1 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 system and nethod for rostering using
multiple layered and segnented pherohnne-based cooperating agents.
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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-



[ 0005] Recently, nore advanced probabilistic search technol ogi es such as
CGenetic Algorithnms (GA) and Ant Colony Optim zation (ACO or ant systens)
have been applied to rostering problens. [0006] Cenetic algorithnms search
for optimal solutions on the basis of,the principles of natural evolution
t hat depends substantially on fitnessz. In a GA system solution of a
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[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 gxj, 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



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 be efficiegt, particularly when the rostering
problemis considerably large. In addrtion, a GA system sonetines has
difficulty to find real optinmal solutions because optim zation | evel
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[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



the solution searching within a virtual graph, the comrunication nmedi um
used by 4 cooperating agents is the pheronone. Actually pheronone is trai
density, in formof a decinmal nunber, deposited on the searching paths by
searching ants. Therein, the traditigpnal pheronone contains very limted
information. As a result, it is not able to solve conplex sizeable
rostering problenms because one nust take into account a |arge nunber of
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enbodi ment, the nethod conprises the follow ng operations of receiving
rostering problemdefinition data; constructing a virtual graph that
conprises a plurality of staff nodes, a plurality of organizational nodes
organi zed in a layered structure, a rality. of shift bal ance groups and a
plurality of shift |ists, wh&PHR e@éﬁeg?v Klgnpl urality of staff nodes is
associated wth one corresponding organizational node, one correspondi ng
shift bal ance gr oug, and one corr esgondi ng shift list; perform ng rgai n
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and det gjojne a r @glbofifer Bbjective 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



solution; and performng fine-tuning operation on the roster solution from
the main roster scheduling cycles by swapping factors, wherein a best
solution is found. [0017] In one enbodi ment of the rostering nmethod, in the
step of construction of the virtual graph, the virtual graph is
constructed by the foll ow ng operations: establishing nultiple |ayered
organi zational hierarchy; establishing balance groups at each of the
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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 Q2 wution 1S better than the solution searched in this searching
cycle QNCbest, then the searching module updates QNCbest by assigning QP otution 1O 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 Q¢ with the global best solution Qpest searched so



searched in cycle NC by conparing SZNCbest with the gl obal best solution
2best searched so 6 far; wherein if aNCbest is better than abest, updates
abest with aNCbest; updating state of the shift balances in the virtual
graph, and multiple-layered and segnepnted trail densities; thereby the
scheduling flags for all staff nodes ‘are updated according to the

eval uation of the shift balances and constraints satisfaction at various
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O[Wtis)kj,gl, O[T(tiT)k;j,i,qg]l; updating multiple-layered and segnented
trai| defSiddepsonsfrewng amatreCpl) rostepseluien ,s}gft(ltslﬁ)sA%asolatndawf 1§ fo i?l,g Irirlgb
(t+AL) %? S\tzvggs eiterzrtnﬂgéd g}r} ?t%ha-ige%{} devaluating, according to constraints imposed and shift
balance criteria specified, the roster solution Q2 ouution Searched by the agent; if the solution
Q% olution 1S better than the solution QNCbest searched in this searching cycle, then updates
ONC et by assigning Q“sjution t0 QNCbest; 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 &best searched in fine-
tuning cycle NC; updating state of the shift balances in the virtual graph; calculating trails
A[‘I’(Tw)k,g], AP () iels A[T(TT)kJ,i,g]; updating multiple-layered and segmented trail
densities ‘P(tw)k,g-(t+At), W) jg (tTAt) and (T jig (tFAD) 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

Nrgstop Cycles such as when Ny >= NEsstop OF if the total number of roster scheduling cycles



determ ning whether the fine-tuning is finished; wherein for a "NO',
another fine-tuning cycle is carried out; otherwse, if either the best
roster solution has no inprovenent after NFBstop cycles such as when Nni
>= NFBstop or if the total nunber of roster scheduling cycles 7 reaches

NFi nax (when NC >= NFina,,), then the fine-tuning cycles is finished and
the best roster solution SZFbest searched so far is copied to SZbest which
i s preseetobds dsma (Woep Py Nowt)pthen theGejtuning ayolehas finspet and theebgst esent

i nvention proyides.a rosteri,n stem that . conprises a c ut.er-readabl e
redi um PO R Een REY 5P JBh BOPIdP et SHLCh i3, RFEP AP A ETAYER  and
final Olbtufr.lﬁtt.; and an al gorithm enbedded within the conputer- readable

r

medi um f o ostering a plurality of staff with duty assignments within a
roster [@0] od usilmgnothet agpeet,|thy eresdntindestegnpovetts phestempgesybagethat

cooperating agents, wherein the duty_.assignnent of each staff is
oy csoitPBPRES 4 Cimriitratblp hediirE Sadhn cae s TRETH GHARHPs ( hat
t he newiARthedaRagt£nANGes Afput; 2hdninfdigathhy ecinBbddededithinetht rdigute@nal ant

col ony optim zation (ACO t_echnofogy b creating a new type of pheronone,
e.g., nutadapleembdiyor tod rastering g mdwabty @ﬁ\;@aﬁ votheduty sassignaeniswithip e 1gter

cooper ating ,agents .g.,..multiple-layered,and se nted pher.ono ased
cooper aftReﬁlgda ] él?ulg‘ﬂ_%r laysted ar?c{ SF@%@S&W@W%}‘%@%@ he Oﬁ r\/‘%‘ﬁ1 %(5{1’1%88%& ch
for optiviedrein %@ diity skidnB@ IPERK stufiflis héreRnealbytal sBift ERace represented by
the virtual graph. [0022] The new type of pheronone contains rich

i nf or matlP@N] about PaasevRItageel thadevention dt that the nexx methedthas snbanged dad er
optim zati QR | eyve t rio I i i-er: r i ftwbal ance
o oups. ateperylmRovifihe KRRl AOLbBRy dAERNRN (ACUF Gendilg oR O
it can regitigeniew e 0l pherohishe ong palultipié-tiysredopidisogmeidted phavinoaes; andind
constraint information, The segnented herog&ne is able to divide the

sol ut i or B yperfsoppaaidtg agsats, SgniByliple-laxere And scampinis( PREEORARE PSS es
over a sj i f . Sdgmi i cant ' k el Ng
and gl Obdg@ﬁé%g#% ﬁéé‘i{ggaﬂg}gé@ﬁ ?n{éls ?drlsgfrg?a%{soeg&s%% t?te%r%tggfcs:éﬁ?ﬂg Orzc]ﬁ)?li ci ency,
and maxigohzea is admpleaahd tingd sxhetiordpasofepresemadt byathetvirteah@grappt i mi zat i on
criteria. 0023] Conput ati on experinents show.that the pew s%/st emis

|
nost ef f[P84Z%nt Lrﬁ‘?gn‘?)‘t’mé?e Pgﬂ%‘}oﬁﬁ)@es‘i?ﬁaé’i’ﬁs?lch gniogmagion, A0y PERRONVES a5t er
than t Od@zﬁéﬁ ePEShstfaAf! &Eﬂsfh?tioﬁojntd}"ﬁfs?er DRintigRich Wvel RE vERbELbr@ndatibn Al and

OR research communities. can also provide nost optimal solutions as

wel | . hierarchy layers, shift balance groups 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.



[ 0024] Anot her advantages of the invention is that the nethod of scheduling
and fine-tuning staff duty roster using nultiple-layered and segnented
pher onone- based cooperating agents allows the rostering engine to be
flexible and to automatically generat%0 a solution based on a nunber of

i nput paranmeters, and the solution is“ptimzed based on the optim zation
criteria and nultiple hard constrains and soft constraints inposed. 8
[0025] T985lobj ect iThebiast vesdansradagetegesf oft the inviention wdlh bedane anpatsme frappar ent

from the | | owi .det ai | ed. description of..preferred.enbodi pen her eof

| 1 Connd ok SR BB Pl nf B M S ERR R ke e

Dr awi ngscddipdinBrdedwipsed enbodi nents according to the present invention
will now be described with reference to the acconpanyi ng Figures, in which
| i ke reference nunerals denote like elements. [0027] FIG 1 is an
exenplary matrix representation of a roster having a plurality of shift
lists for a roster period. [0028] FIG 2 is a functional block diagramof a
rostering system usi ng nul Birief Pesdriptivnest thadrawgignt ed pher onone- based
cooperating agents in accordance with one enbodi nent of the present
invention. [0029] FIG 3 illustrates a two-phase approach to generate a
roster i corda iyt . B E : | AV 88~ hd 0030]
F o s PR T o ot Giondl; @ap AR AL oRle R 1 FroBb @Ry AN 100 b0 on

shi ft i nglef@itiednsith [&3hde fol e abcorhpanyingaFizaredy mawhich dikiefrefengnco fnumesds f t

list with several partially fixed shifts. [0032] FIG 6 illustrates

swappi ngleBete diks elements dual “shifts in a shift list of an individual based
upon di f nt s ' WOR33 bV sRPhY RIrMit§ Q8T Ce
graph c %@?fuctegqggt?%%&ggggﬁﬁn%onstrh:t%ghﬁﬁofhe rosteriﬁ%ngysté§1of FI G
2. [ 0034hifflisss f@ airbsteisparmtles t he bal ance groups related to an exenplary

station and sub-hkal ance groups afed to teans under the stati [ 0035]
P o o IR at edTna er Rt o Bh ety o Aova S byt e bR fple
layered and segmented pheromone-based cooperating agents in accordance 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.



-accordan

di stribution and shift balance during the rostering period for an exenplary
bal ance group at an exenplary bal ance layer. 9 [0036] FIG 10 illustrates
an exenpl ary sol ution-searching path, the multiple |ayered organizati onal
hi erarchi es and their associated nulti,pl e-segnented pheronone densities
deposited by the searching agents in £he virtual graph. [0037] FIG 11
illustrates the cooperating agent object, staff node object, |ocal

sear chi i936leur i st FEGah@ ilegoaes aorexefmplay niobuten-sparching el dhe aydtile
pheronone trail .densities. [0038 |G 12.1.s.a ral f| t he
oot er | Tetsds tsam GERTY Hiterchis . perar i BpERE bl HRIm e
cooper adeRrticdepdsitedl By AGCRaMANRRagohts in dR&irn@paghment of the present
invention. [0039] FIG 13 is a detailed flowhart of the nmin_roster

schedul 1%987Inodul e G- AlGllustrates theaeeaperping c2gant pbisste sehbrrfienghigctoboceihe

resent _j [ . £ 004 : [ ' ' et hod
Por 11 net PG g8t QAP Updoston, o g R EELRE phip SRR LS pRUBRRRD e 20y
t he seagdetyitig. agents. [0041] FIG 15 illustrates the sel ective swappi ng

met hod and introduces how the candidate swaps are usegﬁhh t he rgsHering

syst em 10988 i ne- t EHFnd2tine pepsrdl tigychark Ozé}é"’r ENIFTYE BGERASISIpHBRLP'E G 16

is a detal t ine- i G !
o epd SUERBIEA Bnefrh i Blsel DSRLANE PRGSO S 1i o

Descr i pteibodiadent betht presattiiorentiof43] The present invention nay be understood

nore readily by reference {o. foll om ng detail e criptipon certain
enbodi né?ﬂ:*gf/of thglén&gﬁﬁ .lfepgb’l"&?‘ar‘f ﬁ}tmg\f’rg?ﬂiﬁfosf[‘ﬂisdh%%%fl$ Eg’fi}l%_r{f%m'ere
publ i catihQRg.REEEERhRME Bhboliftent BF € hASHRISvtiohhese publications are
hereby incorporated by reference, in their entireties, into this

appl i catfooan] i n or dé6. 14 ilmtmtesuhé gentercrvidppinghoethodifer Ghe-tming hevipsteh t hi s

invention .pertains. [0045] .ln the follow ng,detailed description, specific
details pé?véglésgf gefnﬁ’faﬁ#‘ilsﬂfl% gtf%c(%orﬁg’éﬁ\}l?%se@a%h{%oargs{ﬁtéh under st andi ng of the

i nvent i ggpaqonevergiGl 5 Wirhdiral® o delesdROSvApyingt MeHhed sk lihiestiices héve thel evant
art that the present invention may be practiced w thout these )

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



10 specific details. In other instances, well-known nethods, procedures,
conponents, and nmaterials have not been described in detail so as not to
obscure the present invention. [0046] It is to be noted that the follow ng
description wll use a hospital enviﬁ nment as an exenpl ary organi zation
toillustrate the principles of the present invention. The hospital

envi ronment _serves a good COP exanpl e herein because its roster has a

st r uct uspgcifi¢ detailehyn ahgr desigices. welh¥newh methodsg prasgaures.ecomposerigpingy ees
work in i.fferent rds,..differ . i nd different . In

adai t1 oS Rt B clrb A Gty 5 BHITR PR e PESERIMEREE: cnce.

Furt her pomue), extelnad td st abtedstiel the folblisg iekiriaih will sdec kniesspital
t hensel ves, or their coll eagues affect rostering of the variqus shifts.

