shifts, or leaves applied which are
marked with symbol ® in the shift list 226. Of course, some shift lists may not have any
non-adjustable shift defined by the planner; for example, the shift list 228 associated with
staff PS!™, 218 does not have any fixed shifts or leaves, which is fully adjustable.
[0075] Referring to FIG. 7, a staff is assigned to a position in the organizational
hierarchy, e.g., a staff nurse (P5'™)) 216 is assigned to a team (T5'}) 212 under a station
(SW%51) 206 in the ward 204 (Wy). This staff assignment which is normally performed in
the first phase or Phase I of the rostering process determines the number of staff required
by each organization unit at each organizational layer. The Phase II adjusts matrix of the

shift lists and determines the work shift balance within the roster period at every




expressed as follows (where the synbol => stands for "is-assigned -to").
[0069] Pk,J, i => (W, SWi, Tsai) (1) [0070] In FIG 7, person or staff
nodes 216, 218, 220, are denoted as pSJTP h, neaning that the person is
assigned to the Tp-th teamof the S station (by default, in the Ward VK);
h =1to Np, where NP is the nunber ofi7persons in the Tp-th team [0071]
FIG 7 shows an exenplary source graph (G 200 constructed by the graph
const r ustganizaoredl hidgrchieat Iﬁ?fbﬂ 9AS YR RISt Qnddl BYVidd mih o wez rodRBHRQUE&E _9r aph
G 200 can be expressed as follows: [0072] G= (W S, T, P, BG SL) (2)
[0073] 9heragevthe mmshar oftheveodning gbiftsa@aaft@neomnstifs (B arsk mightoshifto@®s 202b;
T =a t 202c; P = a set of staff nodes 202d; BG = a set of
staf f bg%gtn%%Chgf uggb% ?1:81 shown in graph 200); SL = a set of shift lists
202e, emotsjof t heRsfeififig td BIG.18 ial Brgsa@ieh ahR dsapd SthieS; 910 thwvasd &f,f
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Referring to FIG 8, an organization unit, say Station SWJ 310 in Ward W
shift balance groups 306a, 306b, 306¢, 306d, ..., 306x. Each of the balance groups is
generally denoted as SbGSjg 306d, where g = 1 to Ng;. Each of the shift balance groups,
SbGS"g may contain one or more staff grades. For example, a station level shift balance
group SbGY; may contain staff grade SSN (senior staff nurse) and SN (staff nurse),
expressed as SbGY; = (SSN, SN). Generally, a station level shift balance group SbGSjg that

contains one or more staff grades SG¥; can be expressed in following Equation (3).

[0078] SbGY, = (SGY;, SG%,, ..., SGVysie) 3)
[0079] Where Njjq is the number of staff grades in the balance group SbGSjg.
[0080] Similarly, the shift balance groups WbGWkg for Ward Wy and the balance

groups TbGY, for Team T%;312a, 312b, ..., 312x, in the station V¥ 310 can also be
constructed using the same method. For example, the Team T%; 312a of Station SV;310
consists of following shift balance groups, TbGYY, 316a, TbGY, 316a, ..., TbGY

316a, where ny is the number of shift-balance groups in the Team T%;. Generally, a team

level shift balance group TbGSjg 318 under Station Sij 310 may consist of one or more

staff grades SG";, which is expressed in following equation:




(k=1 to N, where N, is the total nunber of wards in a hospital) may have
several shift balance groups SbGs'g 308 (306a, 306b, 306c, 306d,..., 306x)
where g = 1 to Nsl1l, and Ns5 is the nunber of shift bal ance groups in
Station SWk 310. It is noted that staff are often categorized by grades
S&k, such as for exanple senior staff1Burse (SSN), or staff nurse (SN,
the index k = 1 to NSG where NSGis the nunber of total staff grades
defined in an organization according to their level of trainings and
professional skills. (The staff grades are further grouped into shift

bal ancel®8#Bups BGEPG(g=45¢ s PRBG) ;- WHENe) NBG i s the nunber ofdtotal shift
bal ance groups. Each of the shift bal ance groups BGy is a subset of the set
of staff grades and consists of one or nore staff grades. A shift bal ance
group claosde def i Wamre M, ivitfechuntieBbf Staff@tadeBiht BXiGhee drBQY ThGRs shown in
FIG 8, for exarrpOJée fgr Station SWk 310, there are a |list of  shift
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equation.
[0085] (NSD_Shiﬁs )k,j, g = f(Wk, Sij, SbGSjg)
(N°E-shis g g = £ (Wi, SV, SbGYy) )
(NP Nshifis )i g =1 (W, Sij, SbGSjg)
[0086] Referring still to FIG. 8, a station may contain several teams, for example,

Station SV 310 has N¥y, teams 314, T, 312a, T%, 312b, ..., T¥ 312x. Similarly, for
each team, such as the team T} 312a, has a list of balance groups, such as TbG¥"; 316a,
TbG™, 316b, ..., TbG™",y; 316x, where, ntl is the number of teams in Team T, 312.
The numbers of D, E and N shifts 320 required in the team balance group TbG¥"!; 316a are
Drbat1-1, Etbcti-1 and Nrpge-1 320. Generic representations of the numbers of D, E and N
shifts required in the gth team balance group for the ith team of the jth station in the kth

T T T :
ward, denoted as (N D-Shifts )k, i, i, g (N E-Shifts )k, i g and (N N-Shifts )k, j,i, g are described as

follows.




hi erarchy levels are determ ned by the workl oad and shift setting optim zer
24 and stored in the storage block 34 as shown in FIG 2. [0084] In order
to provide round-the-clock coverage of duty shifts with required skills, a
bal ance group, say SbGs51 306a, normally needs a m ni nrum nunber of D, E and
N shifts, 304a, e.g., the nunber of t®rning shifts, DSbGSj-1 302a, the
nunber of afternoon shifts, EsbGSj -1 302b and nunber of night shifts,

NshGSj - pggc. As adh be seen - fom KRG 18i Tt on hal ance group ShGsJg
. ) bb

306d requires DSbGSj-g nornfng shifts’ j - & aftdrnoon shifts and

NsbGSj - g ni ght sh(¥ esniB0dk; . antl W] Mg, A6 % pqui res DSbGS) - )] ,

EsbGSj - Nsj and Nsﬁ&ﬁ' -Nsj = shi 3 sespecdd vely.l In general, for the
jth Station of kt W@F'g,s)lk’ﬂ’hé _n{J ér é)f]r D,S'Hi‘gfsos) N shifts required in the
gth shift bal ance group, denoted as (STS S D-Shifts )k, j, g, (NE-Shifts

)K, j, g and (NSN-Shifts )k, j, g are expressed according to three
i denti fi08983: 1.) Skifidbalncezrpupst coniadsp beSdkfinedrat véar)l lsweht Aotypizal balareegr oup
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Referring still to FIG 8, a station nmay contain séveral teams, for
exanple, Station SWk 310 has NSINt teans 314, TSJ1 312a, Ts52 312b, ...,

TSIN Simlapy, for _ h such as the team Tsj1 312a, has a
|i st o?rﬁg%ﬂance g OLH\;%“,"‘SgtfchF k’%&@ﬁ 11 B16a, TbGsjtl2 316b, ...,
ThGsjtinti 316x, @&L&n RtJ=fEWLwbayyber Lof teams in Team TSJ#)312. The
numbers of D, E and,N shifts 320 requiredfin the team bal ance group

ToG jt1l 316a ar N o ket f @Yo PGt) and/ NTbGti -1 320. Generic
representations of the nunbers of Db E and N shifts required in the gth
t eam bal ance group for the ith teamof the jth station in the kth ward,
denot ed0eso] (NT T Nbte-thddlshivhitdsbaldace jgroups ag nof Bhdwvibhi Fis 8) k, j, i, g and

(NTN-Shifts )k, | ,.q are descrihed as follows, 19 [0087] . (NT
D- Shi ft@?%,]j, i I&efgrr*n%(nw‘,to .j9,,t g]umbeq-gﬁ;ée\glplr@dpshlfts, e.g., SD-Shiﬁs ).,

¢ = fos(Wi, SV, SbG%,) 356 defines the number of morning shifts required for balance
group SbGSjg for Station Sij in Ward Wy per day within the whole rostering period (D,
D, ..., Dn) 358. However, initially the D shifts are often not evenly distributed. FIG. 9
illustrates such an example 350a; where the shaded rectangles corresponding to D, to Dy
are drawn to illustrate the accumulated D shifts per days. The actual D shift distribution
function is denoted as n°p.shigs (Dq)y,j, 5 Wwhere d =1, 2, 3, ..., n; n is total number of days
in the roster period. Note that the index k, j and g are sometimes omitted for simplicity.
As can be seen from FIG. 9, nSD.Shifts (D)) 352 is lower than NSD-Shiﬂs; while nSD_Shiﬁs (D3)
354 is higher than N5b.shisis.

[0092] FIG. 9 350b shows the deviations, 362a, 362b, 362c¢, 362d, 362e, between
the expected minimum number of D shifts 366 and actual D shift distribution 364. The
standard deviation is used in the rostering system to evaluate the deviations between actual
shift distributions and expected number of D shifts.

[0093] The number of D shifts on day Dy for the gth balance group in jth station of
kth ward, is denoted as [n*psnins(Da)]x, ¢ There exists the deviation [(As’p)alk. j, g from

each data point, i.e.,

[0094] [(As®p)alk.je = [0°pshinsDa)lk, g — IN*Doshinsli, e (8)




(NTE-Shifts )k,j, i, g=f (W, SWj, TSji, TbhGJt'g) (6) (STN-Shifts
Yk, j, 1, g™ f (W, SW J, TSJi, ThGs't'g ) [0088] Shift bal ance groups can
al so be defined at ward level. A typical balance group at ward level is
denoted WGg. The nunmbers of D, E and N shifts required in WGy, denoted
as (NMD-Shifts )k, g, (NVE-Shifts )k,2@ and (NWN-Shifts )k, g are expressed
as follows. [0089] (NWD Shifts )k, g =f (W, WC&) (I W>-Shifts )k, g = f
(WK, W) (7)) (I Wb-shifts )k, g =f (W, WC&) [0090] Note that the ward
bal ance groups are not shown in FIG 8. [0091] Referring nowto FIG 9, the
nunber [6695] equi r il sBWdibEtrotedethgt the(rﬁiﬁfberbf b sbifShorf dsy DK forjbalagcegfop ( VK, SW

ki, fines t unber rn| ifts required for bal ance
gr oup %@%%n@}%‘é AP iits )klr%hc% ‘HC %@OW% hin the whole rostering

period (D1, D2, ..., D') 358. However, |n|t|aIIythe D shifts are often
not evenly distributed. FIG 9 illustrates such an exanple 350a; where the
shaded [P@#] angl es corresponding to D to D. are drawn to illustrate the
accunul ated Dpshifts S. The'. Dshlft dIS |but|onﬁ])funct|on is
denot ed as ns[El _Sh 2 (ﬁ E}g E is total
nunber of days 1n he ros erl t‘ﬁat the f ex k, j and g are

sonetinmes omtted for Si rrpI|C|ty 28 can be seen fromFI G 9 nsD-shifts
(D1) 352 is lower than Nsthlfts vvhlle nsD-Shifts (D3) 354 is higher

t han ifts FJta@- 0. devi ati on 62b 362c,
362d, Ni&g? bet we%l%gg ex‘b{e%:lf ﬁeﬁ%bé’rarf)ﬁr‘b‘pga?l’fl%gz%l@ A8 act ual
D shi ftgrdup;SbG?éébe mtlaﬁkuThaVaﬁtwd%e sﬂm/vaaiame(Ed}ﬂ‘s‘bkd IR ke gegtering
systemto eval uate the deV| ations between actual dr'St'ributions and

expect @HIERSbYoHafbpshe d isin thogyshalanse erampidhG assg@hd tq thegth stpiipnd f or
th t f .okt
e o sk BRlGe A BYPTAOVAAA SR, i o) die‘lfﬁ@ ?"%lﬁe BrIERE®Bieiog  om

each dabahlﬁoouhemsemnabwpgmd)f?,g@ﬁg):d@.k, j, g =[n5D-shifts(Dd)]k, j, g -

[NSDshlfts]k 3 I't should be noted that the nunber of D
shift s [B998K ay Dd "lfl%reqblap%rﬁc@ g (%) only compute the deviation [(As p)a]k, j, g On One

day, e.g., Day Da. The standard deviation [(6°)p]x, ;, g s used as a measure of the variation
of shift distribution during whole roster period, where [((6®)p]x, j ¢ is the measure of the
variation of the D shift distribution of the ith balance group in jth station of the kth ward.
The superscript symbol S stands for “station”, which can be changed to T for computing a

team’s balance group’s standard deviation. Value of [(6°)p]k, j ¢ is calculated as follows.