These GRTHHBER FseaiyickemBlarg osganizationy alllustateoths principlghiof dhe presspst
or gani Z?ﬁdegﬂgn. *gﬁé‘ﬁ%gggﬁﬁlﬁhﬁ%&{%%e%%kg%lb Sxdiile hidtld tgé&&s% fFS*}t%ﬁng p: tsa

envi ronnent as descri erern ferring now to
shown ahaexetmttaral himmhrch) anépompiaxt @nswaintsof Fa exampkr it @niphwieag warlplur al ity

f shift lists f t . i d . A ift list 16.i i ndi cat ed
25 & gedisreneraitp Srlsront RietBire et ieron Gt Th pdGon TS bR Kels DTS od
starts fdgt?%ﬁ skiil fe9tls 93y e%ﬁerkg%%mﬁﬁﬂénﬁaﬁé, g’;ﬂerﬁg Relord HRA a8 BYBlic Kbif@Ys al so

be of a erent tine un endi ng upon the roster period that 1s
r equi r edr sichndssaf thdvesebiles for thdis¢adleaguasedfrontstering af thwviddovaghidfs. dhese

individ staff in the roster riod. The.total nunber. of shift lists in

the ' odmenreguiracto mb St Emeh Bet<it are Waisebr e R RRIztigs. Herpbfecent ed
by "m . JFach i6GldtiohSs ndtMinkiftQ tb A% spithl nOR6QRENES déschibed herbinat is perforned
by a stgff on a particular day. The terns wor kl oad" and “shift list' are

clarifi ¢abamer ei nafReferring @0w8p FNGr hethérg is shovid agexshiplary matriyg repsesestation e set

on a rotating bgsjs.to ovi.de,. .r.ound-t he-cl ock .cover age, -gre -usual |
Do way T eaosier G btinge RAENGT HTRE b R fuf bRt h s  ATRITIEIS 5Re)
or thregndiedidd hdd g&ltrikleRahpRf thelPlaratiRBof it listsS TAE résterPREibil B@rts fiioht a ( D)

and an afternoon shift gE) whereas the 3RS consists of a norning shift

(D), an fust dnndaroshint deE)ldan@ther ghaghdayshnfqan(algo beef agdiffgrent dimeypnit
rosterin robl e ach of t if -has Lneg.: 4 k- i hough
var ati OB fbn BRHE porddpats bl MR URCHif 1R Rk B 8 10N
wor ki ng veérkidad of \Wh ehdiaitual §tafffay she(xoBkr ppridyl.| Thdattdldayisber OPHiftelists mutheal

| eaves (AL) and training | eaves (TL) are_non-worKking gl fts. t€3004911=: &/Dst

or gani zdestentd eoraespardsdothy intal rmaiber szktaffdb@rlé&?r?fémpa YshY f E2aftE s as

? 2?rgl ;te gR:;%;E r%?tﬁg 16 Eep?estehé adnfefhhed pglffofrﬁé@oy Sanronaatould dpekrhy thase

‘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’ refersto a
rest day. An example of a 3RS with a bi-weekly template is “D, D, D, E, E, HD, RD, E, E,



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 exanple of a 3RS with a bi-weekly tenplate is "D
Db Db E, Ef HO, RD, E, E, 11 N, N, N, HD, RD'. The half day "HD can be
further defined as norning half day shjft (MH) and afternoon half day
shift (AH) respectively. These exenplaty base tenplates only define the
nunber of each kind of shifts in the roster period, for exanple there are 3

Ds and ¥, E{;fN,rHDRE;[)”aI Theoha}fhden&iBhean be futheaidaied as meming hplf dex slaiﬁtpfear in
vor I oat 48 o PRRFaEl} 8B SRENTE sk IRl P aPsh JbmPlar, Pa ShBRRES

2RS or anBRBfinbatic hsmbasifgaedkind of shiftsdhfthdastcr pehied, fopagriblé drerdikBer ent
rosters _because of | eave taking, ,gubl i c. holidays, and fixed schedul es.
Changes DsringenBoie? R haditpush the shifis contpiaed in Hsttemplie aRrsar Isomesit oy a
new ros caus ﬂla]Q:g ' shift list that
i s bas eég uﬁg(ge’ assgq&{ng?m at Zlﬁﬂélg%wggﬁ%gsﬁ%érog@ té@t’é%g%ggg%ﬁgd to that
staf f. I[oosopnual KOfehes stagdartl basestoinblatd sikhas adRS @ 3RS Aht orassignet toange
manual |y to ensure that, staff and shifts are bal anced daily during he
whol e r 88fiehasdedeshangrd B 33@%@9 rp%te@beeawssPéi?ﬁVEaelf%érulbmlPﬁ%Yﬁyéﬂ 0051]

Wor kl oa f Wola]: 3 I ; GG
aut omat glé(@ g %}}%Eéllegs gggﬁa% g g@ o?tﬁl&?eer? %%n:éggl?ﬂelﬁgdggt% oa?féécgﬁ%%%gg t%r I?I oad bal ance,
and sociaalew rbstet becaussurfithasgey osqestae by alsedf, sinawi shift Hstdhatds basad osadksd ng

constraints have to be taken .int.o acc t exanpl e overn t

| egi sl att?%ﬂamuﬁﬂgf’ caPsrtWe%gf’?flé‘rS?l%e tBT%ﬁ?q&arf{ﬁ{nﬂHW%Pﬁcﬁﬁrﬁ%tt aéﬁﬁglﬂs,ts race
or di sahid é&gﬁ(stedaér e Ofrrafb@fah B8y Rpburd it Stafflhd SWHsldrOBalamird daflplifring

assi gnment Shoul d preferably consider human factors such as staff

exper i erlewhold rostér flering ned st ¢verynov#l df orgapizelionad hipraghs. General |y,

conputers have a obl.em wi f h in to convert such,hu QLS nto

rules, d%ptiall y%’gﬁoa%%n%ét@hrs%ls&%%wgﬁﬁn EFOV(?QQ?‘{“Q lexn%{r%ga%glﬁolttaﬁaglr

pol i ti calydnaed.t eafiNk GRkausd Ibeth tebhnitd fdewiy akheasanskiaddnptaabé,eandaonanual |y

performcertain tasks such as defining workl oad, V\orsg%;g hour s, er of
$

nu
wor k shifaeters sugh gagoyemngnent bagisietirmesnsd vigious sfadbing qen bavecter b taken ons

for deri.ving an optiml _.rost t r r : i ng
now t o If"iﬁéa%%?m% FS%?’?F“RI% g%?ri%{/nggt ]i%ggt)d\lg\%ﬁéhagsng)g gﬁi&éé%gr %ang%scg\;ﬁ\flﬁé one
ermbodi mahingf gbdtRr Praes @Rtdisabient | A foCeatfimy tonstraintd, ke fWarkloap madestaf Phase
I, workload, staff assignnment and shift |ists are deterp ned.. Wrkl| oad
refers tassighmeairshenld pelfeiphly ¢amsiier dwman,{ackory Y6h 5t Stéﬁja?’?p.enleﬂcesﬁﬁ‘g

I nst ancevssli’lling e t%a&gorﬁ(q];l%ﬁéciﬁ‘? gMﬁ?)s.n %H&fauy, 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



of staff and total nunber of work shifts required in each teamor at each

| ocati on where round-the-clock coverage services are provided. To every

i ndi vidual, his/her workload is often represented in the form of
base-tenplate 62 in the roster period 60. The base tenplate contains a
i st of standard working or non-worKi shifts. After the base 12 tenpl ates
are determ ned, pre-processing (also naned shift-setting) often needs to be
carri edtaupla®d aro densinede pre-procedsirfg (dlsesnabéd sigfiesetang)f efteentddsgoibec! udes

i nserting | eaves, 64b i MROSI .fixed. schedul es 64 nd retur,nin af f
publ i c ﬁ%ﬂega&}%‘?‘%&?&"hﬁ&% SR ist R T TGS 83 s
and | eayfiposthgd Fix&@bcHRauidl 6ah ashdinirhivg 0S¥ QUbINIhEINGYB S ct Note SHt fith $heof

whi ch the positions can be altered to achieve overall bal ance form an

adj ust aphiét-list 166f the|prefixed shiéts gnd leanes will netshesdieradbypbr rageditboieing e G 3.

After t shi.ft .l.i st 66..has been ..d rm.ned, shi i i

et or m RS S atpich Fsa SRS e B0 e 56 PURSH ol B8RO0 ™ sifstabler,
the secgnigk RNB8Ee. L) HRHAKE dde to[ 633 ]shdbwn dNBIG SN eAfter thoehifr i @6thak beent i on
provi des a rosteri ng system based on an inproved _ant col ony optim zation

(ACO) udrisgmingfls shift Baleiging éqdetieraninedy A ety pIsts JAEtBeREIRY bESPUFHIS ng
agents. ﬁﬁéﬁe 731@&3‘@@%@@@%3@&%@# ﬁl ock diagramof a rostering system 20
€ ol ony

using t I proved "ant optim zation (ACO technology in accordance
wi t h ongoosgpodi neili ond adpbet, theggeseht invegtivin providdherasesing sy stgmspasedern &0

conpri ses a workl oad and shift setting . optimzer. an raph gonst t 24,
it e R AR T SR A N I T
Is to bﬁthgl%‘ir?tglett%géd E%%&tgféazgg%ntsm@![@nﬁsﬂo% 4 AficEBhAdbISEP il fh Yoras

a, , C,

differe parts 30d, 30e according to data stored therein
for ill ussterdig vest@nr2Bosssg tid ymprased howolony Bptimizition (AP bresheolagium  30a
stores roster cal endar in{)o(gmati OP 22: the storaq%g j:ﬁdi ung 30b sttore staff
i nf or ma@FEATIancE WHA A% $ToPErEg {he RTSPY VS o n i oR 34, the
storage c%g,kigég a39;6r1&(lt,a§af£§1 shﬁﬁ§&tiﬁ§ BpthiRizRS ardBerapto BorBrukion 94 541 ACO-based as

Y]

staff | eaves and public holidays 38, and fiXxed schedul e information 40;
t he st oregerimeeigim 26 dndabteast oungenags mediunt 39.ntis énbe poted Apdihrasiegee

searchin ar ter 4. and i ght..f.actor sebtifgs ; . e
redi um b s Sndiniles Fardis S SaterSaty T 0GRl AEHEERSS o
50 and agentioR8 & mer illu9gathR. pukRRE¢bnIQuARLLEwATin FIE. 2,0k bfage neydatmem 20
are rosters 28 as exenplified by the roster 10 of FIG 1. ) )

30a stores roster calendar information 22; the storage medium 30b stores staff information

32 and multi-layered team organizational information 34; the storage medium 30c¢ 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 30¢. The workload and shift setting optimizer 24

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



[ 0055] The workl oad and shift setting optim zer 24 receives the roster
calendar information 22 fromthe storage nedium 30a, the staff information
32 and nmulti-layered team organizational information 34 fromthe storage
medi um 30b, and the base tenplates 3 non-wor ki ng shifts such as staff

| eaves and public holidays 38, and fiXxed schedule information 40 fromthe
storage nedi um 30c. The workload and shift setting optimzer 24 optimzes
t he wor witbadthenesterqeriall. The frorkloadiandyshifi seingwptimizsy 24 apssepwrrdeas and wor k

24 passouthastiTkouioat o RF o8 atr, Sl AR e AR Kl =

l'i st maghdixe 2@ the ACO based rostering engine 26. [0056] Fixed schedule 40 .
refers to certain shift lists that have partiallﬁlfixed shifts .or that
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wor ki ng shifts when cal cul ating overall shift bal ance. [Q057 he, ACO based
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30d to gwsrch fofThe QsC@+basal tobieting 28gind @64s i ACO-bhred apificialinteligeaes t he
total nunber of available staff, an wor Ki g@bfts th(gul.d be venlﬁ/d

di st ri béfbdragtamythat faeeiyes RRNSHANY &popRat t ed 3ROSR

hi erar chy PR 4 ht R riRshelihnB0angsaec26 can
be sent Q?Igt?&g}“ nt |t%r5-52%n§2\1§§egg§£%?og%€€mﬁ % g?rﬁg?/t dat abéaé?e1 sys.tems.@jﬁOOSB] The
const r aifetrostef solatidn 28 BRadhioleubesptireajabstem thel tatal wrsberef guzilabla stefhand 1 ul es

and personal requirenents for |eaves. . T onstr.ai nt i nfor M) | so

i ncl udeé"’org’éllgsﬁﬁgfﬁ Sﬁpgﬁege _§h’8n]é’t ‘iﬁrﬁ%‘é‘#ﬁﬁ@ ‘W{S}EP tﬁ'ﬁ _I\%Tief: ggl?)g %a%&gri zed
as soft o?@iﬁﬁia?i@hﬁtlﬁeraﬁﬂﬁcal 1yeF. AMEE rostR I8 fotedTBY thel B ftelifs vitike 26 can
preferred”shitt pattern, for exanple, D E pattern and weekend DE

pat t er n.beBhet for Rintgownstegmalion withatlkes datahaseisyste®sdesi rabl e to take a

norning shift befaore rest d RD)..and,an .afie i ¥ est

oy, ThaStRBLicend e ComaerhippEnaidl 42 Pelhts Jeaar Rapliich Nefipdhal o3

during gupeeke E)@rs@ﬁ?{l feSalkthelay f@ndaveSundaydonsirdint mfbietdtion 42calss imhglesa D

shift on Saturday and an E shift on Sunday. Anot her congttrai nt.Pﬁxj;r(r)?l eis
i

that a gersonal wishes anvhstaff@airings myast el whidhinre categamsed a3spEsonsial