[0099]
] * 1 )
s A S S _ 2 S
EO- )D l,j,g - {n dz— kAS )dl } - {n Z %D—Shiﬁs (Dd )l,j,g - lévlg-shiﬂs l,j,g} (10)
=1 d=1
[00100] It should be noted that the morning shift D distribution curve 364 in FIG. 9

350b and Equations (8), (9) and (10) only reflect the method of how to compute the D shift
distribution derivations for the station balance group SbGSjg for Station SV in Ward W,
For example in Equation (10), the subscript symbol D stands for “D shifts” which can be
changed to E or N to compute standard deviations of the variation in E or N shift
distributions. Similar equations can be deduced for computing deviations of shift

distributions for team and ward balance groups. The equation for computing the standard




SbGs' g, denoted as [nsD-shifts(Dd)]k, j, g, can be cal cul ated as foll ows:
[0096] Nsta J>S T ~ shd (9) DE Dd k~J~S P=1 [0097] where the Wal, j, k g
is the nunber of staff who are grouped under the bal ance group SbGsig of
Station SWk in Ward W. The shift variable [UDd) Shift k, j g]DP is the
shift contributed by staff p; who is21n the gth bal ance group SbGsig,
assigned to the jth station of kth ward on day Dd. The vari abl e [ U(Dy)

shift f

ot her wi s s O il RO el fet%pﬁm%e‘ftyo%@t%‘;%ﬂﬁsé PR ana (9)
only ccrmmct%thheneiemeémlaqua[u@mgw)d]k j, g on one day, e.g., Day Dd. The
standard deviation [((YS) D k,.j, gis used as a neasure of the variation

of shift distribution during whole roster period, where [((6S) Dk, j, gis
the neagpf@;of the variation of the DShIft/dIStl‘IbutIOI’l of the ith

bal ance group mk 113 L\;tl Qnjdf & war d.”” The superscri pt(Idynbol S
stands for "stat " eh ¢ans Qm Jtzf’gto T for conputing a teans

bal ance group's standard devi ati on. VaI ue of [((Ys)D k, j, g is calculated
as follows. [0099] k)D ~C/1>S n {k)d1Jg} ASD ID shifts (Dd )1j g D-shifts
l,j,0 ([003024=1 [0®h€1©]thd subséript|sgimbel g ot wsdd tdimtlet the batanoé popuphin ith Bam

distrib n cu 64.in Fl G 50b and Equati on 10) only
Yot | eesoh iR Helbh o 61 i ad élaﬁﬂ?faégﬁt% et T theestrintion o ATHRINY a1 | ons
for themghadd. O'Slfih@l'a@%ﬁat%rp‘éan Sﬁé%b&&@m%&}ﬁ#&@ stW{dard e VBitidn V¢ Shlﬁor

exanpl e in Equation (10), the subscript D stands for "D shif

whi ch  cdistribgtiorchiawayd \tebSEownlmﬂEqmtmrﬁb&le standard devi ati ons of the
variation in E or Nshift distributions. Simlar equations can be deduced
for cong)utl ng deviations of shift distributions for team and ward bal ance
gr oups. 048] equati on for conputing the standard 21 deviation of shift

distribution at t amleiel iilbr,; |y expi Téd as follows (mc{tlai()es are

" p AS3)

[00104] Referring to FIG. 10, 400a, a roster solution searching by cooperating
agents using shifting factors is illustrated. A multi-layered organizational hierarchy is
drawn in a rectangle bordered with a dotted line 402. The organizational hierarchy consists
of a list of stations 404, e.g., SWk, 404a, SVX, 404b, ..., and SW&ys 404x; each station
further consistirtg of a number of teams 406. For example, Station SWk1 404a consists of
Team T'; 406a, ..., and T5'x; 406x. FIG. 10 400a also shows that the duty staff 408 are
assigned to respective teams 406, each staff has an adjustable shift list 412 associated with.
The adjustable shift list 412 (e.g., 412a, 412b, 412c, ..., 412x) is constructed by the
Workload & Shift Setting Optimizer 24 (see FIG. 2) by removing the non-adjustable shifts,
e.g., fixed shifts 222, 224 shown in FIG. 7. The adjustable shift list for staff p is expressed

as follows.
[00105] SLPa4i = (Sp.1> Sp.2s Sp3s - - -» SpNadi) (13)
[00106] where Nygj is the number of adjustable shifts in the adjustable shift list,

SLP,q; is less or equal to n (n is number of days in the roster period). It is noted that it is not
necessary to adjust SLPuqj if Nagj =1, or if Nygj >1, but the adjustable shift contains shifts

which are of same type, e.g., for example, D shifts, or non-working shifts.




sane as the ones used in Equation (10)). [00101] / () ~T _1nT1 11
D6 )D LJ'g QyD~d ~nd=l [00102] where the subscript synbol g is used to

i ndex the balance groups in ith team of jth station of the kth ward; other
details are ignored in the description for sinplicity purpose. Simlar
equation can be deduced to conpute stzmdard deviation of shift

distribution at ward |l evel, shown in Equation (12) [00103] or =1 Wn (12)

)D 19 Yioo*?b# kASV\fﬂéjsé-luﬂm[l ggérgﬁ‘illglgﬁ{r%rz{tlﬁ}gt st,thf &4@?2 aﬁ%?tﬁe sgar&?ﬁatﬁr

sol ution searching by cooperatin agent's u3|ng actors

i |1 ust rdtéd illastated in theyBiCedl 0o Tharshifeihi positiofs #1@r41y eigs, thelvalues bthe

rect angl,e.bordered wit otted |ine 402, The organi zational hierarchy
Cons: ot TMHE BETprS.are i & %@%‘f?%%gl&@&so’éi%mlesswu 404a, SWk2 404b, ..., and
SVKNs  4f3éigs) each Ré@bdiNo Fid.LREY0RN f 6. For
exarrplglQ Stgtlon SWKI 1%%5% consi'sts o o8 ég%y%%¥%%ggﬁﬁﬁh93fhéﬁg&ﬁgy 406xX.
FI G 10A¢Q)t§clmcmgysdﬁpmts mamgtermuﬂed pheombhe déiﬂltyuak)ngahs bginddpdiin4t@ipect i ve
teans 406 has .an stab e s | i st 2 assaqci.ate t h.

The adj tﬁ%‘{e&egjla g "? png F‘?{th‘i ?gsmgI&P? dzi}f%)m nsity 1s indiqa

const r ug 6k dine 420, mglfdﬁ)&%& §é' ht. s%a{ﬁ €RUs Hhfondirl & 'T*I@ 2) by
renovi ng t he non-adj ustabl e shlcfts1 ° IB}?cl:xecji S &?tog 2122 I@272’4 shgwn I n
FIG 7. aﬁmg(‘aaj Ukt s | pressinit finvdrnition, fher p}m'arhbnq:) dessigospdensired bpsedrohingws .

[ 00105] S 0010ghfmhere Nad]

is the % &8? ngadfﬁg' srfgﬁ‘f%pthg ﬂ?‘(fef §§ phift l??éa”égj Wdféﬁpl(ﬁss I)fi‘?rf ‘Eanlo% er&thadj is

| ess Ol’baﬂﬁiﬂt@'grd@s @re(ﬂépfe‘éeﬁté@b?ﬁ s@ém@iﬁé’@cdr@e Kf@ eﬁ%ﬁe%'ineﬁﬁéf ﬂ%@'):urvle‘belh not ed
that it _is not necessary to adjust SlLpadj if Naj =1, or Nadj >I, but

t he adjr8wapyih dififsrent tiglaieps 43%9./423b, mx; rreﬂccémgf d@&n@ttlwés oéDgshlftf or
exanpl ebalg?lcgg| '[ri Dsh,ﬁs(%d)]rf'(cj V\P(';rkéxagnpsle tLt ?‘rst segment 422a starting from the staff

node 424 to staff node 426 represents the mean D shift balance for Station SV, of Ward
Wiy; the_second segment 422b starting from node 428 to node 430 represents the shift
balance for Station S*, of Ward Wy; and the last segment 422x represents the shift
balance for Station SWkNS_ Note that there are various balance groups under each station as
shown in FIG. 8. The segmented pheromone density curve 422 only refers to one balance
group among many others (SbGSjg, g=11to Ngjand j =1 to NWkS).

[00109] Referring to FIG. 11, the G; is a part of the virtual graph G 200 shown in
FIG.7 and 400a in FIG. 10 respectively. The partial graph G; consists of one station SV,
450, which further consists of several teams TS, 452 Y eens TSy 454. The standard
deviation of the morning shift (e.g., D shifts) distribution for each balance group SbGSjg (g
=1 to Ng;, Njj is the number of total balance groups for Station S™*s; 480) is denoted as
[(6®)plk, i, & Where station index j =1, balance group index g = 1 to Ns;. As can be seen
from FIG. 11, the standard deviations of D shift distribution after one searching cycle can
be very much different among balance groups SbGSjg, which are illustrated using solid
lines 482a, 482b, . . ., 482x with different thickness, where the thinner solid line 482b
represents lower value of the standard deviation, e.g., a better shift balance. The thicker
lines 482a, 482x mean that the balance levels are relatively lower, e.g., standard deviations
are higher.

[00110] Similarly, at team balance level, the standard deviations, [(67)plk, i.i,g of the

D shift distributions are different from one team, T%; 472 to another one Ty 476;




[ 00107] The solution searching starts at first staff node 408a, and the
search path 416 is illustrated in the FIG 10. The shifting positions 410,
414, e.g., the values of the shifting factors, are indicated using black
solid circles. [00108] Referring to FIG 10, 400b, a cooperating agent
utilized in the traditional ACO techggl ogy deposits a single unified
pheronone density along the search path 416 it +traveled at end of one

cear ch : . e i 6] Joh e . a

ot tod [Tt Stiesh i€ a0l tikdnop Brp S ARIREFLIETR Salrle ALAPARAMILE, 21 1 1
FI G 7, FElGllgtheatrdad@eiations t e p} esantofi Dskiftt disiributidres foh@eamdite 4d2nsi ti es
deposi ted. by searching agents which npinly reflect the | evel of shift

bal anceWhichargyrepgesented by splid line ddda.di9 Dehent 2 41th, and Kogindups. rardd4x are

d GUEVE. 422, h t i

G o v R dn SEQTBIEE, S 6 o060 SSUIRNS Iy 0l et kP L S

| evel s afstribusibhd for TeahaTEgst 760 SRiEird$65289chled Hy soid 1&@47@&9[(65)%,(}1]19 first
e

segment 422a starting fromthe staff node 424°to staff nod represents
t he mead78b and [(6 oht, anee 478x 8¢ diffasentSikshowdl bnapttd th;in Fie- Bedlonstattegnent

422b starting,.fr node, 428 t.o node 430 represents the shjft bal ance for
Stat oniSRESS branghe WA ey 5o Sk TRRETAT: UES aethesh Pl b PO f

bal ancewhffs vkl ha@pital. ITHSaribal RvERYL BNGHE bAREcN AFd RPfesBRALRBE Sl RePs

under each station as shown in FIG 8. The segnented pheronone density
curve 4Rgersdipherogfone densitiesrie thainyaatéon dhovupn folomgngrfompubaeher s (ShGs' g, g =1
to Nsj and j =1 to NWs). [00109] Referring to FIG 11, the GSis a part of
the virtual graph G 200 showmn in FIG 7 and 400a in FIG 10 respectively.

The par toogd119r aph engist 5/ Ofc'ope) st@ai™ VW1 4539, which further
consi sts of severéﬁk’ganﬁsTS%poSZ? E) . .(., Rﬁsgl 454. The st andard
devi ation of the MinigMgCshi ft{(@®hg,s) DAGDELs) di stricbution f@t4)each

bal ance group SbGs'tg (g_ =1l to NSA | TFe nynber| of total bal ance
groups for Stati (C):ﬁt %wes:r %@i’é/spéb%tiéﬁ%éé k(i(i’Yg) DK, j, g, where station
index j =1, balance group index g =1 to Nsj. As can be seen fromFI G 11,
the standard deviati ongyof Dgshift distribution after ope searchi ngofcycl e

can bel09313) ruchWers &1 ent CanpAgdb&l aneerTgrtiplt Bistersglor \aommntaiion
L Tustr 8f &dmdfé BéhsiRds fe whild0&tarfti 301 tively; 288 Xa@N, QidS.er st
t hi cknegs, wher e tsﬁe {hi nner’ sof | ggﬁl ne?rgé%igec re r’eseﬁt S }kﬁi/\gr é/kéif ue of the
st andar (AdByj;akieosmalke decimabnbeibesraddbi fié theadqmatiens tbhevolidi‘divited Hyi zees” 482a,
482x mean that the balance levels are relatively |lower, e.g., standard
devi at i eers vereh miay Re¢ur when the standard deviation is zero. As can be seen from Equation
(14), the present invention utilizes a multiple-layered and segmented pheromone density
data structure model. Comparing with traditional unified pheromone density model,
Equation (14) stores much more information that is useful for search agents to carry out
efficient roster solution searching.
[00113] FIG. 11 also illustrates the cooperating agent object 456 and staff node
object 458. The cooperating agent object contains following attributes: agent ID, agent
name which is optional, list of staff nodes visited, and list of adjusting factors determined.

The adjusting factor FPad_j for staff p, is expressed as follows.

[00114]
p_| X (shifting) (15)
adi .
" Y Onsy,)  (swapping)
[00115] The staff node object contains following information: Staff ID, (e.g., staffy),

staff Grade SG,, assignment P; j i, the staff’s base shift pattern ID, adjustable shift list




[00110] Simlarly, at team bal ance | evel, the standard devi ati ons,
[((YDDk, j, j, gof the D shift distributions are different from one
team TS 1 472 to another one TSINt 476; 23 differences are al so anong

bal ance groups i ndexed by g. For exanple, as can be seen from FIG 11, the
standard deviations [(6T)D] k, 1,1,1 o4 D shift distributions for Team Ts'1
472, Wnich are represented by solid line 474a, [((TT)D k, 1, 1, 2 474b,

and [ (6dj r eac e ardy, the
and (S0, g sheanipbnd 1% A Gurrd) JGE8ANG A0F" SRER A Ton SO 2N 1. 1
Ts5Nt  4stéff, ‘whicledduling ﬂragps eaemt(eff th,e &@ieh@lg@n@@;e‘k@ogfaﬁﬁﬁl@hok altdr, th®, 2
478b and are diffe shoul d be noted that

67)
IO, e Statrs bl Fof sramplhdeElfa 1. taﬁagernéswapcma@)@cmduwngmg @ﬁ thenp| Fes
that t %?ﬁ%a@qgﬁ?nthggllg@ﬂmﬂ@dwhpna senbg(?jse a@ly a ﬁsﬂﬁg %ét?lls to a r | ous

| evel s o ances are repr ere eronDne
densi t | afudtable blaftilisv assoeiated Sithvhe sﬁafﬂnﬂdle (4\5851@ 1fs(3;blliﬁd1|uﬁﬁg ﬂb@ﬂs]skﬂﬂo (()fstk g= CW

k, g/
( AC%) K ih%%%l%)l 1( m&% m ( Eagj}s t tj) Off for@tzyff ?octeeé&é(top t}qerefgﬁe ltﬁ ( ACT
)K, 1. dhiftGist 15[@91]14(%]%%&% i otﬁ&khi%dg N S;% 1P 11 ehdil é&? fldp@CL Or' s

for conput ation of ~ pheronone densities or wards, st’ations an
r especti'vab pn, thadgém@®x wil] c@@sShk adjustimmnhctof RE;I)fkﬂn thegh#t positiaalslin deci mal

e R85 LB SN P b o S Skt hdr S1 ™

(14), tLBideveml I BRlah@Nadd hikh I&% eoﬂeﬂaiﬂt @litfsﬂd?%ﬁr @Q; ModnSEFIEN] £d
pheronone density data structure nodel. Conparing with traditional "unified

pher orothe sdkediling ﬂﬁgdébr staffnedes 6584,14@805 aod ééSWcFOmmherefor& ohashifting t hat
IS usef%tfo%)s% JpNLS, Lo carrét ehl efficient roster solution

sear chi 1§21y U0 g? affcg?sseBrFﬁqe $Y5%t es the cooperating agent object
456 andpeff f nodafiePPidttiortR8rchifpecyeRORSEAEInAbdctadBh cOGPpRingCRBhR RS
following attributes: agent 1D, agent nanme which is optional, 1ist of

staff nodiesing enginel willnevaluage the latqrmgdiarﬁg selatlp@rsga@é@ rhyi Phedagentand
adj ust '&]eq?xlnﬁﬁégsyhe@; g}f’ﬁe:sr:cgédlﬁfn%fﬁaéjis toso CEPLS S§ﬁd of=®0 Qlflnpx%ry L&H@Hiﬁ:h P XpP

(shifting
staff node. The scheduling-flag F's is determined according to the factors listed below.