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.



constraint exanple, both the senior staff and the junior staff nust be
paired in the sane 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 acgording to their weight factor
settings 46. Most of the hard constrﬁ‘?nts such as the nunber of work hours
and the-nunber of D, E and N shifts in the roster period would have been
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because ehgth of "a shift list 16 in FIG 1 depends on the roster
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based upon the roster period specified. The rostering system 20 assigns a roster
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



sol ution searching cycles by cooperating agents. The sol ution searching
conprises two steps: 1) main scheduling and 2) fine-tuning. At step of the
mai n schedul ing, the search agents adjust the initial shift list matrix
that has one or nore shift lists using shifting factors to thereby derive
a roster 28. The search agents use s ping factors to fine-tune the

roster that previously generated in Step one for further opt|n12|ng t he
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t hif Ling,fact d fact FIG 4
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by a swapping factor pair (3, n) are swapped within the roster period. Similar to the

situation described in FIG. 3 and 5, 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
(W 204 in the graph) may have several stations (SWk1 206, S™*, 208, ..., SWkis 210), and

each j"-station (j = 1 to NWkis may have several teams, where NWVksis the number of



swapped. Therefore it is necessary to construct an adjustable shift list on
which the swapping factors can be applied and then after swapping, the
renoved shifts will be inserted into the adjustable shift list to generate
the roster shift list. [0068] Referri{% nowto FIG 7, a virtual source
graph 200 for the exenplary hospital "hurse rostering problemis created.
Where the nursing staff 202d (216, 218, .220), assigned to various work
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I erarchy. Xampl e, ..in t h i.tal ' nt h [ ' L,onal

hi erar cﬁy Nhgf;‘{’ W%SﬁeSi ét‘S’ tgF nflﬁlr% greoﬁotgg%% ?{‘deg .@g{ét{ogv\rg/;& & %Ogtye}r?s @5%@%@%%%%
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under a jth-station in a kth-ward, where the kth-ward _ (W 204 in the
graph) masressed as Bdows iwheredhq Bimbol Siwefandobor “ovgesigned;to”): . SWKNS 210), and
each jth-station (j =1 to NVkNs may have several teans, where NVKNS is the
nunber of 16 stations in Ward Wk. For exanple the station SVk1 206 has

Teans Tgbggl2 ---Pk,QWFWW,SﬂWD 214, where, Nt is the nunbefl)of teans
under Station SWks1206. As discussed above, a staff nurse Pk, J, i, who is
assigned to the ith teamunder the jth station in a kmward, can be
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assigned tq e Tp-th team of the S| station (hy defaul in the Ward WK);
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[ 0073] V\herree \C{V:(?Hset of ward nodes 202a; S = a set of station nodes 202b;

T =a <SEPredededfioloNdes 202c; P = a set of staff nodes 202d; BG-= a set of

staff bal ance groups (not shown in graph 200); SL = a set of shift lists

202e, each of the shift list bein associ ated with each of the ff
nodes. [0072] G=(W, S, T, P, BG, SL) oyt

[0073] Where W = a set of ward nodes 202a; S = a set of station nodes 202b; T = a
set of team nodes 202¢; P = a set of staff nodes 202d; BG = a set of staff balance groups
(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
202e. For example, staff P! 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 P$'TL, 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%s)) 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



[0074] As can be seen fromFIG 7, each staff 202d is associated with a
shift list 202e. For exanple, staff pslTll is associated with shift |ist
226. Note that the shift lists my contain non-adjustable shifts, 222,
224, e.g. fixed shifts, or |eaves app jed which are marked with synbol O
in the shift list 226. O course, shift lists may not have any

non- adj ust abl e shift defined by the pl anner; for exanple, the shift |ist
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the shi fSb@ShIraaceonjaiowps or nsiestkS gwdos ohpnernle %?gfafm E@‘Vglt %IFI‘ b&E‘&&%s For
exanpl e’grca}upS IS%I}EJ?%aIye\c/ngtaﬁlhétfattf @gh@@%ﬁ (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 SGY can be expressed in following Equation (3).

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

groups TbGSjg for Team T¥;312a, 312b, ..., 312x, in the station Sij 310 can also be
constructed using the same method. For example, the Team T, 312a of Station Sij 310
consists of following shift balance groups, TbGY, 3164, TbGYY, 316a, ..., TbG
316a, where 1y is the number of shift-balance groups in the Team TY,. Generally, a team
level shift balance group TbG”; 318 under Station SW 310 may consist of one or more

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



group SbGsui may contain staff grade SSN (senior staff nurse) and SN (staff
nurse), expressed as SbGsu i = (SSN, SN). Cenerally, a station |level shift
bal ance group SbGsjg that contains one or nore staff grades SGSJk can be
expressed-in follow ng Equation (3). J0078] SbGsJg = (SGsJ1l, SGsiz2, ...,
SG5' Nsjg) (3) [0079] Where Nsjg is the nunber of staff grades in the

bal ance group SbGsJg. [0080] Simlarly, the shift bal ance groups WGWNXg for

Ward VW and the bal ance groups TbGsJg for Team Tsu; 312a, 312b, ..., 312x,
in the ion $10 can 0 be ns{ructed using the sang,nethod. For
exanpl el%%he Tea\#ég ég‘g &gt at‘i’é#ag\ﬁj\l 310 consists of follow ng

shift bal ance groups, TbGsithi 316a, ThGsitl2 316a, ..., TbhGsjtintl 316a,

where ntl is the nunber of shift-balance groups in the Team Tsil.
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m ni rum nunber of D, E and N _shifts, 304a, e. t he nurgger of nor ni ng
shi ft s, SthG4a3 ezpthe numben ofBwniag Shﬁ‘ffsepﬁ@?@ﬂ 302, flaesnurpbgscefjafterngedy and

nunber i t Station
bal ance&grgt}%w%léd}fb %185@1 T g}?ﬁfr éﬁg%$3§%bGSJ lﬁ&dggn?\ﬁgagfﬁﬁgé@n'ﬂ%g@G 8g
af t er nodntishbhlasce groah N Sjesy] 0631 nquk‘dzs Bshy@gj k moﬁﬁég shiftpEsGhGESifspoodGBits

bGSj - S hi f 304 ly.
e T R e R
shifts §}ﬁﬂy 6ﬁpregﬁbc¥wﬁysm ééne'?ﬁl 1%?% ﬁ#ﬂ%&%ﬁ&h(%d&h%ﬁﬂé@t&b B&hifts
Yk, j, 9, ( )k, ), (NSN-5|fts)k, j., gare expressed

accor di Ngs}mﬁbs telqnized irdéatgth slef@alan0¢ gveaapd deotedpas) (MEbatitson; & S E- soris]) k3 g)

station Cf‘ (ﬁgl]\l smftsg)i?lépares te)%r%gsed Acot m%rt% t ueretl tlfdee%s C” t‘)’\’%(rjd Wks f2%l statidn”

Sij and 3.) station balance group SbG ’g, which are further described in following

equation.

[0085] (NSpusnins iz = £ (Wi, SV, SbGYy)
(Ngashins )i j, g = £ (Wi, SV, SbGYy) (5)
(NSsnins e g = F (Wi Sij, SbGY,)

[0086] Referring still to FIG. 8, a station may contain several teams, for example,

Station SV¥; 310 has NSy, teams 314, T%; 312a, T, 312b, ..., T¥y 312x. Similarly, for
each team, such as the team T Si| 312a, has a list of balance groups, such as TbGY, 316a,
TbGYt, 316b, ..., TbGY',; 316x, where, ntl is the number of teams in Team TS, 312.
The numbers of D, E and N shifts 320 required in the team balance group TbGY", 316a are
Drbgti-1, Etbgii-1 and Nrygir.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
ward, denoted as (N"p.snifis )k, i, g (N shifis )k, i, i, g and (N \-shifis k. ii g are described as

follows.



equation. 1 W sJ S j, SbG [0085]g) D-Shifts )k,j, g =1 (W, S (N
(NSE-Shifts )k, j, g =f (W, SWj, SbGs5g) (5) (NSN-Shifts )k, j, g =f
(W, 5] , SbGs'g) J [0086] Referring still to FIG 8, a station may contain
several teans, for exanple, Station SWk 310 has NsiNt teans 314, Tsil
312a, TS 2 312b, ..., TSINt 312x. Si m9 arly, for each team such as the

t eam Ts51 312a, hasT a list of balance groups, such _as ThGs'tll 316a,
TbGSj t 1R0&6b, . . (N oFeSi 1 nEIf (3658, Wity #bGitd) i s Y he nunber of teans in

Team Tsj 1 312. T nunber s of wands;N kfit.s 320 required jn the team
bal ance group Tbcg\ﬁﬁﬂﬁs .68 érfé%m%b@ &-J&,T%E'Igb@tl-l and NTbGtI{6$ 320.
Generic represent@fiQng )IQI,L ! ber (nwriaetes T8f THGYE, yand shifts required in

the gth team bal ance group Tor the ith téam of 't he jth station in the kth
ward, denoted as (NT T T D-Shifts )k, j, i, g, (N~l~ EShifts )k, j, i, @

and (N Nogl 115 )i gpdioe 08 IRSHEREShRa Pblabd ovel A QR bhbNTE- S 7t
group at ward level is denoted WbG,. The numbers of D, E and N shifts required in

w W W
WbG,, denoted as (N p.shisis )k, g» (N B-shifts )k, g ad (N n-shifis )k, g are expressed as follows.

[0089] (N b.shifis )k, g = £ (Wi, WbGy)
(NVbshifs )k, g = £ (Wk, WbGy) 0
NYb.shites )i, ¢ = £ (Wi, WhGyg)

[0090] Note that the ward balance groups are not shown in FIG. 8.

[0091] Referring now to FIG. 9, the number of required D shifts, e.g., (N S b-hifts )i,
¢ = fos(Wi, sWk. SbGY¥,) 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 (Dj,
Ds, ..., Dy) 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 (Da)x, i, g Where 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, n°p.gnisis (D1) 352 is lower than N°b.-shitis; While n°p.snisis (D3)
354 is higher than N°p._gpigs.

[0092] FIG. 9 350b shows the deviations, 362a, 362b, 362¢, 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 [nSD-shjﬁs(Dd)]k, i, g There exists the deviation [(As®p)alk. j, g from

each data point, i.e.,

[0094] [(As°p)dlk.j e = [0°p.shins(Da) Ik, ¢ — [ND.cnitis]k. i, ¢ (%)



((NTE-Shifts ) k, i, g=f (W, SW j, Tsji, TbhGs't'g ) (NIN-Shifts )Kk,j,
i, g=1f ( W, SW j, Tsji, TbGs't'g ) } (6) [0088] Shift bal ance groups
can al so be defined at ward level. A typical balance group at ward |evel
is denoted WGy. The nunbers of D, E.ghd N shifts required in WG,
denoted as (NWD-shifts )k, g, (TI WESShifts )k, g and (NMWN-Shifts )k, g are
expressed as follows. [0089] (NWD-Shifts )k, g =f (W, WGy ) (NWD Shifts
Yk, g =f (W, W& ) (NMD-Shifts )k, g =1f (W, WC&) } (7) [0090] Note

that t rd bal gngce grau e hot shown.in,Fl G 8 1009 Referring now
to-Fi G O8ER o n RSERug e R abE PR muitRt S Danfls Sn B DeREbFE Figb9 o2
fDS(V\k,sMglgdeno'i&f@sg[b p-2REDPRS | Nem b eldilarbess Pilowpr ni ng shifts required
for bal ance group GsJg for Station SWk in Ward W per day within the

whol e rostering period (D1, D2, ..., D') 358. However, initially the D
shifts ﬁéi%often not evenly distributed. FIG 9 illustrates such an
exanpl e a; where the shaded recwgtfigl es corresponding to D1 to Dn are
drawn to illuskrate ttﬁpa mul aLe% ﬂéﬁ 5ﬁmftdays.fThe act@dl D shift
di stribution shifer’'s MeJyos €0 n d¢¥ (Dlyke », g, where d = 1, 2,
3, ..., n; nis total nunber of days=l in the roster period. Note that the

index k, j and g are sonetinmes omtted for sinplicity. As can be seen from
FIG 9, nsD-shifts (D1) 352 is |lower than NsD-shifts; while nsD Shifts (D3)
354 is joogher thawhdeBhsNiTY i, ¢ 1sARORYmMBdrGf s ff3bhbars poovpet nedatahé bilammes,

i 11 868D S aF SHLOD S P VALK B thie D SEROCT DAL el ehodEs Pt on i s

used in i t: J Ji atd I ~
Tt O b B B T B O e of D

shifts kih vaay obdaf &). tThe vgtisbloBUANE™ gy gdlip= il nf fhe tvake af thershoft variable isdr d, i s

denot ed . D-shift b h ists the deviati As5D) d] k,
et g R\ LR D b 9IS o st the deviation [(AssDd

[0098] The equations (8) and (9) only compute the deviation [(As*p)alk, j, g On one
day, e.g., Day Dq4. The standard deviation [(c®)lk, i, g is used as a measure of the variation
of shift distribution during whole roster period, where [((6%)p]x j g 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®)plk, i, ¢ is calculated as follows.