[00117] a) The shift balances of the balance groups at team and station level,
where the staff is assigned to. The shift balances are computed using equations 8 to 12
[00118] b) The evaluation of imposed constraints including horizontal

constraints and vertical constraints detailed hereinafter.

[00119] For example, when the standard deviation [(¢®)p]x, j,g and [(6%)plk. i, i, ¢ are
equal to zero, and constraints are satisfied (where the Staff;, is assigned to the ith team of
jth station of kth ward, and under gth balance group), the scheduling flag F; is turned to
“Off™.

[00120] An optimal roster solution not only needs to achieve good balance in
various shift balance groups at various layer of the organization hierarchy, but also needs
to reach a reasonably good satisfaction of various constraints imposed, including hard and
soft ones. These constraints can be categorized into two groups: 1) vertical constraints and

2) horizontal constraints.




Y (Y1l Y2) (swapping) [00115] The staff node object contains follow ng
information: Staff ID, (e.g., staffp), staff G ade SG, assignnent P;, j,
k, the staff's base shift pattern ID, adjustable shift |list 24 SLpadj, and
scheduling-flag FPS. A staff's scheduling flag FPS can be set to On or Of.
If staff 's scheduling flag is set tpsOFf, the rostering engine 26 program
will not alter this staff's shift list. For exanple, in FIG 11, the agent
456a ch the s fl t 4 456b
Wl nolote) (o cmaedutiyial ot M BURLboBRERCHRN o N AR O 1

list asmmrana&dxvhmlh RlGe 1shiaizontadlgtemébiig ithatith&se cohehihts age iﬂ;ﬁh@d it tiwet to
Of, as ownln | G . The, scheduling flag is set to Of for staff node
458d to§>hl ﬁé%(érbr 24 t-s Skghi-Htokh) 1. T EPiR] examplestof sagh karizgntabponsiaingt her
hand, f g 18tfut A9AEnRed Ad folifgsSscheduling flag Fps. is on, the agent 456a
wi || choose an adjusting factor FPadj fromthe shift positions in the

adj ustable shift Ilst associated with the staffp to alter the shift
arrange in order ve ov rall Iance | evel
constra i'zziatl sf 8kt o i@glé CHIoen Sg e‘eo% égaglrd gp? & or
staff ng@gﬁmﬁggﬁﬁﬁgga .and 458e are On, t her ef ore t he shi ft| ng factors
460, 462 and 464 are clidsen respectively. [00116] After a solution

sear chi [99128)cl e bb) ng éosidertiadshift @)odpeltdbe agawggdrifier three constetiveng
engine w h{,\ﬂﬁ{al uate the internedi ate solution searched by the agent and
det er m /Y& Her the scheduling flag is to be set to "Off' or "On" for
every ipdiagidual cptaf ff ﬂl@%mﬂé‘i'%f%ﬁ@ﬁtdéﬂlfté‘% fnlo?a tifeRSoreS (KIQE & gHt @tk
according to the factors |isted below. [00117] a) The shift bal ances of

t he bal shoaid by atangedronseewtivehd st ation | evel , where the staff is assigned
to. The shift bal ances are conputed using equati ons 8 to 12 [00118] b) The
eval uation of inposed constraints including horizontal constraints and

verti cajoo¢ampst r ai The qdaitaatixededaﬁraﬁbﬂ Jf {1 horiAfl 9bndn@intefaRifs, daoesd t he

standard devi atlon [ ((T5 g and [((Ys)D k, j, ,, g are equal to
zero, aﬁ%((%%ﬁspﬁlab% CIH?féd%fql sed (where the Staffp is assigned to the
ith tea jth station of kth ward, and under gth bal ance group), the

schedul I'ng 1JI ag Fps is tyrned to "Of'. [00120] An optimal roster solution

not only needs t W pev in various shift bal an¢lé)groups at
various | ayer of? eljorg Zgﬁ ori) i'erarchy, but al so needs

[00127] where the evaluation value of f(CSh;) is 1 if the horizontal constraint CSh;
is satisfied, otherwise, f(CSh;) is 0; Wh; is weight factor for constraint CSh;; the Ncsh is the
number of horizontal constraints imposed on the rostering problem.

[00128] The vertical constraints refer to the constraints that are applied to the roster
matrix 10 in FIG. 1 vertically, meaning that these constraints are applied to the staff (Staff;,
Staff;, ..., Staffy, ..., Staffy,). Typical examples of such vertical constraints are listed but

not limited as follows:

[00129] a) Staff A and Staff B take same duty shift;
[00130] b) Staff C and Staff D take opposite duty shifts.
[00131] Similarly, the quantitative evaluation of the vertical constraints for Dayy,

denoted as (CSv)qy, can be calculated as follows:

[00132]

N. v
(CS), = 3 £(CSv, )<, am
i=]



to reach a reasonably good satisfaction of various constraints inposed,

I ncl udi ng hard and soft ones. These constraints can be categorized into
two groups: 1) vertical constraints and 2) horizontal constraints. 25
[00121] The horizontal constraints refer to the constraints which are
applied to the roster matrix 10 in P& 1 horizontally, neaning that these

constraints are applied to the shift lists (Sk,1, Sk,2, ..., Sk,d, ...,
Sk, f) 16. Typi cal exanples of such horizontal constraints are listed but
not limted as follows: [00122] a) . If a staff takes an afternoon shift

(E), hel00t333he shwttm thabvdieaﬁc&ki/a[lge oB f(OSvi)iing if thefvtertivak cotbaint [((X1R3] b) A
sl eep day. shjf SD d rr.an fter three consecutive night

shi f 'Ito S: #‘6@"1‘%4’}1}%‘{" S)Fff?‘?ﬁ )dﬁuﬁbgf Vid$ Wl%l ackHi for constraigh e vy MagNemds thL%hese

ni ght Slmtﬁﬁe? of%BHEJ)IQaIb&)n@{rélﬁﬁg oSQNSE p gtg}lﬁf tl%ng&i)ﬁgé R;‘rotﬂ)? U@trgth%@gt | ve

eval uation of the horizontal straints or ote
can be bahaed tiatd iraEqdation qWa). 1sE1@l@5t2tﬁjexN, . (CSh) "= f (CSh i )X Wi (16)

i =1 [ 00 wher e .t he. eval atlo e i i f the harizontal
constr aﬂ)ﬁ{s]“bSh Cansidgrng {he @Pﬁ%%ﬂegﬂé arﬂ(sesmyte@h@rowe ‘F%‘P flensiait
factor dom cﬁl@ﬂ@%b@hﬁ%d@ﬁlg’ Eéﬂﬁoﬁ"%?ﬁf} dnd cBHﬁrauﬂFHﬁk?éct%B _Idﬁk‘aﬁés%&’ %@\le the
constralnts i nposed on the rostering prob e vertrcafl

const raﬁummameddemUﬂT@pltHemedhsmdasegtmantddaphcaomoa@mauledensmetshﬂ timstteare matri x
10 in FIG 1 ft%lca ly, nmeaning that these constraints are applied to the
staff (‘SPAFPE 25 8t'4FF2 ..., staffk, ..., Staffn). Typical exanples of such
vertical constraints are listed but not limted as follows: [00129] a)
Staff A and Staff B.take sgme dut hift; V£00130] b) Staff C and Staff D
take opf®%5l e dut Y(®his £47 Ik@ﬁl(@ ) Gigmi(C8M) ks the quantitative eval uation

of the vertical c,g,narssskzgal_n(t,r%kf or(&% kdg+(CSh) i (18)
Pt jie = @ igig + (CSV)kjie H(CSh) kjig

[00136] It is noted that time notation t is omitted, and at start point (;f time (t=0), the
pheromones are set to a very small decimal number (say 0.001), or set to zero. The
superscripts used in Equation (18) means that the pheromone is computed at different
levels: W is at ward level, S is at station level, and T is at team level. The subscripts g is
the balance group index; k the ward index; j the station index; and i the team index. The
constraint evaluation components indexed using k, j, i, g, refers to the constraint evaluation
for the gth balance group in ith team of jth station of kth ward.

[00137] Referring still to FIG. 11, when a cooperating agent, Agent, 456a comes to
the first staff node (Staffp) 458a, the agent must check whether the scheduling flag F¥s of
the Staff, 458a is turned On or Off. If the scheduling flag F's is turned Off, the Agent,
456a will not try to alter the shift list that is associated with the staff. However, if the
scheduling flag F¥; is turned On, the Agent, 456a chooses a shifting factor X among the
shift positions (z1, z2, z3, ..., Zg, ..., Znpz) in the adjustable list based on a probability
function, where z, is the shifting position, q = 1 to Np,, Np, is the number of shifting
positions in the adjustable list that is associated with staff,. To compute the probability for

- choosing a shifting factor, we introduce a weighted selection factor QPZ, which is computed

as follows.




denoted as (CSv)d, can be calculated as follows: [00132] Nr (C u)d = ~ f
(CsVi )X Wi (17) H 26 [00133] where the evaluation value of f(CSv;) is 1
if the vertical constraint CSv; is satisfied, otherwise f(CSv;) is 0; W;
is weight factor for constraint CSv;; the Ncsv is the nunber of horizontal
constraints inposed on the rostering pynetabling problem It should be
noted that d in Equation (17) is a day index. [00134] Considering the

mul ti pl ered gpd nt eqpher trajs Ly ¢ nen

cal cul a gl' si ng gqﬂﬂa?fzgﬁ%("igﬁvahg cﬁﬁ{;ﬁ‘r”é%ﬁw kﬁgmkaﬁf’{"ig)o)gwéﬁébué@%d above,
the summarized multiple-layered and segnented pheronone trail densities at
tinme t are expressed a? follows: [00135] WTWKk,g = (TWk,g + (CSV) W, g

+( Csh) VIRORSST( TS) kwhere=¥{AB)ikj s i the plISVWBIncjdegsity @B yaing Egyation (18)

J(TD Ko i Ge= ()KL G (CSV)TK..i 0,9 +(CSh) TK . L. 136] It i t ed
o
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zero. The  superscripts used in Equation means that thé pheronone is
conput ek jati andf g, cloehe waed; sstation\and team wad dedpevive, b8ane @bupst atei lowwmevel |

and T ig at t evel . The subscripts [ the..b Ng¢es gr oyp, .+ ndex; k the
vard i nfeedusg SR EY G ps e BOHREGh ShouT et Wia a0t Shotridicn

eval uat weighe GERABanWard, REENAE hnld St 14yerd respecti@ely! FhRhah belddferm@istsyai nt
evaluation for the t%th.b_al ance group in ith teamofjth station of Kth
ward. [tersap atheegh tha dgnisiel valuas o1 thegveight fagtoenhwerecsobasrsiered in thgetarageAgent a
456a co%%lréa% the first staff node (Staffp) 458a, the agent nust check
whet her e sc\,’heduling flag Fps of the Staffp 458a is turned On or Of. If
the schpdwdolng fl @ge ppsbabiity Wometecthl a shiRinAFedtbafrothfia aljukiableoshift iyt t O
alter the shift list that is associated wth the staff. However, if the

schedul P#iBe assgglatedavithssatily sancpecgglcuiaied wiirg followimmequabieises a shifting factor

X anong the shift positions (zi, z2, z3, ..., zq, ..., zNpZ) in the
adj ustable list based on a Pr obability
[00141] P’ =(Q") /(Q ) (20)
[00142] where the value of probability, PPz can be ranged from 0 to 1. The value of

QPSum is computed as follows:

[00143]

N Pz
_ P (21)
Q" un = >, 0! -
z=]
[00144] Note that Equation (21) summarizes all the weighted selection factors QPz

~ which can be possibly chosen from the adjustable shift list.
[00145] When all cooperating agents have completed construction of their respective
roster solutions in one roster solution searching cycle, the multiple-layered and segmented

trail intensities are updated using the following:

[00146] WV g (AL = Prg X P (T g (1) + A[F(T )i g]
P(t ) jg (HFAD) = Picjg X Pt )ijg (1) + AT (T )] (22)
P(t)kjig (A = Prig X (T )kjig (O + A[F (T )ijig]




function, where zq is the shifting position, q =1 to Npz, Npz is the
nunmber of shifting positions in the adjustable list that is associated
with staffp. To conpute the probability for choosing a shifting factor, we
i ntroduce a weighted selection factor QZ, which is conputed as foll ows.
27 [00138] QPZ WPz(tiWk,g X WVk + Rz(TS)k,j,g X WBk,j +' Pz(TT)kj,i,g) X
W kj,i (19) [00139] Wnere 1 PZ( GS)k, j, g is the pheronone density

poort1 ofootds 197 3 TNl i and Bl VRO RO AR b RN i o
the val ued NPt'Om ] 40 thp addéflqibhI etoBdhd coibafientd. A an 829mpstk A P 5 NG is

i ndexes, Kk, j, and g, for e ward, station, and team and respective

bal ance%}?‘d@fﬁéuaméfk]rh@)wmgeﬁé@me of the known assi gnrent i nformati on about
the Staffp. Wk, Wsk, j and Wik, J, ; are weight factors at ward, station
and team | ayers respectively, whi ch can be determined by the users

al t hougfootdsy i niti aI ues ofMt ght factors were set and stored in
the storage 44 al rA ﬂﬁﬂ We)g gbabi lity for selecting@)shifting
factor fromthe adjustale *shi Ilst ei ng associated with satffp can be
cal cul ated using foll ow ng equation: [00141] PPz (QP) /(QPsum (20)

[00142] where the value of probability, PPZ can be ranged fromO to 1. The

val ue ofo014gPsum i svhef Pty BSis Gahdtayer tz’éﬁ@&ﬂﬁzlnc@ 14¥d ,byl%eérZH)ager@ Apents
z=1 [00144] Note that Equatlon (21) sunmarizes all the V\BI% hted sel ection
!

f act or sOHE searphattle segornt podke Blhybadanes grovr iorthe Méh aardiseaBreationi {18))] i st .

[ 00145] el t| ng ent s .have co d ruction of their
respectllvyl\!egecﬂ?goﬁl m%g)(% u eSrns %nt&naeldradgfl%efn g"ﬁ‘ieﬁt(?ad tggkiichi ng cycle, the
mul ti pl pohsoyer ed &an&t(hgffﬁﬁlie@ﬂ of&m@pfeserntlememtdrﬁ:%h@e ds pesiadetia ysdterihg he
foll ow ng: [00146] WT (t+At) = Pk,g X WtW (t) + AIP(T

k
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12 shows a main flowchart of the method 500 of roster solution searching using the
rostering system 20 in accordance with one embodiment of the present invention. In
particular, the method 500 is described using multiple-layered and segmented pheromone
based cooperating agents.