[0099]
I A (18 &
_ 1 s _ 1 S _ s 10
[O'S)D l,j,g = {n dz=:1 kASD)d 1,j,g } - {n ; {EID-shifts (Dd )l,j,g &VD-shiﬁs ]k,j,g } (10)
[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 SbG%, for Station S"*; in Ward Wi
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



each data point, i.e., [0094] [(ASSD)d]k, j, g [nSD-shifts(Dd)]k, ] -

. . 7 7 7 7 7 J1
SD-shifts]k, j, g (8) 20 [0095] It should be noted that the nunmber ong [
shifts on day Dd for balance group ShGsig , denoted as [nsD-shifts(Dd)jk ,
j, g, can be calculated as follows: [0096] Nsraff K,j,SjCD Is =1

Shiftk D-shifts (Dd )I. , g C d~ ~jmg p=1 (9) [0097] where the Nsta k g
i s the nunber of staff who are grouped under the balance group ShGsig of
St at i ondS\dtion of $Mftdliskbutitreatstenmt levelris dbic8y [ddpRyshias fallows (gjdepes aret he

shift contriputed by, staff . is in the gth balance group SbGsi
assi gnetfiaast %Olj“’tsﬁlséqgltgc&’r?ugff‘(%?h ward on day Dd. The vgri aEI e -

[UDy)shift k, g]Dp = 1 if the value of the shift variable is a D shift;
otherwi se variable [UDd)shif t k gjDp = 0 [0098] The equations (8) and (9)
only co@9tRi@ the deTV| ion [ (@D d] Kk, g qi: one day, e.g., Hq Dd. The
standard devi atlﬁnr X5 )jplzk:{f" M£D§ggj’,.g a neasure of the va?(i ation of

shift distribution during whofetoster periad, where [((6s)D k, j, g is the

measure of the wvariation of the D shift distribution of the ith balance
group i station t he kth rd . The.s [ SChi : ds for
"stati oﬂ)ol,'sﬁhi ch gﬁﬁ@?}éf Eﬁgﬁlﬁ%tdsypo 01:Ij'g So‘%segéorr%ﬁg T ?lhéé Bﬁ@ggﬁ&gé bnaﬂg{r?g@
group' sos§Rngaion sfauk &ih eard; \Ghetededdils 4ré YSdebd in fhe destsptial foulsahplitigs
fol | ows. [00994. kés )DI1,j,gnd=1S) n2f2 In

purpose. Similar equation can be deduced to compute stafidard deviation of shift

distribution at ward level, shown in Equation (12).

[00103]
) %
Lol

[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., sVk 404a, SWk, 404b, ..., and Wk 404x; each station
further consistiﬁg of a number of teams 406. For example, Station SWk1 404a consists of
Team T5!| 406a, ..., and TSy, 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] SLPadi = (Sp,15 Sp.2, Sp.35 - - -5 SpNadj) (13)
[00106] where N,qj 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 SLP,qj if Nagj =1, or if Nag; >1, but the adjustable shift contains shifts

which are of same type, e.g., for example, D shifts, or non-working shifts.
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FIG 10

balances [n°p.shirs(Da) Ik, j, g For example the first segment 422a starting from the staff
node 424 to staff node 426 represents the mean D shift balance for Station SV, of Ward
Wi, the second segment 422b starting from node 428 to node 430 represents the shift
balance for Station Ssz of Ward Wy; and the last segment 422x represents the shift
balance for Station S"ys 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 =1to Ngjand j =1 to NVK).

[00109] Referring to FIG. 11, the Gy 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 s™,
450, which further consists of several teams TSY, 452 s eees TS\ 454. The standard
deviation of the morning shift (e.g., D shifts) distribution for each balance group SbGSjg (g
= 1 to Nj;, Ny is the number of total balance groups for Station SWks; 480) is denoted as
[(6®)plk, i,s, where station index j =1, balance group index g =1 to Ng;. 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, [(6D)plk j, i, ¢ Of the

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




assigned to respective teans 406, each staff has an adjustable shift |ist
412 associated with. The adjustable shift list 412 (e.g., 412a, 412b,
412c, ..., 412x) is constructed by the Wrkload & Shift Setting Optim zer
24 (see FIG 2) by renpving the non-a%ustable shifts, e.g., fixed shifts
222, 224 shown in FIG 7. The adjustabfe shift list for staff pis
expressed as follows. [00105] SLpadj = ( Sp>1, Sp,2, Sp,3, ..., Sp, Nadj)
(13) [ 00iGB¢ncehetcaldaongdaldnee grovpe mdekediol @sFabdxempld, fi$ ean be seprefrom

adj ust a hjft list,. SlLpadj. i ess or | ,.t.0. n.(n ds+nunhsy days
in the ?h@’t@r* Standand dqvfalf{‘)’ S A&?@aj i ! ‘iftﬁg@%nﬁmbﬁté‘%ﬁsf%ﬁm{qgeécﬁqé’st
SLpad] iy diadh rephesclifed by HBElling 4744 ad} ypiplahe (@1  GoNtPURGrShI T LS
whi ch alr“felo sé?‘%esteypee,gye. g. ,mf or é;([gcn?)'ﬂg(’, g lcIZj)Lshi fts, [(o%?}Dfr]l%rlf-i/\or king shifts.
22 [ 001@ifferditeframl dath othes e Simhlarlg, $ieatdslant déviatinsg(@hp] pode: 4682 shifnd t he
search path 416 is illugtrated in the FIG 10. The shiftin ositions 410,
414, e. distripyiiong for Beanyl it 6, whigh 3rp gerrgzentrdsby sglid 1?%4*@& &Hmr,hgw ack
solid ci es 08] Re .0g: I : rafi t

oo 1 &R (OPRARR AR 4R 3ikge thfiisgé@dé’ég‘%dﬁ@a@ﬁ??ﬁgFfe’ the et

pher oo RGeS 404 Mk AR dtiexSRaL, GhhigiRitpHKestthit thetrhextied esh b appiikdofo aihe
search cycle; the single unified pheronone density is indi caéew,th a
dotted Mands inabe haupitel | Ehevwarioup develsd thashifi belanperpre Fepesseried R mlfiblfoned i n

FIG7, FIG d FIGY. | . ¢ Froned
ceposi + s s gt R b FRh T Ron AN e RV o hi e

bal ance, say D shifts, for various different balance groups are
represented by a segmented,curve 422, each, segnent of Jthe curve being
dr awn WileH 18  f er et i T Kneshi 10Dne) 40 Jupdx. refl det | ng different

| evel s of D shift (Fﬁgl agﬁﬂ,[ﬁz?ﬁjmssﬁgggi)g%j}, g. For exanpl Q14} he first

segnent 422a start »§r om to stafff node 426 Trepresents

the mean D shift Qahance= i . St At (6Y) |+ pACWa[ d, } VK; ] the-second segnent
422b starting fro% r?o’fiég 428k’tj’dgngge ﬁ%ggsr epr eseénis thé shift bal ance for
Station SWk2 of Ward VW; and the | ast segnment 422x represents the shift

bal ance 5(W12]St at i qppUke, ot e dfatc Y her Qreaf?v@idg‘hgrfh@t'dﬁs bal asagputgtionps under

each Sté&l off as shown in Fl G‘J’g& The segnment ed pheronong density curve 422
only r efphemnaneaivasities fom cerdsystotignsandigpmpsaregpastiviely sandSBEs Jige, (AC.28ANs 5

o0 ]SSk Ah LG Moo 1 o5 B0 0 I,
partial graphnR Iﬁc%nédcﬁf Shef 1HRAEnaLALdeASNK 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 FPadj for staff p, is expressed as follows.

[00114]
P | X (shifting) (15)
adi — .
" Y (sy,)  (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



450, which further consists of several teanms Ts 11 452 , ..., Ts 1Nt 454.
The standard deviation of the norning shift (e.g., D shifts) distribution
for each balance group SbGSJg (g = 1to Ny, NSAis the nunber of total

bal ance groups for Station SWksj 480)_ js denoted as [((TS Dk, j, g, where
station index j =1, balance group in g =1to Nss. As can be seen from
FIG 11, the standard deviations of D shift di strlbutlon after one
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di f f er eglkRen & EIGR! 190 TABREE:JABh ARG 1Q§&u@$)fffbi%¥eﬁ“ﬂn@dé 458d-b, thxesfpledts as can
be seen from FIG 11, the standard devi ati ons g D shift
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wards int _ he 'var1 ous e shift bal ances are
r epr eseicects dg0,M6Rtain 464 atecphesatkepieetiostpne densities in the invention shown

I, ngf ol Mﬂ Jf o mjlf%gg sPlu%é%%Aaié}g&nggpem%yondu(:@ylg ci(o%per\é%l?g %#%ﬂ -ﬁk( ACW
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'E ﬁ?l\)egh% aifér%S) 5‘115\§%}e&a]nl&ﬁ Q%Ag)lﬁ9ét§ré¢1 eda 18 i | ng to HESIMBL 1, QrBaLs, added to

[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 [(6)plk, ;¢ and [(O'S)D]k, i i, g 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.



errors which may occur when the standard deviation is zero. As can be seen
fromEquation (14), the present invention utilizes a multiple-layered and
segnent ed pheronone density data structure nodel. Conparing with

traditional unified pheronone density, del, Equation (14) stores nuch
nore information that is useful for rch agents to carry out efficient
roster solution searching. [00113] FIG 11 also illustrates the cooperating

agent offo¢2t] 456 %hehstiaitalrrodstraintisjrefer tet 88, conbteainioopleclanierappligé i thsbj ect

contains follow attribytes: agent |D, t na ich is,optignal,
list of T%Eeéifn?a%ggs‘“\fﬁ?r ? gt&’,nz%taﬁh 1aparig igi? hesp ﬁ&nﬁ%\é}%'f‘? 4pRiey 5&‘? fSd. " The
adj ust i ggrifiaed & FKadi.. fRr, st aff) 1. T;Sﬁai@aﬂé&% RS ofisuchAorovstal ERAdidls FP adj
X P (shifting) YP (yl, gé) (svvappi ng) (15) [00115] The staff node object
cont ai nareflistaddwit ngt limitest aselpllows: Staff 1D, (e.g., staffp), staff Gade SGp,
assignment 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 top1£ or Chf. |1fa shfftdkes af aliehobhRBiff (B)ghd 6r shetshdwld @of be tdléng
rostering engine 26 programw |l not alter this staff's shift list. For
exanpl ea mainipgchifynext @46 agent 456a checks the scheduling flag of the

staff n 58D, e age 4 i (¢) j J,

fact orsﬂﬁgzz”jl ter H:e %djg%e g %lwg <Sfljt3 %hlﬂé{dy%ig%%%gg Za?te&ﬂtﬁﬁé‘? hfég%gttng‘%f node
458Db i f nighsskifttedul ing flag is set to Of, as shown in FIG 11. The
scheduling flag is_set tqQ Of for staff node 458d too, therefore it shift
list i s[%%‘ﬂ not K& al gég’@d?ur@?rt(}félémh@rlgﬁ%&“? thangengs ‘?’?SG’ég}B,Shilﬁs t he
schedul | ol he agent 456a will choose an adjusting factor
FPadj f?%%léhg%%ﬁ@?cﬁfé%f’t&%ls in the adjustable shift Iist associated
with the staffp to alter the shift arrangenent in order to achieve overall

shift bal ance and_hi gh | evel constraint satisfaction..As.sh i.n_ Fl 11,
t he sch&¥1B3Ing flé‘g@ qUARTIEEYE $Vaniion Oﬁlé%%,ﬁm fa cg’?rqaralf%goraq?a\éﬁoq?m{t%@ efore
the shi fag.(Pﬂl)p,fcﬁﬁtbg'bﬁcﬂﬁ{édaé%l@ﬁd 464 are chosen respectively. [00116]

t

After a solutii'on searching cycle being conducted by a cooperating agent,
t he [00126]
N Sh
(CShy” = 3 £(CSh,)xWWh, (16)
i=1
[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 Ncsn 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)q, can be calculated as follows:
[00132]

N v
(CSv), = 2 f(csv,)xwy, (17)

i=]



rostering engine will evaluate the internediate solution searched by the
agent and determ ne whether the scheduling flag is to be set to "Of"' or
"On" for every individual staff node. The scheduling-flag Fps is

determ ned according to the factors |jsted below [00117] a) The shift

bal ances of the bal ance groups at te and station |level, where the staff
is assigned to. The shift bal ances are conputed using equations 8 to 12
[00118] b) The eval uation of inposed constraints including horizontal

traj d tical i i i naf
exanpl cl0NFRA ¢ he vbets s R Aonof RESY B 4 1 18 GRugel bonptl B BT 1 g
are  eqyalsfit® ARrRiscAdSEONS 0F IS walpht StdrSbi eshstraime CSvE; g SEQ i€ thel S

assigned to the ith teamof jth station of kth ward, and under gth bal ance
gr oup) , numbersafthedigbitabcdnistrgintspisposed e thedostering tpetablipg puabigm.al bguldnal

roster solutigqn,not ~onl ds .t chieve good balance in various shift
bal ance%‘ap%tﬁ%gnaé %gﬂ\‘%}@ﬂ?@ radg?'%fdr%é' organi zati on hierarchy, but also
needs tm1sgach aCoaddenabtie Banplshlyeslaaid eanehtedaplicostomonsil dangitys

i nposed, including hard and_ soft ones. These constraints ca

: ) : ] ¢ e
cat egor Femponentsealapateft supg Equatiopdf4) %lélcoéﬁF?é@trsa‘P#ﬁ%UO&rf’dscuiﬁ)eg ﬁg?YezH}ﬁ al
co.nstrainl%gl. . X 4 ipt.s, s C raints
whi ch af@ aﬁf}%f&egﬁ) Lﬁégfe]ﬁlg}&r%gs%gr &%ﬂg%@%ﬁb?f algghlgsﬁtllésgﬁﬁ gﬁeyf,m%teani ng
that theggegedsast faliowtss are applied to the shift lists (Sk, 1, Sk, 2, .,
Sk,d, ..., Sk,,,) 16. Typical exanples of such horizontal constraints are
listed but not limted as follows: [00122] a) If a staff takes an afternoon

shi ft (E%O:; e or ﬁw hau}.eynat Vakidgy) @ norning $hift next day;
[00123] Z\EQI eep da z‘ﬁi f{ 8"§D) (Lgﬁgu?% (g% f);l\?kr‘ganged after three consecutive
ni ght shifts; c)lfeehe nutdan, o(CBYNL 408HPg,i s norepthan one(1®hese night
shifts [00124] shoul d be arFanged consecutively. [00125] The quantitative

eval uation of the ¥@rkizet @ censtGSy) miis HePhstiaé f p, -lenoted as (CSh)",
can be calculated as follows: [00126]

[00136] It is noted that time notation t is omitted, and at start point of 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 of
the Staff, 458a is turned On or Off. If the scheduling flag F* 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 FF, is turned On, the Agent, 456a chooses a shifting factor X among the
shift positions (z1, 22, 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.



(CSh) =f (CAj )x Wl 1=1 (16) [00127] where the evaluation val ue of
f(CsSh;) is 1 if the horizontal constraint CSh; is satisfied, otherw se,
f(Csh;) is 0; Wy, is weight factor for constraint CSh;; the NCSh is the

nunber of horizontal constraints inposed on the rostering problem [00128]
The vertical constraints refer to théfconstraints that are applied to the
roster matrix 10 in FIG 1 verticallyé meani ng that these constraints are
appl i edjobessy he st@Ff = PHEhf,x WIRtarF 2T ) 0 % Wk af ¥R (T )k jig) XSPALS, ,(19) Typi cal
exanpl es of such vertical constraints are listed but not limted as
follows: [00129]a)Staff A and Staff B take sanme duty shift; [00130]b) St aff

Cand S D t ak e du ' 21].Si.m - itati
oval uat TBI%F ¢ e DERRPELs Fuohithd Phorbitpns ST ok sy BQRGEHE LET |28
cal cul afnditas vied sé¥éion c{maﬁa% (ﬁoﬁfﬁ‘éh,de.g., ZhifGSy oW < 2.7 Notd #at 265 [200133]

where the eval uation val ue of CSVN) is1if the vertical_cagnstraint CSv,
is sat variabe of sihichrthe yelue isiem)l tosNe. Fowa pagicwlar gt a3 Yteffe: s ndS§&t r ai nt
CSv;; the.Ncsv is. the n r. of ' raj g{g&s he
rosteri Egj’tliallrétgoi;fplr nlalge ‘6’?0 Igartﬁogi ?I%s)%géfgﬁ@%ees&%%ﬁﬁgd@dtl%&% % I'n %gulgitlar%ln (17)
i s a dayedaneest the @AdSd hssGansénd enfbrgationerboul the Staff,| ay &y, 8" anpdd égneateed

pheronmone trail densit conponent s_cal cul at ed _usi Equat i 14), .and
const r amieigh faqters 4k vash sHition 38d depm lYGE reﬁl?f‘@“@ﬁﬁ(ﬁ%ﬁf%ﬂ %ﬁlﬂ%?q“%’fré@zdl Syer ed
and seg AR hd [ KR B BRGtR

ol 1 owan e AGIRP AR quegTihe bR hcblgRele &K TRROPIRNET 1 g -
(TS)kj , 944lredd5V) Sk, j, g +(CSh) Sk, j,g W'LT)k,1,i,9 = (THk,I,l,g +

(V) Tk‘%o’olmcﬂ + Cstpng:nércj)ﬁalbilgy }for( sle?gcting a shifting factor from the adjustable shift list

being associated with satff, can be calculated using following equation:
[00141] P'= (@) (Q ) (20)

[00142] where the value of probability, PPZ can be ranged from 0 to 1. The value of

Q% sum is computed as follows:

[00143] v
Pz 21
QPsum = 2 QZP : ( )
z=1
[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] W) g (AL = Prcg X F(T" g (1) + AP (T Vgl
P jg (FHAD) = Prje X P(T)jg (1) + ATF(T )i ] (22)
Pt jig (FHAD = Pijig X P(Tkjig (1) + ATP(Tijig]



[00136] It is noted that tine notationt is omtted, and at start point of
time (t=0), the pheronones are set to a very snmall decimal nunber (say
0.001), or set to zero. The superscripts used in Equation (18) neans that
t he pheronone is conputed at differenﬁ | evel s: Wis at ward level, Sis at
station level, and T is at team | evel48 The subscri pts g is the bal ance
group index; k the ward index; j the station index; and | the teamindex.
The co[091472i nt ewhkiegii 0N ;g anpoqenars vapetizatidn fasitors; Y (T, el MY (Fadidrs to

t he constraint eval uation r the gth balance group in ith amof.jth
station? AIWEFTMMJ.MT @m%‘%’a%m I??g“’é’i’]?‘?qen{so%lﬁlaéexf?’,pll?ﬂmamd‘égbsjer ating
agent, the first staff node (Staffp) 458a, the agent
nmust ché%g‘ﬂ\%ﬁcel:&%ggf@ﬁ&eﬁg%rﬁgudaﬁ]ltoﬁhg flag Fps of the Staffp 458a is turned On
or Of. If the scheduling flag Fps is turned Of, the Agenta 456a will not
try to aEPiQEI&r] the shift list that is associated with the staff. However, if
the sc ing fla Sy\S tlﬁ] he Agenta 456a chooses(ZB)shifting
factor X anong the ggﬁ%t)@pggi , @ﬁ@%kl z2, z3, ..., 2Q, ..., ZNpz) in the
adjustable |ist based on a pro"ﬁlabi lity function, where zq is the shifting
position, g =1 to NpZ, NpZ is the nunber of shifting positions in the

adjustable list that i gsoci.ated with staffp. To. ute the bilit
for ch®df¥g a sl‘ﬁ?‘lefq ﬁ’fﬁf i@ﬁd? quipdity RFFS@SB%SQ cﬁg léﬁ’%aarglé%%qtfoggﬁaactory
z, whi ' Rl th&Rh - 18)).
*ngz(TS) I(()jﬁ?%é %@@@HH&@ I%‘%? ,Oé%ék%aé%’%i k?lj]t%li (13)%%[ Sﬁggwmdﬁe(r 2
WPZ( r S) B/ ig the ¢ptalsnuniter phesamiagentdemdiat iy agondesda gdi tndEquat i on (18) for
staffp with sel [ f shifti it . 0., Shi.fti fact = Z.
ot e {hitor30n e o Tpanplsr aspest ohhb Rt Pplith R dneiOfeKE et
par ti cula,&f @likg nﬁlﬁ%/iol@ia%ftefeﬂ:anﬂ REgrh&EeX BReromléne basetl cadsbr@ting aentsh&1Gar d,
station, and team and respective bal ance groups are known _because of the

known adgigromsrd niam Glomehisofabe weethod 580 251 jostepyarlutipgiscagchingiusipg the |

are weight .factors at.ward tati.gn an r iMek ich
can be tﬁgstt%rﬂl?ﬁ 1B Fh%ccﬁg%al%lge é’IY 1&?18%%%“%&@@%?%6?&?6 @g‘%glgtgﬁ{c\)’gﬁ{l%né %: ght
fact or s JAR{R1dE Ethe 3éIh&d 9066 decrithd Wiy MoRipleihyaled and pegrhéidd fherdimene

probabil'ity for selecting a shifting factor fromthe adjustable shift |ist
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.q; = Matrix of adjustable shift lists constructed after shift setting;
[00154] Qe = Matrix of base shift lists as base for alteration using shifting

factors and swapping factors;

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

[00156] QCest = 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



bei ng associated with satffp can be cal cul ated using foll ow ng equati on:
[00141] PPz (QP) /(QPsum (20). [00142] where the value of probability, PPz
can be ranged fromO to 1. The value of QPsumis conputed as foll ows:
[00143] P _ P (21) Qsum QZ Z=1 [00144] Note that Equation (21) summarizes
all the weighted selection factors whi ch can be possibly chosen from
the adjustable shift list. [00145] Wen all cooperating agents have

conpl et efibasesbifilists, Klbﬁke,@bntahslthe indepetion vé shiftestting, weluditigoivedishifisnBHr ost er

| ut hi
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where [ a I's duant substan by search agent,

Agent a Amiorighte M&ftﬁhwld&itehrcﬁ&g selntioms) a tidrepartty Heat suhateoncreatsh in thetdyerent h war d
(see Equation

agent i ReA% %6 G-Nk) fiﬁ)mmd ay %O]?Efé)‘?tfﬁ?%da#g&e@trlgg%&%ff ﬁghﬁlr‘éggg et ©
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[00159] Referring still to FIG. 12, after starting 502, in the initialization step 504,
the rostering 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 Qpase and the matrix
of adjustable shift lists Q,q4is 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 Qpest. 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 Qupest 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 Nypmax t0 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.



rostering system 20 in accordance with one enbodi ment of the present
invention. In particular, the method 500 is described using

mul ti pl e-1ayered and segnented pheronone based cooperating agents. [00151]
In order to clearly explain the rostefing method 500, the data declarations
which are closely related to the rost®fing solution search process are
briefly described as follows. [00152] ao = Matrix of original shift |ists,
whi ch a[0e162pt ri evEébe mahodH98 cantimpes gt step [O1 63 Whichdfhe=intermeidiate pest
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determned by Magents in the search cycle NC (where NCis a roster
sol ut i ogondjBen BMMetg cycl e counter), the rosterign engine constructs M
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[00164] In checking step 516 in FIG. 12, whether the roster fine-tuning will continue

depends upon whether the roster fine-tuning cycling counter NF is equal or larger than
NFx. With a “NO” the roster solution searching method 500 returns to step 510, where
the newly determined best solution Qupes; is copied t0 Qpase for another cycle of fine-tuning.
Otherwiée, with a “YES?”, the roster solution searching method proceeds to next step 518 to
output the roster solution £2solution (where Qgoiution = Qbest) 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



[ 00159] Referring still to FIG 12, after starting 502, in the
initialization step 504, the rostering systemw || read/receive rostering
probl em definition data including the staff information, manpower

organi zati onal information, staff V\DOJ% shift base tenplate data, team

assi gnment information. The systemc Structs the virtual graph, original
shift list lists Q and build various data objects and nodels, for exanple
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cooper at't 6328 'ents. The search agents utilize shifting factors to alter the
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Pesoci ateerduie naodgiq“%&p@agm o Piter SERPIE solein MEAB & opire SDr il e

shift li ht,t he rostering system 20 applies a

sel ecti \}éhge\/\%lé)%fl%%actrtrgsﬁo ﬁyk@]@ be discussed in detail hereinafter.

Unl i ke meoimoschedudi sigp 608 the mestew sihedulimy nboalujre F0 @ revelgates, according to
constraints imposed and shift balance criteria specified, the roster solution Q2 olution
searched by Agent,. If the solution Q% oution 1S better than the solution QNCbest searched in

this searching cycle (counter = NC), then the searching module 506 updates QNCest by
assigning Q%olution t0 Q" best.