[00151] In order to clearly explain the rostering method 500, the data declarations

which are closely related to the rostering solution search process are briefly described as

follows.

.[00152] Q, = Matrix of original shift lists, which are retrieved from base
templates;

[00153] Q.4 = Matrix of adjustable shift lists constructed after shift setting;
[00154] Qiase = Matrix of base shift lists as base for alteration using shifting

factors and swapping factors;

[00155] Quest = Matrix of intermediate best shift lists (also called global best
solution);

[00156] Qs = Matrix of temporary best solution search in search cycle
NC; and

[00157] Qolution = Matrix of solution shift lists.

[00158] The matrix of original shift lists, Q, is constructed using the data retrieved

from the base templates 36 and base shift pattern ID stored in the staff object. The matrix




W2T)Kkj,i,g (t+Q@) =P kj,igx WTDKk,j,i,g (t) + z [WTT)kj,i,gl 28
[00147] where Pk,g, Pkj,g and Pkj,i,g are vaporization factors;

Al 1" (TWkK,g], AAIW'ts)k,j,qg] and O] P(TT)kJ,j,g] are the added pheronone
conponents. As an exanple, AIW,rWk,g] is calculated using follow ng
equation: [00148] Af wl ;9 (W ,g Jag(23) a=1 [00149] where

[ P('rWk,g]la is quantity of trail substance laid by search agent, Agenta
on the ] I - 1 0. & he see
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met hod 500 of. roster .sol utiaon searchi usi he ostering system 20 in
accor daftReiIng 2BHES gﬁﬁ‘&ﬁﬁ“ﬁ@?‘ﬁa ?StPﬁJQ%Prés «3%1964(9%&? i of F‘W%Stﬂérf%f’t{?{ﬁ ar,
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based cooperating agentS. [00151] In order to clearly explain the rostering
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[ 00150] A5 M IRETRAGH BEREFITHPRS a trperad EERluRE S iEh i e Hin base
t enpl at &girch GRESRE, aafditedFashBYY, L Xis Fourrid] O 2k assidiell ko DI, glisQEBNSisweated

after shift setting; [00154] abase = Matrix of base shift |lists as base
for al t reat@ea dusinggobitiohtsearghinigaprooess inmdy syelppiddgeridaet the sostEr0@IBEIn abest

= Matrix of .internedi ate be shift lists.(also, called global best

Sol ot | NPT e ateral e polkies Sbario SR et T BHESoar ch i
sear ch NC; : ol wutj = X O | i sts.
[ 00158] fi)'xi'ﬁéeg(jernatt ri 5@%?r1%$?%?%r?§hli%tdfﬁggﬁﬁagﬁééﬂggigéﬁ%ﬂof Lu}gf, trslgh’t he
dat a r etheirestexing system will read/receive rostering problem definition data including the staff

information, manpower organizational information, staff work shift base template data,
team assignment information. The system constructs the virtual graph, original shift list
lists Q, and build various data objects and models, for example multiple-layered and
segmented data structure to stores shift balance and pheromone density information. At the
same time, the shift setting optimizer 24 is used for the planner to pre-fix night shifts, apply
leaves and process PH returns. Thereafter, a matrix of base shift lists £2pasc and the matrix
of adjustable shift lists Q,qjis constructed.

[00160] After initialization 504, the rostering system 20 then proceeds to perform
main roster scheduling cycles in module 506 on the source graph by one or more
cooperating agents. The search agents utilize shifting factors to alter the shift lists stored in
Quase and then to derive a roster solution Qpes;. The main roster scheduling is conducted
normally once only.

[00161] At step 508, the fittest shift list solution resulting from the main rostering
module 506 is stored in matrix Qpest for roster fine-tuning operation. At same time, a
number of roster fine-tuning searching parameters are created and initialized. For example,
rostering system 20 defines and initializes a fine tuning counter NF, a maximum number of
fine-tunings Nnrmax; set NF to zero and Nnpmax 10 Cnrmax, Where the number of fine-
tunings, Cnrmax i predetermined by a user and can be any arbitrary number depending on
requirements of the rostering system 20. It is recommended that Cnrmax be an integer

number ranged from 1 to 3, or up to 5 at most.



fromthe base tenplates 36 and base shift pattern ID stored in the staff
object. The matrix 29 of base shift lists, 2base, contains the information
of shift setting, including fixed shifts, PH returns, etc. The adjustable
shift lists, S2adj, are constructed by renovi ng non-adjustable shifts from
the base shift |ist matrix abase. Duripg sol ution searching process, the
cooperating agents determ ne the adjusting factors. Based upon the |ist of

adj usti ctors, which eterm ne the search .cycle NC
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Otherwise, with a “YES”, the roster solution searching method proceeds to next step 518 to
output the roster solution Qsopution (Where Qsolution = Lbest) and then comes to the end 520 of
the roster solution searching procedure.

[00165] Now there is provided a more detailed description in FIG. 13 of the roster
main scheduling module 506 in the method 500 briefly discussed above. As shown in FIG.
13, the main scheduling module 506 starts at the step 602, which is connected to the output
of the step 504 in FIG. 12.

[00166] The module 506 proceeds to the initializing step 602 by creating and
initializing the predetermined number of cooperating agents, namely allocating memory
space for predetermined number of cooperating agent objects 456, and emptying their lists
of visited staff nodes IDs, initialize trail densities and the multiple-layered segmented data
structures; and the module 506 also initializes all related memory storages at this step. The
staff’s scheduling flags are set based on the shift balance and constraints satisfactions

evaluated according to the base shift list Qpase. The scheduling flag is included in the staff




fine-tunings NNFmax; set NF to zero and NNFmax to CNFmex, where the nunber
of fine- tunings, CNFinax is predeterm ned by a user and can be any
arbitrary nunber depending on requirenments of the rostering system 20. It
is reconmended that CNFinax be an integer nunber ranged from1l to 3, or up
to 5 at nost. 30 [00162] The nethod §90 continues at step 510 at which the
internmedi ate best solution matrix abest is copied to a base shift matrix
abase for, fing-tuning. In rf.ornmn agent . bas sol ution_sear cling
" the e 0Bt HEbBeiateEh Eeafk 95uB R PR aebRlstnaB AR ARG by e
swappi nGtafRCEceralIrOstEMAP PR Erst 416 8GbRES RethSTlhds lobSEsch aP@e! olwanl v, the
swappi ng factor provides_a pair of swapping factors, each of the swapping
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her ei naffi@dlizedn! | ke mai n scheduling, the fine-tuning may be perforned
several tinmes (NNFnmax times) until an optimal roster solution is found or
pr edef i [98867] condi BiepH0# snarements GE1gsht odfunter adgonecycl e of the roster

fine-tupi perfornmed by. M agen e t 0 roceeds to step 514 to
store tﬁg?%ést sof 8f 1% ,eralé]ﬁgEoegf%sigb@sstq?p \%ﬁgéﬁe' Rl RGeS ﬂutf?ﬁ%sg?runi ng
cycl e Nolutlhiescavchimimt s b gt femfthd ErdtUitNSodeyte tRe CRYSaEMONE, Fo? -eFeryNF 1 S
incremented by one. [00164] I'n checki n% step 516 in FIG 12, whether the

rostor SRt §tatis Azernchenks if e saRtrodesorhedbinadiagtinenibteanswer
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of fine-tuning. Qherwse, with a "YES', the roster solution_searching
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descri paicp fona White vidl thé lashstaffostierStafipisnesbbddul i ng nodul e 506 in the

T RSt o SERed B0t o0 Sk E o A et e
out put sé?lfedﬁlﬂf‘g 2b&ie 306 c.bﬁ'stﬁfc@ a thatrix of roster solution shift lists, Q%orution according
to the shifting factors determined by Agent,
[00170] At step 608, the roster scheduling module 506 evaluates, according to
constraints imposed and shift balance criteria specified, the roster solution Q*sution
searched by Agent,. If the solution Q%cution is better than the solution QNCbest searched in
this searching cycle (counter = NC), then the searching module 506 updates QN by
assigning Q%oution t0 ONC, .
[00171] It is noted that at end of the searching cycle of the first searching agent, €.g.,
the searching Agentl, ONC, .t and Qpes are both initialized by using ONCest (where NC =1),
although QNCest and Quest may be updated later on due to that a better solution might be
found by searching agents in subsequent searching cycles.
[00172] In checking step 610 in FIG. 13 whether all the agents have completed their
solution searching cycles determines whether the current searching cycle indexed by NC is
finished. With a “NO” the roster scheduling module 506 returns to step 604 to let next
searching agent carry out its searching cycle. Otherwise, with a “YES”, the roster

scheduling module 506 proceeds to next step 612.




[ 00166] The nodul e 506 proceeds to the initializing step 602 by creating
and initializing the predeterm ned nunber of cooperating agents, nanely

al l ocating menory space for predeterm ned nunber of cooperating agent

obj ects 456, and enptying their lists of visited staff nodes IDs,
initialize trail densities and the nugbiple-layered segnented data
structures; and the nodule 506 also initializes all related nenory storages

at this . The taff~s,schedul i ng.fl ags, ar et .based on the shift
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this step, the main scheduling nodule 506 pllaces M agents on the first

staff nédend uplates Qpeswilte Al vt GE T icnds hrdtenthan s ainsthmsitigiveda whutiev al ues
too, su as the solytjon searching cycle counter, NC.is set to O; Nmax is
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[ 00167] ep 604 increnentS the agent counter a by one. f00168 Agai'n

r ef er r i e togdeAp@ thatneavstst sputb@tsentvhindgmeiechas deen perfauted avithost salutisol ut i on

searching c cletstarting fromthe first staff node to the last staff node.
For eve‘r@pm P81 node, say Staffp, Agenta checks if the staff node's

schedul joag74]| a9 | RefRiring hediff BRIV and 81 stepfo12, RIEREACRERDRSE ki F i ng
factor anong the adjustable shift Iist associated with the staff with a

pr obabi $9¢ praseegiutoeticib§141$¢ npdate statd ofithe(shft balapcesfinghe witual graph usidyg,

Agent s si nnl i e st af I n_an ase, ..t osl e ul i,ng
nodul e Eﬁgaﬁ%nvzg'ﬁi‘ggg Fa™ uLee@%gpéﬁnf C%S%l@?essﬁglﬂ“f &eli}.r(rl i‘"gﬁ’sgﬁgﬁg&’%}hat
choosi ngry f folyl 24 Bfioh $23CREALEEhtE MulBpledaPerb@Mand seBinkfeliail t he

| ast stahhﬁ)cl)(glggl,] gltaf?éfg,qtui éorgac)ﬁed. %&16911 %gonp%rhoggi rf'\s@’:“n gt ep1606 t he
shifti ngelfsiiﬁlsdi"@wb@r(thitl), ‘E‘(ﬁ}kﬁ,g (Ao almis’ﬁ’étT)kJ,s,gc(hJeNl)lomrtge soahod grapbising
construgts a mgtrix of roster solution shift lists, S2asolutiop according
to the ﬂv'«rttqnn"@%c%ﬂgs FePe the ﬁ%&?dﬁﬁng\gfggﬁ o1 _eﬁlsfef]f e%ta@p%%é?dc 19
roster schefil 19hdefith 08 AR RENACHY Shildalds sGRBRIBAIPLaribiPOsed
and shift balance criteria specified, the roster solution a0l11l0 searched
by Agentayersldndtsggmsotsut Futhes 2ize swtentsclolulisg maddude S0 aets time tsot ttAtoand

Sear chi HITHE BTG 20 Mebeat by asei gni ng - asbl ution 1o QCbest.
[00175] The roster scheduling module 506 continues to determine in step 616
whether searching cycle is finished. For a “NO”, the roster scheduling module 506 will
return to step 602 to carry on another searching cycle. Otherwise, if either the best roster
solution has no improvement after Npgop cycles such as when Np; >= Npgiop or if the total
number of roster scheduling cycles reaches Nyax (When NC >= Npay), then the roster
scheduling module 506 stops, and the best roster solution Qe searched so far is presented
at step 618 in FIG. 13. Note that Qy.g is forwarded to step 510 in FIG. 12, where Qpest 1s
copied to Qpase for further fine-tuning operations.

[00176] It is noted that the roster scheduling module 506 in FIG. 12 performs roster
main scheduling. FIG. 13 illustrates detailed description of the main roster scheduling
module 506. As shown in FIG. 12, after roster main scheduling is competed, the rostering
system 20 further performs one or more rounds of fine-tunings on the roster solution which
is generated by the roster scheduling module 506. Rather than random swapping, an
intelligent selective swapping method is created in the present invention in order to achieve

high level of shift balance and constraint satisfaction.




[00171] It is noted that at end of the searching cycle of the first
searching agent, e.g., the searching Agentl, SLNCbest and S2 best are both
initialized by using ONC best (where NC = 1), although g2NCbest and S2best
may be updated later on due to that a better solution mght be found by
searching agents in subsequent searchg®g cycles. [00172] In checking step
610 in FIG 13 whether all the agents have conpleted their solution

sear chi cles .71 nes et her t ent _seanchi-ng. i pgexed by
PR e TR G R E e S S
step 604iri(Dq)ligL, inskdwn,sehdre hiatgused aa icomptiteth® siifti disribatsrc i3i ragiceyt frem

QO herwi ge,, with a "YES', the roster. scheduling nodul e 506 proceeds to next
step 6191 ba5e rosisy i%ﬁlat madkie GPoaq Hiat sreenpigliaddyy e Hstar) SFhijlugbaa aehasgo

eval uat rpst UJ1.ORS.1.:8€ i cla NC. oo NCbest
wch nd sPBod ekl Bt e R SR ARl Mo P iy SOTREFES Bcs:
Wth ONdoesihg shifidiMNGbasén fa diktbakincé Broup SR hstationrofithe BthswandatAOean
counter (Nn) for_roster solution searching cycles duri(ﬁtwhi ch there is no

roster ssndiamihe PripHbdistrimtionscher dyring thedosi§r nsaiod10g (W to Db thars fer wi se,
the COUMBSL dliiatidnd id RS YRR B0 %5 L BEREN BohlAIG. 90t T92 PR End Pt | O

searchi ng cycl e has been per no solution 1’ nptovenent. 50174]
Ref er ri tig agaimolated kirfbers Df DHifal 106, [Sham@b Pk, L TE6 o, G beta-@udlegduT6dg

nodule 5 proceeds t tep 614 to update state of the shift. halagces in

the vir wg?nsgﬁ - 6Hbign'80 t @aagﬂvérmtb@ Toquireq HRInFRYRY @J@*@% c{yﬂi ﬁh@% &rates

trails TWik ; ' 1k . b -Kiow (9] Eavedd am (23)
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(E t +At ), [ﬂ%-'shiﬁm)]h;g%q%mf)hiahﬁ? htﬂ\éﬂ uﬁ%ashifts_)l@é(lﬁu’f@sus?lﬂ@ﬁﬁjﬁ 6?6?’ f@n@ ilzph usi ng
uation . is step, e.schedulin s for.a es are

ugdat edshtﬂgﬁgﬁldéﬁ%q R ?‘bw Ihthag Ba‘tiftsgﬁ’g'o? In EZ@'S Hi% tthBa?rﬁﬁﬁlggceéﬂgn D-

constr aghrq%@éﬂ@tg,i Sitig tﬂig&rfﬁr 1@ B thb RY@lifed akh e GTERIE FWLLARS, bhe

roster schedu nmod

ul'i'ng duTe 506 sets time t =t + At, and searching cycle
count er shadeditNgdér, to[diffargatiaty Hrem Geomethe belheetdionsyy nodul e 506 continues to

determ |3 step 6 ..whether..se hj CVG IS F ko "NO', the
roster Ebgﬂljleéjul i ngo%aupés 56% g\ﬁfﬁfﬁ{ foe?clr}lrgenvet%élgtlée‘%l 815?1 1?1}(;@%%{}0?? yoﬁmg!};oot her
sear chi ﬁgng ¥Eifeng fcives Whied is idbs@itleh @revibigibRShe bRSE® invaniont iTherdias ino

i nprovenment after NBstop cycles such as when Nn; >= NBstop or if the total
is necessary to apply swapping factors to reach a high level of shift balance and constraint

satisfaction. For example as shown in FIG. 14, Staffp; has a shift list thaf contains
following shifts: D, D, E, AL, RD, D, E 712 and Staffp; has a shift list of D, D, D, D, PH,
D, RD 714. Note that RD (rest day), PH (public holiday returned), and AL (annual leave)
are non-working shifts, and Staffp; and Staffp; are in the same shift balance group indexed
by k, j, and g. There are two swaps indicated in the FIG. 14: (1) Staffp;: D 708 <> RD 710,
and (2) Staffpy: D 716 <> RD 718. After swapping operation, the new shift balance chart
720, [0°p-shins(Da)]jg is perfect.

[00179] More generically, the swaps described above are described using following
Equation (24): .

[00180] Staffp, : SW(id) = {Shift(Dy) < Shift (Dy)} (24)
[00181] In Equation (24), the index Pz = 1 to m (m is the number of staff), SW(id)

stands for the swap identified by id, where id is an integer type of identifier. The functions,
Shift(D,) and Shift(Dy), return the shifts positioned at (Dx) and (Dy) respectively, the




nunber of roster scheduling cycles reaches Nmax (when NC >= Nmax), then the
roster scheduling nodule 506 stops, and the best roster solution S2best
searched so far is presented at step 618 in FIG 13. Note that S2best is
forwarded to step 510 in FIG 12, where best is copied to Abase for
further fine-tuning operations. [0017¢4 It is noted that the roster
scheduling modul e 506 in FIG 12 performs roster main scheduling. FIG 13
illustr 1 & n. noster. sche ul e 506.
hs. shovid ERallf o 56, SRR e b AGRL ctSis TR BoriRA a6, i SEURAL §fn o6

rost er i Tige sysyisdl @vnradisfagr swaps Wik, (fdsmmﬁb@e QShllfﬂQDg <J‘->0StﬁﬁS(D9)‘} Iﬁ¢dﬂﬁrgtthdi’tl ngs on
t he rosé_xgr solution which 1is %enera roster schedul i ng nondul e
\uf

506. RahRshilt pesHiongd @bk sWaph Btheaﬁhlﬁlah(é&)} |Ibwlds@ eleqr thet BN AY ][ret hod
b fo oy Solelled PRARED e ABTH) B Seud ) St R F LY 94 %?’?.eng%?%"d% G

14, an estegrBgatipnR4lusfivllewst ri bution chart, [nSD_ shifts(Dd)]kj,g, is
shown, where data used to conpute the shift distribution is retrieved from
t he base roster shift list matrix abase that is generated by the roster
schedul t hod t t e D shift distribution
chart, ll[og%[}rghl ft(SI?%ga)f]fP SW@P Qﬁg;{ﬂ(ﬂ%ﬁ ?ﬁg (Dtrsi}r ning shift distribution
for gt hjobtd3hnce g0 Spaffen SMI}F&(ShIft(D@)‘Q SkiftkDh)jwar d. As can be seen from
the D shift distribution chart, during the roster period 702 (D1 to D7),
there are sone deviations in the D shift distribution. As can be seen from
FI G 14pofday D3, DH sBBEII0R notEél‘%a%Q&‘ﬂ‘I@J&l%v%%xB%QSflss RS st i fsti@l

[ NSD- shi ftszDS)] kj,g 706c, [nSD_shi (D4)]k 706d "and [ nSD- shi ftsgDG)] Kj ,
706f ar mdeqdlaxll staff aniye Irf@h.mc exigts mote tham cm@rslwp forf aIDnéi\'I&uahstéﬁﬂSlay Staf Pl

hi ft h di h tal .
Cnsh s vaften f ffan s sR RS Sorike? ener &R timine Bpbes s EFGRY: ¢ nan
(NSD- shiobigs) ki , 9; REfékri Ng&&m&@ﬂ@s(5D§MA<Jth&eZ@@ﬁsmds%@jw@@v&lﬂﬁﬁ Wé) 1 kj ,
706g are | ower than shift f)fm Iﬁ In FIG 14, the un-bal anced [ nSD

shi ft s(shdft]list 842 aémm@tﬁd HyighSta heeshifth avhielh san dguiandidatpushilp bsmgs hifts
bal ancet skl ara¥3a, 5 8FEE ROMOIIGU L S DRERSESbp PR SEANE

shift badtedhaLfollyws (1efrYo thesdapdnddi §08iIiAGIGars)or s which is descri bed

previously in the present invention. Therefore it 1is necessary to apply
swappi ng factors to reach a high I evel of shift balance and constrai nt

fﬁgi 51;0 For(ﬁmllzeswl)s_h?gmﬂm)@@hﬁ%ﬁaz)}ﬁ aff Pl has a shift |ist
[00187] (2) Staffp;: SW(2) = {Shift(D;) < Shift (Ds)}
[00188] (3) Staffp;: SW(3) = {Shift(D,) < Shift (D7)}
[00189] (4) Staffp;: SW(4) = {Shift(D,) < Shift (Ds)}
[00190] (5) Staffp;: SW(5) = {Shift(D,) < Shift (D7)}
[00191] (6) Staffp;: SW(6) = {Shift(Ds) < Shift (D7)}
[00192] If a random swapping method is used, theoretically any swap in the above

list can be picked up by the searching agent as swapping factor. However, it does not
make any contribution to shift balance to swap two shifts which are of the same type, for
example to swap the shift D 802a and shift D 802b. It even can make the shift balance
level worse to add a D shift to the region in which the number of D shifts is already higher
than the required number of D shifts, for example [nSD.shiﬁs(Dl)]k je 706a and [nSD_

shifis(D2) ]k, 706b.




following shifts: Db D, E, AL, RD, D, E 712 and StaffP2 has a shift |ist of

Db OO Db Db PH D, RD 714. Note that RD (rest day), PH (public holiday

returned), and AL (annual |eave) are non-working shifts, and StaffPl and

Staff P2 are in the sanme shift bal ance group indexed by k, j, and g. There

are two swaps indicated in the FIG 135 (1) StaffPl: D 708 q RD 710; and

(2) StaffP2: D 716 g RD 718. After swappi ng operation, the new shift

bal anc t 72 gL L i é . : :
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Equat i otwq 2gjons: 1) @Rl@glonSyialh & the DS Whikh the{ruitiet 60D)shiEts iShightr thhly jhe} ( 24)
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[00181] In, E léation ég}z}), th inﬁgx Pz =1t mi s, the nunber of
staff) ,resw?ﬁ) engled a3 & pigy apﬁ@)st pegion wths albthedyy pigwhighdhe npg ?fsofgﬁ
i nt . j ifier. T j shift(D,, d Shift :
ot urn THEPSRpor BEDEE Bt MR RIS copesil valy, the 84

adj ustabl e shift list, which the swapping factors are applied to, is
associated with Staffp,. The synbol 4 reads as "swaps with", for exanple,
{Shi ft (189194 q Shi Pthigt D) Pumdblpi ngRevat  the Jshift positioned Zﬁi" D,, swaps
with the shift atgéDr). .t ghoul dP;)‘e ﬁl ear that x nmust NOT b équal toy.
Therefore the swap ™) &R bsWap ¢ 2} hdicated in FIG 14 can be expressed
usi ng Equation (24) as follows: [00182] (1) Staffpi : SWI) = {Shift(D2) q
Shift (D5)} [00183] (2) StaffP2 : SW1) _{Shif.thl) g.Shift (D7)} [00184]
It shoulo@195% not el Edizationd28 ) &1Np in/ibe aprbes ef pessible steappigshifls insregomat ed t o
i ndi vi dyal staff. lyv. Jf there. exists.nore:than one-swap r i ndi vi dual
raff, SyercRprin MY tipter AnPRgoE Uit ind R Gefie os Ry Hpt 8

consecugdnteaté UiRhidg il YWapping tbwhidsNehpksveMeht of $HIA BRRhc&ef BY 4ddD, aewint 0 FI G
15 800a, there is a list of possible swaps wthin the shift Iist 802

associ adifrant ragiasadrndghe shifis rethined by il «rand Buttdan greefidffersnt weeshei ng

Sart o wRida e °P7 Bpplyitl A Ry 8 W boli frn 8 Caine Wi S BRI OF
[ 00186] svdps sBo@hfipIFIGSVH BY0b: sivabi(1} 4ddliwap @hifet refrlonpd. Fralg 8H capdjdatt af f pl :

SW 2 hift (D1 Shift 00188] (3) Staffpl: SW3) = {Shjft(Di
S\f?i( f % (_q;_ygr%s, gen(erall)y d%noted as S(Vtﬁz), }whege z=1 t!) N(sw,),l; Nswp1 1? the nu\r/n\(be)r of ca{nﬁldate (D)

swaps for Staff;, are listed as follows:

[00197] SWP, = (2) Staffp;: SW(2) = {Shift(D;) <> Shift (Ds)}
[00198] SWFL, = (3) Staffp;: SW(3) = {Shift(D;) <> Shift (D7)}
[00199] SWFL = (4) Staffp;: SW(4) = {Shift(D,) <> Shift (Ds)}
[00200] SWFL, = (5) Staffp;: SW(5) = {Shift(D,) <> Shift (D7)}
[00201] It should be noted that the Staff,, ‘s scheduling flag in fine-tuning stage is set

to zero if the number of candidate swaps for Staff;, is zero.

[00202] Similar to the main scheduling process, in fine-tuning cycle, when a
cooperating agent comes to a staff node (say Staffp), the agent must check whether the
scheduling flag F's is “On” or “Off. If scheduling flag FF, is turned off, the agent will not
swap any shifts in the shift list that is associated with the staff. However, if the flag F,is
turned on, the agent chooses a swap, SW*,, among the candidate swaps (SW'y, SWF,,
SWFs, ..., SW' Nsw,) based on a probability function. To compute the probability for

choosing a swap, we introduce a weighted swap selection. factor SQPZ, which is similar to

Equation (19) as follows.




[00189] (4) Staffpl: SW4) = {Shift(D2) shift (D5)} [00190] (5) Staffpi:
SW5) = {Shift(D2) a Shift (D7)} [00191] (6) Staffpi: SW6) = {Shift(D5) q
Shift (D7)} [00192] If a random swappi ng nethod is used, theoretically any
swap in the above 1|ist can be picked up by the searching agent as swapping
factor. However, it does not nmake anygcontribution to shift balance to
swap two shifts which are of the sane type, for exanple to swap the shift
D 802a and shift D 802b. It even can make the shift balance |evel worse to
add a D shift to the region in which the nunber of D shifts is already

hi gher [obbuap the gefuy gbww of yb, ftaws.f@
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Therefore it is desirable to divide the staffp's possible swapping shifts
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meani ng t I Dy are
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t hod th bl 1 d
Svap. (SR Qe Gy Retn ey o S e ot » Destdhareath, “denot ed as
SWPI Z, jobsysf Z = thé CbrMilty MsWRledtf Q%v&%nﬁgﬁi e Efcﬁ‘fa?jda‘g@tsev §%Hx§ for
Staffp, are listed as follows: [00197 (2) StaffPl: 2)

{ Shi ft (Disycigail fwith( Smh6) can[wm;latw@g foll(ownﬂcalfaﬁ@l SW3) = {Sh| ft(Dl)
Shift (D7)} [00199] SWPI3 = (4) Staffpi: SW4) = {Shift(D2) Shift (D5)}
[00200] SWPI4 = (5) StaffPl: SW5) _ {Shift(D2) Shift (D7)}

[00206] SP’ = (SQ") /(SQ" ) @7)

[00207] where the value of SPPZ is ranged from O to 1; the value of SQP sum 1S

computed as follows:

N, SWpz (28)
[00208] SO sum = >, SOF
z=]
[00209] Note that Equation (28) summarizes all the weighted swaps SQPZ of the

candidate swaps which are associated with Staffp. The global trail density-updating
formulae for fine-tuning are the same with the ones used in main roster scheduling.

[00210] Referring to FIG. 16, a more detailed description of roster fine-tuning
module 512 is provided. The roster fine-tuning module 512 is different from the main
scheduling module 506 although there are some similarities between them. The roster fine-
tuning module 512 starts at the step 902, where the best solution Qpest, previously searched
by either the main scheduling module 506 or by fine-tuning module 512, is copied t0 Qpbest
for éubsequent fine-tuning operations described below.

[00211] The module 512 proceeds to the initializing step 902 by creating and

initializing the predetermined number of cooperating agents Mg, namely allocating




[ 00201] It should be noted that the Staffp s scheduling flag in
fine-tuning stage is set to zero if the nunber of candi date swaps for
Staffp is zero. [00202] Simlar to the main scheduling process, in
fine-tuning cycle, when a cooperati ng agent cones to a staff node (say
Staffp), the agent nust check whet her scheduling flag FPSis "On" or
"Of. If scheduling flag FPS is turneg off the agent will not swap any

shifts jn_the shif.t t t hat |ated with the staff. However, if the
flag FpRemory sRAcR &Y %‘ﬁ t‘frﬁ‘Bn%‘bB‘ﬁ‘P h 6@88“3“%%&?“ s, aademptying heifndi dat e

swaps (EMBlof BB staBVWiSdes- IDs, iDR1iDE W1 @ﬁﬁﬁfés%dathgrrﬁg id- laty¥refduéﬂf€it 1 On.