[00171] It is noted that at end of the searching cycle of the first searching agent, e.g.,
the searching Agentl, QNC, .« and Qyest are both initialized by using QNC, st (where NC =1),
although QNC oot and Qpest may be updated later on due to that a better solution r_night 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.



several times (NNFinax tinmes) until an optimal roster solution is found or
predefined condition is net. [00163] After each cycle of the roster
fine-tuning performed by M agents, the method 500 proceeds to step 514 to
store the best solution, denoted as Z%) st, which is found in fine-tuning
cycle NF. The system updates the fine24¢uning cycle counter NF, e.g. NF is
i ncrenmented by one. [00164] In checking step 516 in FIG 12, whether the
roster fOOMZBIt uni nin step 612;0he raster schbslpling modplerfOfteyalvates threrosiss santions

the 1 ostare et R Eeal i sieho S0b e aPAT b d sy B0 Mo’ no

new y dﬁir%h_@uﬁ@‘ﬂe@ﬁ%tst wig aton iﬁ?z@%  1sDefOPihesl 4,9, ARaRR sfidticangthaftercycl e
of fine-tuning. Oherwse, wth a YES", the roster solution searchi ng

met hod pNgc éedsostey sudutiorstseprching tycleodupug whiehrthsteeis 8ol wsteorsohsinut i on
(where asol ution.= a

best).and then comes, to.the end 520 of. the ter
sol ut | oﬁ?g@gf@mtﬁﬁlnbﬁ‘%’@gaihy é‘?m[léggﬁ"%?'nﬁéwq”ﬁs& @‘eicgmﬂ}% Pid%’cﬁlcg?n??ﬁfegsoaet ail ed
descri pHhoR ddhofe that ki 1B8Etet ffuti RSdeBfchin®edyRleHal Bt %&ﬂ)rﬁiéd Wigh RPGLhtbnt he
met hod 500 briefly discussed above. As shown in FI 13, the main

schedul improredente 506 starts at the step 602, which is connected to the

t put f_th t 504 in.Fl - [0 6]. T dul e 50 . to th
Chi Dol ST st op RBETRG BRI TIF Tane FiReIcR Y2 TG il pPeflRE Rt 1"
nunber  ghg GRENREIAL H6p 8941 Sipddta ¥Rk oftHeOmatt bARNSRNRI tHe viRRE @rdphrusing

predet er mi ned nunber of cooperating agent objects 456, and en’f)ta/fgng their
lists diquetien t(@dl Bt dftre de 1506, then calaplaes trads 1A [HAsal e BiTdkidle

|t ple d - he modyl |
o S o S IRR EnhR) Tea A ShYLE S B  oRY ReplfieR
hedul ijagef; d R b !
ot st 2B S B R B e

schedul iBugafid@22)s Anchisdeep,ithe tshikedsiaf fl@k fooad. staff nddes ast spdateddoamai n
schedul i ng npdul e 506 pl aces on the first.staf

sever al aceradmg aghp svalvapen of %ﬁggg@tshs%as fRd FoRstyainis S?%SJ?C?%%&% Vgtgi%{ls];lg;
sol uti of,y3eak s BoRtney ChERQUAL 85stdGehsduiRil hodde SHERYtsitnSet t & LAnwand
NBst op | sy set to an I nteger nunber range from 20 to 50, the agent counter
a i s setsedrohingcocle aohterENGr=yN€ol. 52best is initialized. [00167] Step 604
' ner erre%os’l_’g]he agel“ te foc')s&tje?t s%%egul?l}/g ?nrz)%hle 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 Ny >= Nstop o1 if the total
number of roster scheduling cycles reaches Nmax (When NC >= Npax), then the roster
scheduling module 506 stops, and the best roster solution Qpest searched so far is presented
at step 618 in FIG. 13. Note that Qpest is forwarded to step 510 in FIG. 12, where Spest is
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.



[00168] Again referring to FIG 13, at step 606 the Agenta carries out a
roster solution searching cycle starting fromthe first staff node to the
| ast staff node. For every staff node, say Staffp, Agenta checks if the
staff node's scheduling flag is on, if.the answer 1is a "YES', Agents
chooses a shifting factor anong the ustable shift list associated with

t he staff with a probability conputed by using Equations (18-20); if answer
is a "NO0I77] Agent Refsirmipg ytosKiGs 14,hen stxghfplarydB. shift disyritysise, chard [ost er

hedul dul 06 t t, st,aff St af
ot od 1 D Dess AROTHOVEeE (efea5e R bOrPTE iRl iufRffions iR pbh |2
until t e Hadstost ahift 1@ Auitri-OLR %ef that 1s|g%nélﬁ@:6hﬁ}'dhe E&%@&ledlﬂﬁﬁ’%méhﬁﬂssmg in
sc

step 606 the shifting factors for all staff, the_roster edullnalrmdule
506 constt sﬂeptil(h ﬁﬁtteltkatoﬂlerlasﬂmﬁt dasihbntlom chhitf n*bingt(Da)lG2abusteateothe

accordln e,.shiftin ors determ ned n [00 70 step
608, thgl F‘BEgé ?ts@ﬁté]:‘fml?% rrﬁga%&]ii]@n%‘b%ro&gé? l]}Et éag%né’g?& n‘ﬁa% Asc%aﬁls “aints
i mposeds@adrshithd D%ﬁ@ﬁ%ﬁl&ﬁﬂoﬁ%ﬁhﬁ SReM the @6ktert fegioll TBRED; SO DY}, itlidde are
SZasolution searched b enta. If the solution Szasolution is better than

the sol enmde\gatmzusemhe alm igiribwtion;: s caner s frgmeklél. d4( & dtmPendDie) |

then the searchi S ni n as ion to
ENCbest ﬁfo%ff‘?‘f]lﬂﬁt%l P'émhlgtg egq?ﬁgl?pa’h% Dd’fﬁsﬁfg *de‘g?i r9 %%HS@ ‘k?f%(}tgk?e first
sear chi pgq g@%@&,ﬂs(m)p jg 706f|‘bﬁ>e %qadl(lbltﬁ@ r&gﬁﬂw&mnﬁﬁﬁiﬁhﬁﬁﬁb@nﬂ [Slshﬁst(l\ébe bot h
initialize usin (where NC =1 al t hough SZNCJb nd S2best
may be umda,:gewhmhﬂ%rndmt@hby @dlorlﬁa@tahhb%ﬂ s hOg¥sVER, Brlpswﬁts@?m ‘ra MY by
sear chi ge n b hln C i ste
10 in shi al’l € age ‘ave®conpl e solution
S 0o S 7RISR BN BERNGHL AGCYC Y] OOHBA] | HOGBARK Y. Step

sear chi ng. @yl gs 7d6ngrénldSl®6r whaat (INH_ o g ur freMiGs elal; cthe ngp- bylaheed fexed by
NC is finishe

NO' th hedul
B b oS oGl BB, L 1
Qther w gﬁad:?g‘ {1@6{%953;@ ren{lg't@ tl%eﬁﬁih%ﬁﬁh@%gﬁgwd'dﬁgs nodul e 506 pr oceeds to next

step 61 n step e roster scheduling nodul e 506
eval uat geoirée r ost(menscxl istvieondiffisea te heldevenhigh déveel REshift balangsaryesimdRChest

wi th the gl obal st sol ytion abest searched so far and dat-gs t with
ANChest FmERaEs iars SRR depibedsacaoun e erepe PR SRsIRRSE (i)

a coun

ol Ut 1 o T R e e 2 5" P w c6rt he
count er shiisfactsor. ndoerezampte by shown in FIG. 14, Statlp has a shift list that 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.snitis(Da)]k ¢ 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(Dy) and Shift(Dy), return the shifts positioned at (Dx) and (Dy) respectively, the



one to denote that one roster solution searching cycle has been perforned
with no solution inprovenent. [00174] Referring again to FIG 13, and
after step 612, the roster scheduling nodule 506 proceeds to step 614 to
update state of the shift balances in_{he virtual graph using Equation
(8-12). The nodul e 506 then calculates*trails W'LWKk,g], O[Wtis)k,j,d],
OWTT)k,j,i,g] by using Equation (23) and update mnmultiple-layered and
segnent edjustablie|shiftiBsts imhiahsthe\swamyikg dactors Ard appedrts) is hsspciatedawith Sitafte,.

IP(LT) Kjy t.+zZXt) ,on fhe sour¢ raph, usi ati.on~(R2). At this
step. t e SORBILT e Raguaps AT bR S B @R AN D b bal i ng
to the ewadhifepbafioRld 4t swabé ithahanGast aDg. dPRRJul@botRasEb $hRst NOT at
various |layers and segnents. Further the roster scheduling nodule 506 sets

time t beequalge y. Aherefose thechiiapy 1y grd swep(Ptindicaies] in Kig+114 qaoderspropers r ost er
schedul i n dul e continues to determne in step 616 whether searching
cycle i'gsﬁgﬁﬁgﬁéo&égg%@ﬂo%‘, the roster scheduling nodule 506 will

return to step 602 to carry on another searching cycle. herwise, if
either the best roster solution has no inprovenent after NBstop cycles

such as QA8 Nn; £b S@dnc s WD) r {ShHE Db 4 Phiftiser of roster schedul i ng
cycles r es N en = : roster scheduling nodul e
506 sto;g@?ggnd tﬂgﬁ()béetéﬂpzr‘(ss\;&lﬁ s%bd%&%gglefé@ﬁ%}earched so far is presented

at step 618 in FIG 13. Note that 52best is forwarded to step 510 in FIG

12, where best is_ copied to abase for further fjne-tuning.operations.
[00176] [9%184]s not dushoplg be H@tefiég%telfl the ARRNS F¥RECSTORS fge §W88i1ﬂ£ I te‘ﬁ?’
per f or . r i i I i : i i ption
bt he ngiPEhEyaBAD, SERPRAREQR] Ein.dit SipiB] B0 PR IRN Rt ne
roster nid valssheédwhp idy sheuldbepetrek oftdoasacotiveninnyg mytesmtaing romhler

e gonodiB by { NETHEGE AP HIGtls A)URcATEIc: St SRAPNLRE EReRs VARDAN

swappi NGpifellst $0% G4dobBet wih! Qe v e TRVAR{FIsNFhiTRt RAdhd Sardi@ad eBifisTbdihe
present 1nvention in order to achieve high |evel of shift bal ance and

const r aismappat drs Da802a0 ). 862D, RD0A02¢] aneE 802d.nghe possitds swaps fanSeffespr ey D
shift distribution rt, sD- .shipfd s( J.,9, is shown, where data used
to corrpd’cS?dtaﬁg‘)liClWSf(ge af@tt#gﬁﬂngﬁ‘?@ltneﬁ@rhg)ed from the base roster shift
list matri x abase that is generated by the roster scheduling nmethod 500 at

step 510. Note that the D shift distribution chart, [nsD-shifts(Dd)]k j,g
i |1 ustrdeessel he (1) Staffe;: SW(1) = {Shift(D:) < Shift (D2)}

[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 jg 706a and [nSD-

shifis(D2)]icj.g 706Db.



norning shift distribution for gth balance group in jth station of the kth
ward. As can be seen fromthe D shift distribution chart, during the
roster period 702 (D1 to D7), there are some deviations in the D shift

di stribution. As can be seen from FI 14, at D3, D4 and D6, the

accunul ated nunbers of D shifts 706, C%%SD shifts(D3)]k,j,qg 706c,
[nSD-shifts(D4)]k,j,g 706d an.dbﬁnsl}_s.hifts(DG ] kJ, g 706f are equal to the
requi r e[POM93hi num Fﬁlnﬁ’ﬁﬁ){re dfis Degirable to dingl-the pliaffp’s pesyiblg swappingisBifisiatocat ed

by a horizontal [ 104: r i f i 7

(s onrE SR ) R bR A VR by A Wi e RHRE R Blsfs 0 BiknB0 R ne

[ nsD- shidquiré@)enbteld, o9 PYGE aadd)[the Begibn fntith( W IHekD, gt whil the @uinbeeof Dhan
(NSD-shifts)k,j,g In FIG 14, the un-bal anced [nsD- shifts(Dd)]k,j, g,
ei t her Bhifherlower thenthe required; pedasederdrasdolieiiber of shifts (NSD-shifts)k,j, g
are shaded in order to differentiate themfromthe bal anced ones. [00178]
Oten, it is very difficult to achieve high level of shift bal ance by
sinply [oes94)9 shi ﬁipgiggg:{@g;,@}g, WhiDsR, ks desCyi bed previously in the present
invention. Therefore it is necessary to apppy swapping factorl@S)to reach a
hi gh | evel of shif@ wbat &kte ind.cbhsitaint fkatisfaction. For exanple as
showmn in FIG 14, StaffPl1 has a shift list that contains followng shifts:
Db Db E, AL, RD, D, E 712 and StaffP2 has a shift list of Db D, D, D, PH,
D, RD 7jghrodjot e t hakqfhid @S), 1 )is theHunibebbf foddibié swuppiag shiftedy regiord AL
(annual "I eave) are non-working shifts, and Staffpi apd StaffP2 are in the
same shid hignbaNpniséhgynumper efdeossiple syapping shifinin (i@ ewar B SsteaWeHs

indicated in the Fl 14: (1) Staffpl: D 70 RD ,710: .and P2: D
716 q RECHAEe wn&g%\ﬂﬁmﬁg? tBbVéF‘iﬁ ‘?‘B’rﬁ?"%ﬁ nglgh?#%ﬂcﬁéfgh%‘é‘?%g‘%‘?m 720,

[ nsD- shigifrsbRdidibng, afd it sRETs\BREned BIOSHMAID Yahe SHigKBY)i #abf diffetdnetypeaps

. descri bed above are described using followng Equation (24):, [00180]

Staf fp, [00188) i d) Afpyingtthoxpore sHedtive( yappinmytiodo 2mene (the SHUBRTSHIE (24)

the index Pz = 1 to.l hs the [ t i : t he
Swep | denepy rany o G 15,R008, S QY TRE SRR (Bt ol il BARIGRE
funct i oRsvaps, 2BhérhiiPXInodiasSWT lE,(VWérezbeItMI’le\n%h@\Is%i fsttlse mosbdriod eewtlidate ( DX)
and (Dy) respectively, the 34 adjustable shift list, which the swapping
factors Swaesgmﬂtafé»dalledl,steﬁsﬁsi@miat ed with StaffPZ. The symbol q reads as
"swaps with", for exanple, {Shift(D,,) q Shift (Dy)} nmeaning that the
shift positioned at DX swaps with the shift at (Dr). It should be clear
that x rmoglerNOT  SWF', = (2) Staffp;: SW(2) = {Shift(D;) < Shift (Ds)}

[00198] SW', = (3) Staffp;: SW(3) = {Shift(D;) ¢ Shift (D7)}
[00199] SWF'5 = (4) Staffp;: SW(4) = {Shift(D,) <> Shift (Ds)}
[00200] SWP, = (5) Staffp;: SW(5) = {Shift(D;) < Shift (D7)}
[00201] Tt 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 F¥ 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 (SWFy, SWF,,
SWFs, ..., SW’ Ngwp) 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.



be equal to y. Therefore the swap (1) and swap (2) indicated in FIG 14 can
be expressed wusing Equation (24) as follows: [00182] (1) StaffPZ : SW1) =
{Shift(D2) q Shift (D5)} [00183] (2) StaffP2 : SW1) = {Shift(Dz) q Shift
(D7)} [00184] It should be noted that_,in the above expressions, the swap id
is related to individual staff onIy.3¢f there exists nore than one swap
for an individual staff, say Staffpi, the values of swap ids should be a
series of consecutive running nunbers starti ng from 1. [00185] Ref erri ng

now to El 15 80Qar _the w|IS sbl nth shi ft
i st 80@°§‘5§%oci at g@ﬁ‘?w@)é&’f ﬁ’? ERfiecdY ka E"?@Qﬁ@ ahdi 420 shi ft s
being swapped are D 802a, D 802b RD 802c, and E 802d. The possi bl e swaps
for Staffp can be |isted as foIIo%vs refer to the day index 808 in FIG

é?) L I[Dg[lm%‘]l (1) Btshﬁq:lmn SO =l Ist lezphegorBhing tde(lﬂm’) yomp@ed 8Ejng( 2)
a i (D5 001 3 f f PZ:
{ Shi ft(BZ)lat&msﬂu&P o1 gg le'%‘dbieg t ‘(114&3 %%%ﬁ?%ﬁfateg%ﬁ Il)_LY‘ ‘T?Wﬁés\%ﬁsm ft

(D5) } f f
Stat P2 e~ S e D s (o SRk Wﬁ?&ﬁ%‘l s T

met hod respectiae, balesr gtoupallrl@cxadlﬂoyshva]p llamdtglar%lbovwn Heicausecelnthseknoviked up

by the searchin er t d

oyt 11 bATT B TAFonAPaRRe Bl S i Ba ik kPSRl B 2
type, fQfatiof%AdRéAN ‘lé?/eﬁs"\ﬁﬁpéclﬂee&hwfrﬁch[la%%d@ﬂﬂnﬁéﬂ by tHe &RAbaltHougkvien can
make the shift balance |evel worse to add a D shift to the region in which

t he nunimtialofaluos ofitfetveiglt fa¢tpisaniye h@t@néstorqdqlaﬁhq sierage ddpkerdynunber of D

060, - 38BhITo5] Ther BRBPETA 05 kel SO AAR LSRR s ML P

swappi N@ssBiatddSwitBALE, Cidbé egédmed udihg folbwisgequatiohi h al | the D,, at which
the nunber of D shifts is hi gher than the required, denoted as (I high;

and 2) the region with all the Dy at which the nunber of D shifts is | ower

}I)E&B ;he?q'zﬁgrlo\r,ved Sﬁﬂ‘%@%ﬁw"m?s EE:\ILO\}NS. [00194] (D Phigh D7y DH2, ...,

[00207] where the value of SPPZ is ranged from 0 to 1; the value of SQPSum is

computed as follows:

NSsz P (28)
[00208] SO sum = D, SO!
z=1
[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 to Cppest
for Subsequent 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 Mr, namely allocating



} (25) [00195] In Equation (25), HNp is the number of possible swapping
shifts in region (DPhigh; LNp is the nunber of possible swapping shifts in
region (DPllow. The system can generate meaningful swapping towards

i nprovenent of shift balance if DX and Dy are in different regions, and
the shifts returned by Shift(D,,) andﬁ§hift(Dy) are of different types.

[ 00196] Applying the above sel ective swappi ng nethod, anong the six

possi bl memowagmmics fovpredaterFiggd mEniB0E cospeagingligentnebjsutm pnd 6npaiieg theiroved.

Fi nal l y,.t he i dat -al | y..denot ed WP 7, =

opt + et VISteeh S nbles . SRR Rk SORES B & i tePuef dPd ae

f 0l | oWS sech R0 dat2S MR AiTed: 2hd BiekhbBle SPYGRD imitihHs Tl BikeddnShbiytstdrREds)
[00198] SWP12 = (3) StaffPl: SW3) = {Shift(D) q Shift (D7)} [00199]
SWP13 =af(this sRpaff Pl : SW4) = {Shift(D2) g Shift (D5)} [00200] SWP14 = (5)

StaffPl; 5) = £shift (D Shift, (D7 00201] L.t _shoul d n t hat
the StaPPRIA S scnblueHy oA ad-aaer ol HirRyRoe tndia® 3PSy 48f e
nunber addecael Baiion (RPS ah®detShaininy high 281@y stvARRAR ey bR, 80 @'hg Mai n
schedul i ng process, in fine-tuning cycle, when a cooperating agent cones
1E|O a lsét dicuation €2)3 &r ok staffpiodes. hBudlggsntherstaff’s sphesluling élage pret ssk bassdipadul i ng
ag FPS is."On" . or 5O f..1f schedquling.flag EPS is turpned off. t
w11 not (s i iRt Pl heBR etiating el e
staff. bleswavees sblutibheeddingl foth bfevidusr ebediiihg bhEinag@iihg Upersvs Qu.gWap,
SWPZ, anong the candi date swaps (SWP1, SWP2, SWP3, ..., SWP hbgf)hbased on
&t

a pr ogabivllldrc Rufse &2ukson Note thes trsuschedrmgpllaghig bin¢lpdsd ingthe staoaden Brap, we
i ntroduce a i ghted swa I i fact SQRZ, . whi [ i, 1M t

Equat | oepL6F THE BRI 81 RrsGa MRS e g0 MO AT oY D)

WPZ( TS) Mst&iﬂtgﬁoam&ta@ BFOXBRA A Vi viaVueS RN b theWdIutidn sEatdRihn @ficlé t&untéror

staffp with The shift alteration generated by applying the swap SWZ. Note
that z NE & setitol GV e iv gttt (ofs anidi Nipsiipds fetderan integexompider ranee Wardlo ®t at i on,

o L SR OB AR FUPHRE PR efibaphy RIS fghhe onn
and Wikyook13]: ar e Sy 99atindrambmts Sheddgeddiinter 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% otution
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 Q2 otution
searched by Agent, (note that a = 1 to Mg). If the solution Qution is better than the
solution QN5 searched in this fine-tuning cycle (counter = NC), then the roster fine-

tuning module 512 updates ONC et by assigning Q%tution t0 QN st



station and team | ayers respectively, which can be determ ned by the users
al though the initial values of the weight factors were set and stored in
the storage 44 already. [00205] The probability for selecting a swap from
the candi date swaps being associated with Satffp can be cal cul ated using
fol | owing equation: [00206] SPPZ (SQFI®/(SQPs"m k,g XWNk + Tpz((S)kj,g
XWBk, j + VPZ(,rT)k,j,j,g) XW k,j,i (26) (27) [00207] where the val ue of
SPPZ i s[op2atged frBmstdted thattadteendadfltheofinSQRsngneycle cogplivedbashé dirstows :

Cunmar | SO SRR o B PO IR, AESRAT g et dt OIP &1 LS WAL e

associ apad W fif, }ﬁhﬁ“pt;ﬁ% I{/{'\A@ %‘%L OBty b Apllatll® b dir BRIRS th30a bERE Y@ on O

fine-tuningare the sa t'he “ones used I n main roster schedul i ng.
[ 00210] mingHt®e Moungl Byofind-WninkGgets i siebsekpieat finstutaporyiclesi on of roster

fine-tuni dul e 512 i i.d i ne- t uni '
7o oRobf o s bt stk SRl Rl Dot Rabel sk ke IR fefe |
simlar gh&mggtcyﬁlge dfe{é%mne}hshétﬂért @E durfafe ﬁhé“_@i'u{lﬁ% el igaedkd B &I g al he

step 90 ' ! best solution SZbest, previously searched y either
t he nmai finshbedWitlng ‘Dsduthe r686r finedynifig meodulend gratuds kestsy 904 it legayekied t o

SZFbest . for .sub t fi.neztuni - :
et SRR oL SR DA L R T
i ni ti al bziNombBge B SPRIEBEN B aExWEER, of cooperating agents MF, nanely

al locating 37 nenory space for predeterm ned nunber of cooperating agent
obj ect s[ooata] enpt i sigp OhRi the rdstestfinedfming siadade St2a¢valuatrsdbe rovter spigfipns| i ze

trail densiti | tiple- -
and t he g 8 £5clanlg Tipiplier Fhoka ity Br slobh Rar) ot By i ghey 7>,
step. [QQ %Mr}d;rﬁﬁia@cbﬂbgt Witk (PIpceadsNe ., thr@eiah Rl N dinchndiitatien smaps

for every sta
counter (Ny;) for roster fine-tuning cycles in which there is no roster solution improvement

is initialized by setting Ny, = 0. Otherwise, the counter Ny; is incremented by one to denote
that one roster fine-tuning cycle has been performed with no solution improvement.

[00220] Referring again to FIG. 16, after step 912, the roster fine-tuning module 512
proceeds to step 914, to evaluate the global best solution Qppest searched in fine-tuning
cycle NC and update state of the shift balances in the virtual graph using Equation (8-12).
The module 512 then calculates trails A[¥(T™)ql, AlP)jel, A[P(T ijigl using
Equation (23) and update multiple-layered and segmented trail densities ‘I’('I:W)k,g (t+At),
YT g (tHAt) 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 Negstop Cycles, such as when Ny; >= Nggstop, OF if
the total number of roster fine-tuning cycles reaches Nemax (When NC >= NEmax), then the
roster fine-tuning module 512 stops fine-tuning and proceeds to step 918, where the best
roster solution Qpwest searched so far is copied to Qpes¢ Which is presented as a temporary
output. Note that the temporary best solution Quest 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



node using Equation (24), and determ ning high & | ow swapping regions t
high & OPhigh (Equation (25)) for all staff nodes. Further, the staff's
scheduling flags are set based on swapping analysis, the shift bal ance and
constraints satisfactions evaluated according to the best roster solution
recei ved from previous scheduling or $9ne-tuning operation abase (where
abase = abest). Note that the scheduling flag is included in the staff

node. Atndthérsrouad e, finteht@ninigni€ -thainimbemoitifihe iz spNBdes nhFreagket thequet he
first staff.no&e\lEF Staffs; several rostering paraneters are assigned with
val ues, 9EEERNEE N 5ol uti on searching cycle counter NCis set to O;

NFi nax ygp2sft to GEM aadNRBSEARN thef@bre BriddsNihRaRkteRnBSktehRROE tie OM 10
to 30 dependi ng upon conplexity of the rostering problens, the agent

count er nethl 3t whishzeclodes dn0optEledSAEQ-1864d rastar splduling hwdalyedlé adumt er a
by one. 0214 ain ref i to FLG 1 at , st 06 the Agenta.carries
ot o st et Bails gt SPurming. 'm Abd Rt ep SPGHEPRIRE 0" he

| ast st biphRHBroghh 16€¥Erkomt difat IQELalleviay thel bbRmsAFERY fristh@CiSeirs t he
staff node"s scheduling flag is on; if the answer is a "YES', Agenta
chooses ofsawiagn Fearshinghalicigneli ek @vetalagptiniigationi qualiy. pr obabi | ity conput ed

usi ng i ons ; L f answer..is ai"NO., A Sl I staff
node. Iﬁﬁéﬁb case%ﬁhfggmﬁggFg]nyﬁﬁgmﬁﬁﬁ#ﬁanﬁ%;Hﬁ%Péiﬁrﬁggggeig %?8&'§ next
staf f nedModRandhts, iBvAfllftR+inddritobd thadahe@nibbdimahoass Hihstrhgve wmp gianghd act or
is repeated in a loop for_a while until the |ast staff node, Staffmis

r eached inyention s¢opgis Mot pobBItEE. Altesnative gododiaenisabpieiyeseat iyraiqpwily) |

el igibl r [Nt LN : r 654 x of
Foster SSTOit eppanie PR FlRy BAUTRUNE Syl SR plElchy SFREG C

det er m petlaiby. Sgenhlkerh02hfodhherss ap @afiderebeo beshemmpassel withinribe spidul e 512
eval uates, according to c¢onstraints kﬂposeg@and sh%ft bal ance criteria

speci fi @8d sepis phthediressat JRYBHORASHICATAIRHY, e ePR AT thF PSS ANYHEPR ¥ hat a
=1to Al f ' l utd [ ety t ; lesribnaNChest
sear cheyélgcnm%eﬁll é?ﬁp%@d@%h%hg%@c S(Lalé d((;lgsulrsllt%pr iethg,thténg% rllrclagrqost eISrQ fine-
tuni ng nodul e 512 updat es aNCbest by assigni ng aasolution to aNCbhest 38
[00217] It is noted that at end of the fine-tuning cycle carried out by the
first searching agent, e.g., the fine-tuning Agent', aNCbest and aFbest
are both initialized by using aNCbest, although ¢ NCbest and aFbest nmay be
updated later on due to that a better solution mght be found by
fine-tuning agents in subsequent fine-tuning cycles.