To conpute the probability for choosi ng a swap, we Introduce”a wel ghted
swap sefegsianid datestoictgerand i miediks Siﬁmlsoatuttahzesﬁtllmtateﬂmémgyy gerage | ows.
36 [00%%%55?832 Wz(e)k,g XW k + WPz(,rs)kj,g XWskj + WPz(rT)kj>i,g) XW
K,j,I 0204] In Equation (26), |I'"Pz(rS)kj,g is the pherormne density
conput egozs ng Emuehioaﬁle(ﬂa)prt&edﬁo%é Betéhifingh8ndihik swahd o 8dr§ Btaff

gener at ed by apgl ying the swap SWPZ. Note that z is a vari abI e, vaI ue of
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determ ne the users although the initial values of the weight factors
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[ 00207] stuhane fﬁ'l@f%ut’ﬁﬁé Yeodfle §E’f%ldc%s t\%ngg%ﬂ;sf 6rpmechr§tost%ff g%ﬁ% S’tgf uese{;graISQDS" m

I's conputed as | ows: NswpZ
[ 00209] rosksting tphlatmeEq&l aiei asslg(laBWlthmﬂms,l suels aathle sb}mﬁowsezghhmgi c;wl/apsurﬁéﬂDZ of

t he C|ated W|th St af f The baI rail
donsi £y NGHAAE RY" Mot rade ot RAGowart 1S hrb it shimbetieoke BRE el used
i N mai 30 8gjefding @PBA bhpRxity of the rostering problems, the agent counter a is set to zero.
[00213] Step 904 increments the agent counter a by one.

[00214] Again referring to FIG. 16, at step 906 the Agent, carries out a roster fine-
tuning cycle starting from the first staff node to the last staff node. For every staff node,
say Staffp, Agent, checks if the staff node’s scheduling flag is on; if the answer is a “YES”,
Agent, chooses a swap from the candidate swap list with a probability computed using
Equations 27 &28; if answer is a “NO”, Agent, simply skips the staff node. In any case,
the roster fine-tuning module 512 moves Agent, to next staff node, e.g., Staffp+;. It is
noted that choosing the swapping factor is repeated in a loop for a while until the last staff
node, Staff}, is reached.

[00215] Upon choosing in step 906 the swapping factors for all eligible staff, the
roster fine-tuning module 512 constructs a matrix of roster solution shift lists, Q solution
according to the list of swaps determined by Agent,

[00216] At step 908, the roster fine-tuning module 512 evaluates, according to
constraints imposed and shift balance criteria specified, the roster solution Q’sution
searched by Agent, (note that a = 1 to Mg). If the solution Q%qution is better than the
solution Q"% searched in this fine-tuning cycle (counter = NC), then the roster fine-

tuning module 512 updates ONC et by assigning Q%1ution 10 Q™ hest.




[00210] Referring to FIG 16, a nore detailed description of roster
fine-tuning nodule 512 is provided. The roster fine-tuning nodule 512 is
different fromthe main scheduling nodule 506 although there are sone
simlarities between them The roster fine- tuning nodule 512 starts at the
step 902, where the best solution S bgét, previ ously searched by either
the main schedul i ng nodul e 506 or by Tine-tuning nodule 512, is copied to

SZFbest _for subsgquent fine-tuning. gperations described bel ow. [00211] The
modul e B89217h; oceolls StlH’t?‘;wéhartrﬂttfinéll pL theg finedpning £yely Garaed o by fhe first

i nitialdezi I 1, | RC co, ti S1: Mh, |y
a1 ocat o b L ShEhi REth OURRAL. O rrran Dimaosa kN R Y

obj ect sQN abthpgh 8F “fhand Qpld.ahsy b uplatet ddtestmbific fothasa bBRer dohitidnal i ze
trail densities and the nultiple-layered and segnmented data structures;
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increnents the agent counter a by one. [Q0214] Again referring to FIG 16,
at st epcawieri(Ne) %géﬁ%tsr - ning Qiglesdn pighothere; ip 80 rsigTisAlytion dBrYFEFRY ng
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cycle NC and update state of the shift balances in the virtual graph using Equation (8-12).

The module 512 then calculates trails A[F(T")g], A[¥( kgl A[¥(t )xj,ig] using

Equation (23) and update multiple-layered and segmented trail densities ‘I’(Tw)k,g (t+AY),
P(1O) g (t+At) and Yt ) jig (t+At) on the source graph using Equation (22). At this step,
the roster fine-tuning module 512 sets time t =t + At, and fine-tuning cycle counter NC =
NC+1.

- [00221] The roster fine-tuning module 512 continues to determine in step 916
whether the fine-tuning is finished. For a “NO”, the roster fine-tuning module 512 will
return to step 902 to carry on another round of fine-tuning. Otherwise, if either the best
roster solution has no improvement after Negsiop cycles, such as when Npj >= Nrpstop, Or if
the total number of roster fine-tuning cycles reaches Npmax (when NC >= Ngmax), then the
roster fine-tuning module 512 stops fine-tuning and proceeds to step 918, where the best
roster solution Qrpest searched so far is copied to Quest Which is presented as a temporary
output. Note that the temporary best solution Qe is either forwarded to step 518 as final

roster solution if stop condition is met, or to step 510 in FIG. 12 and copied to Qpase for




noted that choosing the swapping factor is repeated in a loop for a while
until the last staff node, Staffmis reached. [00215] Upon choosing in
step 906 the swapping factors for all eligible staff, the roster
fine-tuning nodul e 512 constructs a matrix of roster solution shift lists,
Qasol ution according to the list of ggaps determ ned by Agenta [00216] At
step 908, the roster fine-tuning nodule 512 eval uates, according to
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after step 912, the roster fine-tuning nodule 512 proceeds to step 914, to
eval uate the gl obal best solution 52Fbest searched in fine-tuning .cycle
NC and update state of the shift balances in the virtual graph using
Equation (8-12). The nodule 512 then calculates trails A[Wt ' ')k, d],

O['P(ts)kj,qg]l, LIW'tT)k,j,,,g] using




Equation (23) and update nultiple-layered and segnented trail densities
(" rWk,g (t+At), W'ts)kj,g (t+At) and W~T)kJ,l,g (t+At) on the source
graph using Equation (22). At this step, the roster fine-tuning nodule 512
sets timet =t + At, and fine-tuning cycle counter NC = NC+1l. [00221] The
roster fine-tuning nodule 512 continugg to determine in step 916 whet her
the fine-tuning is finished. For a "NO', the roster fine-tuning nodule 512
will réiﬂlﬂ’{éo step 902 to carry on another round of fine-tuning.

QO herwi se, 1T either the best roster solution has no inprovenent after
NFBst op cycl es, such as when N,,; >= NFBstop, or if the total nunber of
roster fine-tuning cycles reaches NF,,,,,. (when NC >= NFinax), then the
rost er WMbabisclgimsg isiodul e 512 stops fine-tuning and proceeds to step 918,
where the best roster solution 5 Fbest searched so far is copied to S2best
which is presented as a tenporary output. Note that the tenporary best

solution 1 basieiwdefor hesterfngr nprgtgetytoF ssdfevithldutp Ssdigiiaénts HOGBILH réQbut i ON
if stop condition is met, or to step 510 in FIG 12 and copied to 2base for
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cooperating agents utilize shifting factors to alter the shift lists and determine a roster
solution; and
performing fine-tuning operation on the roster solution from the main roster

scheduling cycles by swapping factors, wherein a best solution is found.

2. The method of claim 1, wherein the multiple layered and segmented pheromone-
based cooperating agents utilize multiple layered and segmented pheromone densities that
are deposited by the search agents along the search paths on the virtual graph to perform

the probability-based solution searching cycles.

3. The method of claim 2, wherein the multiple layered and segmented pheromone
densities stored in a multiple-layered and segmented data structure, are computed typically

as follows:

M= CV e/ {0 g) +(AC) g )
(je= Chie/ { (i) +(AC) e}
iie= Chjig/ {0 kjieg) +(ACH;ig)




What is clainmed is: 1. A nmethod for rostering a plurality of staff with
duty assignnents within a roster period using nultiple |ayered and

segnent ed pheronone- based cooperating agents, wherein the duty assignnent
of each staff is represented by a shift list, said nmethod conprising the
foll owi ng operations of: receiving ro%geri ng problemdefinition data;
constructing a virtual graph conpri si a plurality of staff nodes, a
plurality of manpower organizational units organized in a nmultiple |ayered
structure, a plurality of shift balance groups and a plurality of shift
lists; ' i i fbedd ' j i aid
Start oo paRFENeTSEL fortbipebivd bind riRsaBlib iyl £ BORACT" T o
by a pl shifilbatapceogronpewhivhlaré gpeeifledyat eah @pshizgigrdateed pher onone- based
cooperating agents, wherein the cooperating agents utilize shifting
factors to alter the shift lists and determne a roster solution; and
perfornyng fipe- } tyi t t L 3 {
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pher ormne-!.abaz%g ccgeoper ating agents utilize nultiple |layered and segnented
pher onotREBETH M€t hat are deposited by the search agents al ong the
search paths on the virtual graph to perform the probability-based
solution searching cycles. 3. The nethod of claim2, wherein the nultiple
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7. The method of claim 1, wherein, in the step of receiving rostering problem
definition data, the rostering problem definition data include the staff information,
organizational information, staff work shift base template data, and team assignment

information.

8. The method of claim 1, wherein, in the step of construction of the virtual graph, the
virtual graph is constructed by the following operations:

establishing multiple layered organizational hierarchy;

establishing balance groups at each of the organizational hierarchy layer;

establishing of the assignment of staff to a duty team and identifying each staff’s
balance group;

establishing original shift lists;

building various data objects and models including multiple-layered and segmented
data structure to stores shift balance statuses and pheromone density information;

pre-fixing shifts that can not be altered within the rostering period;

constructing a matrix of base shift lists; and

constructing a matrix of adjustable shift lists by excluding non-adjustable shifts

from the matrix of base shift lists;




specified within the roster period, wherein each shift of the shift list is
assigned to one specific, staff node. 5. The nmethod of claim4, wherein
each of the staff nodes is placed at a position wthin a nultiple |ayered
organi zati onal hierarchy. 6. The nmethod of claim1l, wherein the roster
period is a tine span within which thg plurality of staff rotate their
duties to provide a round-the-clock c %erage of services. 7. The nethod of
claim1, wherein, in the step of receiving rostering problem definition
data, the rotheeabyribe pirBisl erpplés comistruetad dases dnmupandzatiohal hierafchy| mbbipteat i on,
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construction of the virtual graph, the virtual graph is constructed by the
follow ng operations: establishing nmultiple |ayered organizational.

hi erarcly; edhamethad ofrlam Snvkerginghe sortadisgiehleshiftsracldesane-faed shifts,
hierarcg¥1lg%%r; est abl i shing of the assignnent of staff to a duty team
and iden |?y|ng each staff's bal ance group; establishing original shift
lists; building various data objects and nodels including nultiple-Ilayered
and segnent ed datﬂﬁftructure to stores shift bal ance statuses and

pher onoh® dehbs method gf flmoln Wheseia. the sfepgoisprrfarming mrin: sehedwling 6Ydes er ed
Wi t hin f:cﬂﬁ‘%{is%ttl?erfoﬂgwﬂgéﬂ%ga'tioﬁ?:ns'[rUCti ng a matri x of base shift lists; and
X adj us

constructing a natri ustable shift lists by excludi ng non-adjustabl e
shifts froncichéngrand iinitiafizingse peddiefermineslt sumke? oft dvepedaying lagents randadll gr aph
is constr u% ed based on organi zational hierarchy, nmultiple | ayered bal ance
gr oups, Tedated MEROLY $AFASRY and the matrix of adjustable shift lists. 9. The

method of cl gliihSstafPeEBbulidpenfRbael U5 SRR Balstel bhe chitlaHAE SatRERbAX €d
shifts, and |leaves. 10. The nmethod of claim1l, wherein the step of
per f or névejuated acemdaguto thg intermediate oimifr liste siginst Yaridusvhatapco groeps ok :
multiple layered organizational hierarchy; wherein the intermediate shift lists are
constructed by the system initially, and thereafter by the searching agents during roster
solution searching cycles; the scheduling flag is included in the staff nodes of the virtual
graph;
placing the cooperating agents on the first staff node of the virtual graph; wherein
each of the cooperating agents carries out a roster solution searching cycle starting from the
first staff node to the last staff node;
constructing a matrix of roster solution shift lists according to the shifting factors
determined by the cooperating agent;
evaluating, according to constraints imposed and shift balance criteria specified, the
constructed roster solution searched by the cooperating agent; wherein if the solution
Q%otution is better than the solution searched in this searching cycle QN s, then the-
searching module updates QNG et by assigning Q%soution t0 QNCbest;
incrementing the agent counter by one; wherein one searching cycle is finished
when all the agents have completed their solution searching cycles;
evaluating the roster solutions searched in cycle NC by comparing Qs with the
global best solution Qpest searched so far; wherein if QNE o« is better than Ques, updates
Qpest with Q" pess;
updating state of the shift balance in the virtual graph, and multiple-layered and

segmented trail densities; thereby the scheduling flags for all staff nodes are updated




creating and initializing a predeterm ned nunber of cooperating agents and
all related nenory storages; setting staff's scheduling flags based on
shift bal ance and constraints satisfactions evaluated according to the
internediate shift |lists against various balance groups and nmnultiple

| ayered organi zational hierarchy; wheggin the internediate shift lists are
constructed by the systeminitially, anhd thereafter by the searching agents
during roster solution searching cycles; the scheduling flag, is_included
in the %qcsﬁm%ﬁm@g cyplugtien of the shitt balanes and spntramy sttidaction geyaious pyshent s on
the fi réﬁds%%ﬂ{efnsnode of the virtual graph; wherein each of the cooperating
agents carries out a roster solution searching cycle starting fromthe
first staff mocendnbingiiee $cdstionsdeafchingagele coanist byuohd;agda matri x of roster
solution shift |ists aﬁcgr_di ng[ tg the shifting factors determgn by the
cooper at i ng SGBNPE SeraP dheithy, the PeY TasAgSALBLAb AT RAIRPLOVEREYLAET Atfdors hi f t
bal ance =Y N t he.: Ched i by
he Coooar T any oot o R S, B ST REREEIS, oo

t he sol Nhix@wheeNCCHe N WhirsbysthabestirngiercsodutmnARich ssirchetl e fartihpresenésalr chi ng
nodul e ggdat s SZNCbest Dby assigning S2asolution to SZNCbest; increnenting
the age t@oﬁﬁ*ﬁ@@“ﬁ;}’%ﬁé‘?“%erei n one searching cycle is finished when all
t he agents have conpleted their solution searching cycles; evaluating the
roster solutions searched in cycle NC by conparing 92NCbest with the

gl obal bEst $ht¢ midthed béslaisedd,ciwberesotteastep wh eraatingi dndgaitiGhieing induthest t er
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according to the evaluation of the shift balance and Constrai nt

sat i sf anwitphyeted\aad i ouli-$egyented datacstrsienesnt s; i ncrenenting the sol ution
searching cycle counter by one; and stopping search if either the best
roster solution has no inprovenent after NBstop cycles such as when N,,;

>= NBst ¢p or Thé nfeh®dt HAMim0TR@Herdh tHeOéL6f Slading hd adpenthe sgdnefubisr
comprises operations including assigning values to solution searching cycle counter and

agent counter.

13.  The method of claim 10, wherein during the solution search by the cooperating
agents, each cooperating agent checks if the staff node’s scheduling flag is on; if the
answer is a “YES”, the agent chooses a shifting factor among the adjustable shift list
associated with the staff with a probability; if answer is a “NO”, the agent simply skips the

staff node; then the agent moves to next staff node of the virtual graph.

14.  The method of claim 13, wherein the probability is computed by
P’ Q) (Q )

where the value of probability, PPz can be ranged from 0 to 1.

15. The method of claim 10, wherein the main roster scheduling is preferably

conducted once only.




Nmax (when NC >= Nmax); whereby the best roster solution SZbest searched so
far is presented for the fine tuning operations. 11. The nethod of claim
10, wherein the step of creating and initializing includes operations of

al l ocating nmenory space for a predeterm ned nunber of cooperating agent
objects, enptying their lists of visited staff nodes I Ds, and initializing
trail densities and the nmnulti-layered and nmulti-segnented data structures.
12. The nethod of claim 10, wherein the step of placing the cooperating
agent s Fr t hEhe methograf sdaimobevharginribe nnmbedohneagwingaiinpredeteneised by 8ol ut i on
sear chi cycle counter and agent counter. 13. The nmethod of claim 10,
wher ei n~duri ng the solution search by the cooperating agents, each
cooperating agent checks if the staff node's scheduling flag is on; if the

answer is a "YES", the agent chooses a shifting factor anong the adjustable
shift 1%t Haswethadof claimH, wherein Brefnupiben obfipg-Binitgs|is eny: arbfiraghymber s a

"NO', t i ‘ i .S f _node; then the agent noves to next
staff n%%gﬂ%ﬁ@%}ﬂ%éﬁxﬁﬁgg ogr%ar%ﬂfgmigﬂ}ﬁgeﬁ% nmet hod of claim 13, wherein the
probability is conputed by PPz (QP) /(QPsum) where the val ue of

probability, PP, 'can be ranged fromO to_1. 15. The nethod of claim 10,
wher ei nl&he FRg methpd et claimeluvhergin i fecfing-Hsineg opgABLt IBEY shiflsy . 44

16. Th clai rei fe fine- j i :
or edet droptiat oo Pirin R Sk BT AR el Uk B Blfer Blution,
fi ne- t ugdnegsed rewibyslpibmhimagchiedulingghasedependi ng on requirenents of a

rostering system 18. The nethod of claim1l, wherein in the fine-tuning
operation, individual shifts identified by the swapping factor are swapped

for furider 'Eﬁé‘&é%ﬁéﬁid’fgsléiﬂlel,r\ﬂ%r&h RO 1‘rl[=:-it1%glng 95856 ROyBfepblP P& dmied Mai N

schedul i ng phase. 19. The nethod of claim erein the fine-tuning

oper at i seweiabtipes fugtilaipl optipel fastarsdlutisrisfioahd bi predefinetlicbndifiomptetal r ost er
solution is found or predefined condition is net. 20. The nethod of claim
1, wherein the fine-tuning operation conprises the follow ng

20.  The method of claim 1, wherein the fine-tuning operation comprises the following
operations:

initializing the fine-tuning operation, where the best solution Qpes, searched by
either the main scheduling cycles or previously fine-tuning operations, is copied to Qgpest;

creating and initializing a predetermined number of cooperating agents M, and all
related memory storages;

determining candidate swaps for every staff node and determining high & low
swapping regions for all the staff nodes;

setting the staff’s scheduling flags based on swapping factors, the shift balance and
constraint satisfaction evaluated according to ‘ghe best roster solution received from
previous scheduling or fine-tuning operation on L2pase;

placing cooperating agents on the first staff node to carry out a roster fine-tuning
cycle starting from the first staff node to the last staff node;

constructing a matrix of roster solution shift lists, Q%oution according to the list of
swaps determined by the agent;

evaluating, according to constraints imposed and shift balance criteria specified, the
roster solution Q%.ution searched by the agent; if the solution Q%oution is better than the
solution QN searched in this searching cycle, then updates QNC, st by assigning Q’sslution

NC
to Q bests




operations: initializing the fine-tuning operation, where the best solution
SZbest, searched by either the main scheduling cycles or previously
fine-tuning operations, is copied to aFbest; <creating and initializing a
pr edet er mi ned nunber of cooperating agents M-, and all related nmenory
storages; determ ning candi date swaps ior every staff node and determ ning
high & | ow swapping regions for all % e staff nodes; setting the staff's
schedul i ng f| ags based on smappln% factors, the shift bal ance and
constraint sHECERERE Hie agpal eoanisy 4®88r ding to the best roster solution
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wherein anot her fine- tuning cycle is carried out; otherw se,

T el t herclasreaces Nmodiben 867 T Rrmbadiondhs fips-ranbavcles s finshed and the

best roster solution Qgpest searched so far is copied to Qpest Which is presented as a

temporary output.

21.  The method of claim 20, wherein in the step of creating and initializing a
predetermined number of cooperating agents Mg, and all related memory storages, it has
operations including allocating memory space for predetermined number of cooperating
agent objects, emptying their lists of visited staff nodes IDs, and initializing trail densities

and the multiple-layered and -segmented data structures.

22.  The method of claim 20, wherein during the search of staff nodes, the cooperating
agent checks if the staff node’s scheduling flag is on; if the answer is a “YES”, the agent
chooses a swap from the candidate swap list with a probability; if answer is a “NO”, the

agent simply skips the staff node.

23.  The method of claim 20, wherein the evaluating of the roster solutions fine-tuned in

cycle NC compares ONC, .« with the global best solution Qgpest fined-tuned so far and

updates Qppest With QN pest if QNCpest is better than Qrpest.




after NFBstoP cycles such as when N,,; >= NFBstOP or if the total nunber of
roster scheduling cycles reaches NFi nax (when NC >= NFinax), then the
fine-tuning cycles is finished and the best roster solution SZFbest
searched so far is copied to SL best which is presented as a tenporary
output. 21. The nmethod of claim?20, wgrein in the step of creating and
initializing a predeterm ned nunber of cooperating agents M-, and all

r el at edy meno i .operations including allocating nmenory
space %‘r’ préé%i%rg{ﬁgﬁmnt&r%@ﬁ%' cooperating agent objects, enptying
their |ists @mpitsi-r&diablafhediogesfolr Dstoragd coftiputte! ipfddigmis[ apdraghenrssti es
and the nultiple-layered and -segnented data structures. 22. The net hod of
cl ai m 2otermpdipteidatagand fpaliowpus; h of staff nodes, the cooperating agent

checks if t . ode: i I i il f ] : "YES",
t he agent c%oglt gglft}ggs%qg%édtdr%g}%sﬁﬁé @gn%%%tléérse\%g%bl% inéf%&?‘\?\nm?%§\§%%t€ %%%%’l lity;
i f ansvstoralisy af StNDwith ety @gighmeaisnpithinSkiopRr pbdodtisihd multiite 133redldid net hod
of claim 20, wherein the evaluating of the roster solutions fine-tuned in

cycl e Neswsnisd pheronusased gaoperatag geatawhseair theglutt assignapprbelstack s@ld- t uned
so far i@?%ées‘ég%ﬁtbisas%if:t:ﬂ?@t w th 9NCbest if g2NChest is better than

SZFbest rosterrng system conprising: conputer-readabl e nmedi um

for storing whirpiitthe alpofiginatempisessanet ers, internedi ate data, and final
out put; and an al gorithm enbedded wi thin the conputer- re(?dabl e medi um for
rostering a @ plogklapd &shaft settingrontimigergand, Saph icgRstBitd MpdHe donrecsying:
peri od i i pl : I BHRR - based cooperating
agents,Mgsﬁfeig%ﬁyb%ngdgfﬁélgxgggtlggﬁgégﬁ?ﬁla%l?ﬁg%%ﬁggu?ggrr i sgrepresent ed by a
shift |ist; ahangioned ReC@Ibgsed tdstarimgnigirsewitha meinkicbadhltigsthodule swtta ng

optim zer and graph copstructer .nodqule.for receivin rosterin robl em
definit '“Ef’nt“&&fcga‘naﬁ%gec\zgﬁ‘ér?ﬂfg‘? o0 8¢ FPIE%WOS\%S[?E Oﬁﬁﬁmﬁﬁ TORST 8(.818 URED hased
rosterl SRS tHe vitualgRpHBY A P ARG tRIMPK Riyared add ségn%'téda'ﬁﬂdi’&némdm e;
wherein“the main SChe%UPI ng nodul & perforns main roster scheduling cycles
on t he hdsed cedperptimglagbyts. awvidreinghé cqopefatingagents niiligesshiftipe fastpra trjaltss ditent ed
pher OTMOSHStt lists and determine a roster solution, and the fine-tuning module performs fine-tuning
operation on the best roster solution from the main roster scheduling cycles by swapping

factors, wherein a best solution is found.

25.  The rostering system of claim 24 wherein the multiple layered and segmented
pheromone-based cooperating agents utilize multiple layered and segmented pheromone
densities that are deposited by the search agents along the search paths on the virtual graph

to perform the probability based solution searching cycles.

26. The rostering system of claim 24, wherein the multiple layered and segmented
pheromone densities stored in a multiple-layered and segmented data structure, are

computed typically as follows:

™he= CV o/ {(6Mg) +(ACY) g }
(ie= Cuie/ {0 kje) +AC) ¢}
(iie= Chiie/ { (iig) +ACHjig}




based cooperating agents, wherein the cooperating agents utilize shifting
factors to alter the shift lists and determ ne a roster solution, and the
fine-tuning nodule perforns fine-tuning operation on the best roster
solution fromthe main roster scheduling cycles by swapping factors,
wherein a best solution is found. 25.,Fhe rostering system of claim24
wherein the nultiple | ayered and segnented pheronone-based cooperating
agents utilize qyltiplﬁalaéﬁred and segment ed pheronpne densities that are
deposi t ¥4Ik § AR g ARFRXgs LT TeSDEC BHyMARRS vees £F 8aR1 235 0m ysHs: & iethe indey 4ot gr aph
to perf gy; AR AV i e hi cycles. 26. The
rosteri%gﬂg§§?%£$§$ﬁ%Y%¥%fggaﬁﬁ gﬁgbﬁ&%ﬁgg%ﬁ%?ﬁgﬂggrayered and segnent ed
pheronmone densities stored in a nultiple-layered and segnented data

structure, a [ uted typical.l s follows: (TWk, g = CWKk, / (
Wk, )2k (adhy EOTgE Sy el slaig! 2h e e shat %{%ts)q@m}sew Pﬁme%@s?‘{k,i, g
| 1t Sitkifis kspecifiedithin A€ kbSter peridd, whelein leadh) $hiftlof the stftTistiassighed to 9 (
47 where k,” ] and i are indexes for respective manpower organi §at| on

| ayer s; oxe $pecifigestaffmiade. f or  shift bal ance groups which are specified at
each organi zation layer. 27. The rostering systemof claim24, wherein the
shift list conprises a plurality of shifts specified within the roster
peri od, cgher gha r@AGheS B stdm OF il 3NiilertinSach df AXSiHTGHIELis ]ﬂﬂé‘edszﬁ%c' fic
staff node. 28. The rostering systemof claim27, wherein each of the staff
nodes i pogiliercwithiata multipleslay¢red ovganivationsal hierarclpl.e | ayer ed or gani zat i onal

hi erarchy. 29. The rostering systemof claim 24, wherein the roster period
is atine span within which a plurality of staff rotate their duties to

provi de2q. r oURE rédicirp §6lent 0F Claafl Q40 vhefed HeGOSter Biod i i@8tspdr W@hEY St em
of claim 24, wherein, in the step of receivi n(? rostering _ problem

def i ni t Moirhdapiuralityeof sietierdtaig theipsiudes tepravidd amoued-therdeskugevarage af af f
i nformagé' 9{&5 organi zational information, staff work shift base tenplate
dat a, and eam assi gnnent i nformation

30.  The rostering system of claim 24, wherein, in the step of receiving rostering
problem definition data, the rostering problem definition data include the staff information,
organizational information, staff work shift base template data, and team assignment

information.

31.  The rostering system of claim 24, wherein, in the step of construction of the virtual
graph, the virtual graph is constructed by the following operations:

establishing multiple layered organizational hierarchy;

establishing balance groups at each of the organizational hierarchy layer;

establishing of the assignment of staff to a duty team and identifying each staff’s
balance group;

establishing original shift lists;

building various data objects and models including multiple-layered and segmented
data structure to stores shift balance statuses and pheromone density information;

pre-fixing shifts that can not be altered within the rostering period;

constructing a matrix of base shift lists; and

constructing a matrix of adjustable shift lists by excluding non-adjustable shifts

from the matrix of base shift lists;




31. The rostering systemof claim?24, wherein, in the step of construction
of the virtual graph, the virtual graph is constructed by the follow ng
operations: establishing nultiple | ayered organi zational hierarchy;
establ i shing bal ance groups at each of the organizational hierarchy |ayer;
establishing of the assignnent of stq% to a duty team and identifying each
staff's bal ance group; establishing iginal shift lists; building various
data objects and nodels including nultiple-layered and segnented data
structure totheehy dhe wirupk graph ireanstucied g@@d andrgnizat paH diiefarehy ipultiple

rostor et PRBAR by Ratish bR BBl Bt 2,

constructing a matrix of adjustable shift lists by excludi ng non-adjustable
shifts fromthe matrix of base shift lists; 48 thereby the virtual graph
i s consi?-uct e matesiediysisryahelain 3d nahersine themonyadjysiable phifls irghedes Pryal ance

gr oups, laflf i?préFnt and the matri x of adjustable shift lists.. 32. The
r ost erifril%é sysf%sga?rl]%g cl'aim 31, wherein the non-adjustable shifts includes

pre- fixed shifts and | eaves. 33. The rostering systemof claim 24, wherein
the step of performng main scheduling cycles conprises the foll ow ng
oper atiohs: Eherasiergeanstemmeliglaim 24.nyhieintheder PhPHEIMHIEHRIN eé@@;&er ating

agents ‘%Qg?i%%lpgg‘%ltﬂg )] H%g%%r?ﬁ&{sages; setting staff's scheduling flags

based o ance an raints satisfactions evaluated according
t o the intercredigg end ifibliting tas predaicnained aninies off aloaperatingg agass and all
mul tiple | ayered organi zati onal hierarchy; wherein the internediate shift
lists a’ieéate%@ﬁ@f’mﬁfg@ge%y the systeminitially, and thereafter by the

sear chi ng aggmti sy sbfrsN@nhéRiin rﬂag%QJak@d OISR LREO InE ¥ShsBRintd HRisfehstul i ng
flag is included in the staff nodes of the virtual graph; placing the

cooper atvalgptadectesdiog tohibe fintesmedintf $hiftolis egainstevarious lhalléngﬁ zﬁ@impsvmér ein
g;‘ greoglg%?tfeglgglg?%%a: (%r%gm%gtei\grgaﬁ Gt 3?; gv'l!ltere?n "Re tig{err%(e):(liﬁ ¢ Ui TR ereng

constructed by the system initially, and thereafter by the searching agents during roster
solution searching cycles; the scheduling flag is included in the staff nodes of the virtual
graph;

placing the cooperating agents on the first staff node of the virtual graph; wherein
each of the cooperating agents carries out a roster solution searching cycle starting from the
first staff node to the last staff node;

constructing a matrix of roster solution shift lists according to the shifting factors
determined by the cooperating agent;

evaluating, according to constraints imposed and shift balance criteria specified, the
constructed roster solution searched by the cooperating agent; wherein if the solution
Q%oution 1S better than the solution searched in this searching cycle QNCest, then the
searching module updates QNcbest by assigning £%oution tO QNcbest;

incrementing the agent counter by one; wherein one searching cycle is finished
when all the agents have completed their solution searching cycles;

evaluating the roster solutions searched in cycle NC by comparing QN est With the
global best solution Qe searched so far; wherein if QNC,. is better than Qpes, updates
Qbest With Q" pess;

updating state of the shift balances in the virtual graph, and multiple-layered and -

segmented trail densities; thereby the scheduling flags for all staff nodes are updated




first staff node to the last staff node; constructing a matrix of roster
solution shift lists according to the shifting factors determ ned by the
cooperating agent; evaluating, according to constraints inposed and shift
bal ance criteria specified, the constructed roster solution searched by
the cooperating agent; wherein if the solution Qasolution is better than
the solution searched in this searchiﬁg cycl e 92NCbest, then the searching
modul e updat es KPChest by assigning Slasolution to ENCbest; increnenting

t he age#ficording te thepgvadwationpicthei shifd helavees atd cepstyintesatisfactinh shedrionshen al |
t he ag leted their solution searching cycles; evaluating the
,rostere@%éﬁgﬁ%g%ﬁégg%ched in cycle NC by conparing 52NChest with the

gl obal best isofesidnting a%sgon&mrs@mmn%Q ERcouMbiehyehe; hid QNCbest is better

t han Q best, updates nbest with S2 Cgest; updating state of the shift

bal ances i n #PRPiNE seareh ilgeitsin theyhest woster giletidmlyasr mdinaprdvemers gfen Nadopt 1 ai |

densi ti ; dul Lhg | for all staff nqdes e updated .
o ceTRles AT EONRETR,SENAEE bO g B8 nhiRiberif b BichaIG Sy Bl wiabh

sat i sf adfx (what NCar NHS); wikye€hystha Bekt 3696/l fion G| RARMAEH 59fd Repreé@intetdi on
searchi ng cycle counter by one; and stopping search if either the best

roster f@th?tﬁr@rfuhlagoﬁéfaﬁﬁlpﬂr-ovenent after NBstop cycles such as when N,,;
>= NBstop or if the total number of roster scheduling cycles reaches Nmax
(when NC >= Nmax); whereby the best roster solution 52best searched so far

i's preskEnt edThd fystdriig dyisteen LORIAG IPeWBéreRNthe 3¢ off RRealiAg gl iRMiafiymkem of
claim33, wherein the step of creating and initializing "includes
oper at iBHEdeToRgrations of alipcating memeosy srace dor aprpdaleraninedriumabrr ofi npenerasing

' - ' : ' heir i .vj.sited staff.nod
" DoP s igelioni G5 UnifiA g thétr 1 GTRE VN AB ocks B of0 il i3 7©
mul ti - sedrienmatii-tytedahd uatltiregmedfed dhhsstiuoat®r i ng system of cl ai m 33,

wherein the step of placing the cooperating agents further conprises
operations including assigning values to solution searching cycle counter

and ageyst COPMM Rister@: sybfn bPLiAM 89 WHSLEMHRT st&) B Piatfng WAL pBraBHE! N9 the
sol ution search by the
agents further comprises operations including assigning values to solution searching cycle

counter and agent counter.

36.  The rostering system of claim 33, wherein during the solution search by the
cooperating agents, each cooperating agent checks if the staff node’s scheduling flag is on;
if the answer is a “YES”, the agent chooses a shifting factor among the adjustable shift list
associated with the staff with a probability; if answer is a “NO”, the agent simply skips the

staff node; then the agent moves to next staff node of the virtual graph.

37.  The rostering system of claim 36, wherein the probability is computed by
P'= Q) Q)

where the value of probability, PPZ «can be ranged from 0 to 1.

38.  The rostering system of claim 33, wherein the main roster scheduling is preferably

conducted once only.




cooperating agents, each cooperating agent checks if the staff node's
scheduling flag is on; if the answer is a "YES', the agent chooses a
shifting factor anong the adjustable shift |list associated with the staff
with a probability; if answer is a "NO', the agent sinply skips the staff
node; then the agent noves to next stagif node of the virtual graph. 37. The
rostering systemof claim36, wherein"the probability is conputed by PPz
(QP) /( sun% where the val ue of probability, PPZ can be ranged fromO to
1. 38. The rbB% dPptegngyoistam bl claimmds Wheseineths ReRbemoh firsstugingsciedul i ng

is pref EMnin® atgd once only. 50 39. The rostering systemof claim
24, whe glaﬁ %‘ﬁg ngprrger of fine-tunings is predetermned by a user. 40. The

rostering systemof claim24, wherein the nunber of fine-tunings is any
arbitrary nunper dependi ng on requirenments of a raqster] system 41. The
Foster | H) oy REAPUTIE ST GRgRCI ThETEReE THENG Mg e BTy Bri

| ndi vi cyrBlirars Binbbér defiGitlibd b febitehBfisDraRBl i /GEkAr are swapped for

further fine-tuning e roster” solution gene previously in main
schedul i ng phase. 42. The rostering systemof claim 24, wherein the

fine-tunjn eration is preferab erfornmed_.several tinmes until, an
opt 1 mai H-oo: ZBE oSl FGhar o pRakur iBu oeCHaE sherreon ansd e
rosteri§ns X&érﬁi@?e@fbycﬂﬁ' ﬁa%fﬂ)in BRAEGH Sl J%@api)bc]{‘ €ort FHMhRE fRRAHANE QGhe ¢ONRY | S€S

the follow ng operations: ‘initializing the fine-tuning operation, where

t he bessolstiingenentealreviougdy ar mhwdschydulimgtphese. t he mai n schedul i ng cycl es or
previously fine-tuning operations, is copied to QFbest; creating and
initializing a predeterm ned nunber of cooperating agents M-, and all

rel at edqgrenoTle sds@rB@assteHLOLERIN IRAg whaRdl dRlfheStoaRg dpRiatnes Yret@bly node
and det erm ni ng hi%h.& | ow swapping regions for all the staff nodes;

set t i ngperfamsdaeveral tinesatngil ap gptimalrostsa Selytiomissappshorrredeftied cendifipp iss hj f ¢
bal ancemaFd constraints satisfactions evaluated according to the best
roster ¥6l'ution received prom

43.  The rostering system of claim 24, wherein the fine-tuning operation comprises the
following operations:

initializing the fine-tuning operation, where the best solution Qpest, searched by
either the main scheduling cycles or previously fine-tuning operations, is copied to Qppest;

creating and initializing a predetermined number of cooperating agents Mg, and all
related memory storages;

determining candidate swaps for every staff node and determining high & low
swapping regions for all the staff nodes;

setting the staff’s scheduling flags based on swapping factors, the shift balance and
constraints satisfactions evaluated according to the best roster solution received prom
previous scheduling or fine-tuning operation on L2pase;

placing cooperating agents on the first staff node to carry out a roster fine-tuning
cycle starting from the first staff node to the last staff node;

constructing a matrix of roster solution shift lists, Q%omtion according to the list of
swaps determined by the agent;

evaluating, according to constraints imposed and shift balance criteria specified, the

roster solution Q%o1ution Searched by the agent; if the solution Q%oution is better than the




previ ous scheduling or fine-tuning operation on abase; placing cooperating
agents on the first staff node to carry out a roster fine-tuning cycle
starting fromthe first staff node to the |ast staff node; constructing a
matrix of roster solution shift lists, aa solution according to the list of
swaps determ ned by the agent; evaluaéing, according to constraints inposed
and shift balance criteria specified, the roster solution aasolution

searchedlb t hee agent ; ('if he solution aa solytionys better thap the 51
sol uti dif s tress¥eATChRd i this searchingscyiclas fheg upgatee R turehy apiEnings2Gnabest by
assi gniﬂagﬁf%atsol ution NC to best, incrementing the agent counter by one;
checki ng whéther all the agents have conpleted their solution searching

cycles so amcietetitihg (Y dpentdirhiebyloe, current searching cycle indexed by
NC is finished; evaluati gagl the roster solutions fine-tuned in cycle NC
eval uating tHeckingpygictissll the egents haszryapleted dbeic sdutiomsdarehing exslasgocycl e

NC; i i l. in.t ERtugl. aph ;
cal cul b ngeEr oy gl je P BRI bEAB NER RS 4. updati ng
nul ti pl e- | ayenbdtiag thesegesiletorts ek tusanii dyceNC;P(' LWk, g (t+At), WTS)kJ, g

(t+z\t) and WTT)k,j,i,q (t+At) on the virtual graph; and determ ning
whet her t he $%eHlingthegjobal bPMPBﬁ@a;Qmép@Phpdﬂa%na-wm cydedtlier fine-

tuni ng cycl e i8S, e Uty QS i.f either the best roster solution
has no i npr gu\ﬁg%ﬁgﬁ“?g{a{ff(&etﬁe %&%@%@%"%ﬂ}& es“’é“ﬂl@tgrﬂ) when Nni >= NFBstoP or if

the total nusHhailatif 08P EORgIAIPS).; gyale@ i gaphes NFinax (when NC >=
NFi nax), then the fine-tuning cycles is finished and the best roster
sol uti on S2PHukting eeltipledaywed and issgreped trail dlessitipe (T Whi €HAs Yrdsent ed as
a tenp t. 44,..The rostering systemof claim43, wherein in the
st ep of&%&ééﬁ?ﬁg%ﬁdg éﬁ‘%@l‘)ﬁlﬁ‘ez}“ﬁtﬂaggra&’@\éit erni ned nunber of cooperating
agents M, afderdlihinkSViRHRE tREAREYurthP{s2@Rshed! (vhBRMH fo? REMNAD*, QRSthkAfhdIdI NG
al l ocating menory space for predeterm ned nunber of cooperating agent
obj ect stunmgplygierig carhied out; iotheswisk, ifiegtheratic besifdstarsdbsion bes namdpionemert] i zi ng
trail da & II\}FIBS%?, cycles such as when Np; >= Ngpgtop or if the total number of roster scheduling

cycles reaches Npmax (When NC >= Npyax), then the fine-tuning cycles is finished and the

best roster solution Qpyest searched so far is copied to Qpest Which is presented as a

temporary output.

44.  The rostering system of claim 43, wherein in the step of creating and initializing a
predetermined number of cooperating agents M, and all related memory storages, it has
operations including allocating memory space for predetermined number of cooperating
agent objects, emptying their lists of visited staff nodes IDs, and initializing trail densities

and the multiple layered and segmented data structures.

45.  The rostering system of claim 43, wherein during the search of staff nodes, the
cooperating agent checks if the staff node’s scheduling flag is on; if the answer is a “YES”,
the agent chooses a swap from the candidate swap list with a probability; if answer is a

“NO”, the agent simply skips the staff node.

46.  The rostering system of claim 43, wherein the evaluating of the roster solutions
fine-tuned in cycle NC compares QNC, st with the global best solution Qppest fined-tuned so

far and updates Qppest With QONCo if QNCpo is better than Qppest.




and the nultiple layered and segnented data structures. 45. The rostering
system of claim43, wherein during the search of staff nodes, the
cooperating agent checks if the staff node's scheduling flag is on; if the
answer is a "YES', the agent chooses a swap fromthe candi date swap |i st
wWith a probability; if answer is a EO the agent sinply skips the staff
node. 46. The rostering system of clg m 43, wherein the evaluating of the
roster solutions fine-tuned in cycle NC conpares (NCbest with the gl obal
best solution 5 Fbest fined-tuned so far and updates S Fbest wi th g2NCbest
i f QNChest 7 el t claim
24, mﬁgﬁelnq? 2&%%?%%%§?£%§F§?§$ 4%ﬂ§£%§8§§$§1#@ggd§¥%<§ggﬂﬁn]and

used byeatdbiee wiedihm add &sahby thesve(bﬂkldw SolifiBethRg optidizgr aphgraphn sdistiater
nodul e i ncl udes roster cal endar information, staff infornmation and nul ti
| ayer efnadsleninchidga spster ralprdaripfasmationostatidnfermatien padpuliidayerad r‘se«%r ki ng

S 185 560,34k B 6% B4 o MY Co L ATNP SRS SlricliRguhe: and

wherein e Infornmation $ ore e conputer-"re un1an used by
t he roptblid hgidaygi and fixed setedule;amsit whdrsin ﬁleﬁxﬁbﬂ‘ﬁﬂtlo@mtoré&:@l tHeazmtputarol ut i on
par anmet ers and wei ght fﬁigor settings, and |nterned|ate Pheronone

densi t Feadaklgimediyy and used by the %@rlag&aelr@ém lugdgsipgnsteint information, ACO-

based evolution parameters and weight factor settings, and intermediate pheromone

densities shift balance state and agent searching log.