[00218] In checking step 910 in FIG 16 whether all the agents have
conpleted their fine-tuning cycles determ nes whether the current
fine-tuning cycle indexed by NCis finished. Wth a "NO' the roster
fine-tuning nodule 512 returns to step 904 to let next fine-tuning agent
carry out its fine-tuning cycle. Oh Qwse, with a "YES', the roster fine-
tuning nodul e 512 proceeds to next step 912. [00219] In step 912, the
roster €CLAIMSIni ng nodul e 512 eval uates the roster solutions fine-tuned in
cycle NC. It conpares aNChest with the gl obal best solution aFbest
fined-tuned so far and updates aFbest with aNCbest if aNCbest is better

t han aFy@ask isldkildeli$s:Si tuation, a counter (N,,;) for roster fine-tuning
cycles in which there is no roster solution inprovenent is initialized by
setting N,,; = 0. Oherwise, the counter Nn; is increnmented by one to

d h fine-tuni h f i
S0l ut ol i mpfonsiefiof fosutsie 4 Blrdity i an T 7R REm SRl b 208 o1,
t he rosg@ﬁod iudRrgt thitide MRERILE l2scopidERE BEerbmont &Rs&ll4oopativalagaits, t he

gl obal best sol ution aFbest searched in fine-tuning cycle NC and update
state ofhergin ¢he futypasstameest ioh eepl sttt isizaprepenis Wisp igiiEdishtsaish megof)) |
The nodyl e 512 | cul ils AIT(tiWk,qg], AIWCS) kxj,qg]3

o[' p() kﬁ?‘?lf’%i‘n%%s}%%ﬁfgng 3%???%?18?%@? and update multiple-layered and

segnent ed tr adckivilgn®bletiag phibtdrnk defifitioMtdata; T(tis)k j,g (t+At) and
IP(TT)kj,i,g (t+At) on the source graph using Equati 2). At t.his_.step,
t he roster ficﬂléﬂltu@eﬂl&ﬁ iHY| graph somppising; ayplufality © ﬁta%?{l&ieﬁd afﬂl‘tﬁr@h{yu‘hﬁ ng
cycle c = NC+1. L LAALKE 1dveRer didbd li§ o¥LRift
conti nug‘@k’g‘%ﬁq@nﬁ%ﬁgnﬂmﬁs@%&ﬁ%mﬁﬁﬁ@ Rt tuﬁia:%mf S ni shed.
For a " Malancd f@uposihdn plirakeyt afishify listsgwherelil achi dfl said gtifirliststio assaspt@D2 t o
carry on another round of fine-tuning. Qtherwise, if either the best
roster ¥drackAt sdstAl 1oA%% ovenent after NFBstoP cycles, such as when N, | ;

>= NFBst op, bimi i HHREhe @ cleOsh e Vittha-draisH Yihigs Jofgleches
NFi nax (\Ahen%hrébli@nklgﬁdﬁg%s?&tsgen th% §<r:oster efilne- té.&%\iigﬁnggﬁrg)dul e§512 st ops
fi ne- t umultjpknthypredc emti segroested pplEi@nomhrbasedt beopiseating agestiar whetein itlsh

- S2Fbest searched so far..is .copied to abest [ i.s, presented

t enpor aP9°Pec56tt“ftﬁ1?ge%l‘%h%enﬁtllgf%glcmg? 35? %SS?J]@ St Efr’gingera%%?slfl gi%lsr%%tﬂ her
forwar deditignsingp 518 as final roster solution if stop condition is met,
or to step 510 in FIG 12 and copied to abase for 39 another rqund of
fi ne-tuni ng iperfotmingufibeftuning fapeeationndm dhe KFsterasolnden dee e mHB 195i8L

determ @gﬁedﬁﬁhé‘ g})l(cles 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:

™ e= CV e/ { (Mg +(ACY ) g}
("TS)k,j,g= Csk,j,g/ { (Gs)k,j, g T (ACS)k,j,g }
(iie= Cijieg/ { (0Oiie) +(ACKjig}



[ 00222] The present invention therefore provides the rostering system 20,
the nethod 500 which includes an i nproved ACO based roster scheduling
nodul e 506 and a roster fine-tuning nodule 512. The rostering system and
nmet hod are executed using the conputer programto overcone, or at |east
alleviate the problens of the prior #t in terns of solution searchi ng
efficiency and overall optim zation quality. [00223] Wile the present

i nvention has been described with reference to particular enbodinents, it
wi |l be understood tha& thf enbodi nents are illustrative and tr}ﬁt he
i nvent | JRCEKopand satsdpdexss fr mpspeghve ANFNRONET PEaNEABSHIANEIN £ 154k 198X Nesent

i nventi ' i inary skill in the art
to whi C%ﬁft‘#gia%?%gxgﬁﬁﬁﬁﬁf&g%ﬁﬁﬁhﬁggﬁ E gb?ﬁg)r Q‘%ﬁig ggglq){ygi; nat e enbodi nents are
considered to be enconmpassed within the spirit and scope of the present

i nventign. or di Y,. the scope aof the sent invention i. e i bed by
t he appgndeg\%&aépﬁgg‘iﬁ’é ‘itlgmé pﬁf@ﬁreéa 9#‘%%%1%6@%? ﬁé’g}’:‘}aﬁ}{ f’gﬁ.ﬁl 0

CLAI VB Whatfidaswihail 8 3odtsr priod? wiRkd1R GallPkhifOSH @k isRHt Bsthik Wkdbhddytooénest af f

W th duty assignnments within a roster period using multiple |ayered and
segment egeclestaliroade. 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 rostering problemdefinition data;

const rugt i ng The théthed@lof @R, CORGEInSEAH of the Weall hddesab pldoatifat mogiesstiora
plurality of nmanpower organizational units organized in a nultiple |ayered
st r uct umathina pluliipl¢ laygredforganizationad hicsareBy.gr oups and a plurality of shift
lists; wherein each of said shift lists is associated wth each of said
staff nodes; performng main roster scheduling cycles on the virtual graph
by a pl@ral i thhehethdbd®of Bl il pivdelenty greadstanferspisantiad spirewithimnehich sk
cooperating_ agents, wherein the coqgperati g[ agents utilize shifting

f act or s plusalify ©é staffetateiber dutieste p&?}‘ﬂd?ﬁ%f‘éﬁnaf hesclock sevearsee ASPYISn; and
perform ng fine-tuning operation on the roster solution fromthe main
roster scheduling cycles by swapping factors, wherein a best solution is
found. 2. Th&heembomdodf claihm,lwhevesr, einnthe hetemmolf tregdiving apetesia g apreblay ment ed

her onone- . . . .
P 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;



based cooperating agents utilize nmultiple |ayered and segnmented pheronone
densities that are deposited by the search agents al ong the search paths
on the virtual graph to perform the probability-based sol ution searching
cycles. 3. The nethod of claim2, wherein the nultiple | ayered and
segnent ed pheronone densities stored¥4 n a mul ti pl e-1ayered and segnent ed
data structure, are conputed typically as follows: (TWk, g = CWk, g /

((T Wk, g) theted@\tikyirmal graph 8)donsiructed bas€Skn odganizatiofal biBchy, mulgple+ (L
CsS)k, J, g, ,Dk,. I, i = CTk,J, i, [ 6S)k. j,.i...9) + (ACT )k, .I,
i, g | ]]@i’eWHé’Plénk% gﬁou%étaffagﬁlgnmﬁﬁf&(‘ééﬁ?’@gtr\"éifﬁgﬁ’ts%a\gg ﬁli‘bfﬁh r organi zation
| ayers; g is the index for shift bal ance groups which are specified at
each organi zation layer. 4. The nethod of claim 1, wherein the shift |ist
conpris@s a phensthadyfaflaishy,fwlsereinghe nén-adjustablaishiftstinclndsstnee-figed slués,
wherein e(%c?h shift of the shift list is assigned to one specific, staff
node. 53%¢M§8Y%et hod of claim 4, wherein each of the staff nodes is placed
at a position wthin a nmultiple |ayered organizational hierarchy. 6. The
met hod of claim 1, wherein the roster period is a_tinme span w thin_which
the pluPal i Theohctbeddf clapmal, evhdneinrthel stepeef nesfosming eimsehedwing eecles ock
coverage of .servi met hod of claim1, wherein, in the step of

.. [. The.
recei vi AERPBESERS @%’W%‘?Péfﬁ%%"a‘%ri nition data, the rostering problem

definition d@fe@tih%%hﬂdﬁitiaﬂ@in%t@E)fediefbfrl(ﬂir{&tﬁ@ﬁber ofY @Rpkeihg eigahtsianflailimat i on,
staff work shift base tenplate data, and team assignnment information. 8.
The net helatedmegaay gtotagewherein, in the step of construction of the virtual

graph. the  \lihyal.e8l g&%ﬁﬁ#gg@é&%& 6l s, dlifck ahl QNG AP SR ABAS

est abl i shi ng ip ayere ani zati on I erarchy; establishing

bal ance egslouRd @toaghtdthe teratediine 2hifi hstalaghiner aarddys baiyree; groess ar i shi ng
of the assignnment of staff to a duty teamand identifying e %ls aff's
bal ance ng#lgnls; lavsreshiorgamizagionsl Gigraichghivhergingths. mB‘HP{eéi‘a?iB 5@ i Afat a

obj ects C%ng&?e%ell)f tﬂenﬁsféﬂ{ A, B (Rerb A& 6 iR NWaR BHIFEAYeRE 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% ution 1S better than the solution searched in this searching cycle QNCbest, then the:
searching module updates ONC et by assigning Q’iution 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 QNCes with the
global best solution Qe searched so far; wherein if QNS is better than Qpesr, updates
Qpest with Q" pegs;

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



data structure to stores shift bal ance statuses and pheronone 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 excludi ng non-adjustable
shifts fromthe matrix of base shift4dists; 42 t hereby the virtual graph
is constructed based on organi zational hierarchy, multiple |ayered bal ance
gr oups, acsbafifg wsthe gvateationaunfdhe steftrmtantea amd candjraist sdtistacgon fttvarions kye®. The
met hod of claim 8, wherein the non-adjustable shifts includes pre-fixed

shi ft s, 20458eBSves. 10. The nethod of claim 1, wherein the step of

perform ng MRiRLRGRREHe LBl GbAShing @PRE b@feltiorfeOhddoW Ng oper ati ons:
creating and initialtzing a predeternm ned nunbér of cooperating agents and

al | rel at edstnpping peathibejter tebest mostert sl dtion kastedimpragen¢dgstebMped on

shift bal ance and constraints sat.i.sfaction al.uat ed, accor di n t he

i nter ne‘f?fcszsesu% P§ Wﬁ?rf pig _alg%?f‘)hgrt i\ tiogf{ll g“ﬁ’%f’ra JaStE Y Eﬁ S ygfrensj ?etafg%se

| ayer edNQr gaRbz RIC 008, M vicAE 5 e bedi @6Rdrsoldtionidl picaRUb@ @8 N fresdntedt s are
constructed by the systeminitially, and thereafter by the searching agents

duri ng forsheefine wmoingtaperatisesar chi ng cycl es; 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 ¢arri ¢he Qidthéd bo2Ifm BRI whireih SRAENbNGred¥ifg andtifitialingg findmidshe
first staff node to the last staff node; constructing a matrix, of roster

sol ut i onpperhiidrts off allosatingcmentionysnase forea pradetermiet aumbes of gAnsFatingedesly t he

cooperatj.ng agent. evaluati . di L.ral. | hi ft
bal anceohiprs g S Hho P EE b DS FRATHRARL ot TBRSEE BERC" )
t he coopgil@idyedamgnhultieehRhiedidhtat Siict@dsut i on a solution is better than
the solution searched in this searching cycle UNCbest, then the searching

nmodul e updates QNCbest by assigning SZasol ution to QNCbest;
12.  The method of claim 10, wherein the step of placing the cooperating agents further

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" i)
where the value of probability, P¥, can be ranged from 0 to 1.

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

conducted once only.



i ncrenenting the agent counter by one; wherein one searching cycle is
finished when all the agents have conpleted their solution searching
cycles; evaluating the roster solutions searched in cycle NC by conparing
Q\Cbest with the global best solution Qbest searched so far; wherein if
Q\Cbest is better than lbest, updates¢4Cbest Wth KNCbest; updating state
of the shift balance in the virtual graph, and nultiple-Ilayered and
segnent &6l t r Thé nobehnsli ¢fi dsim 1. hehebin tht eumbbredifinaigniigags pfedetermhineg bpfaf nodes
are updated 43 according to the evaluation of the shift bal ance and
constral: satisfaction at various |layers and segments; increnenting the
sol ution searching cycle counter by one; and stopping search if either the
best roster solution has no inprovenent after NBst OP cycles such as when
N, ,; >=1RBst Tke oethod afteéaimot, athernimternuoiber of fine-tundirgsds pivherbitpey sembeaches
N, ,, ax ﬁmheH.NC >= Nmax 1 %perebé t he best roster solution SZbest searched
so far &P %@Htrgﬁfllref%%lst & PPSENE BRIy operations. 11. The method of

claim 10, wherein the step of creating and initializing includes
operations of allocating nenory space for a predeterm ned nunber of

cooper aiBng Ahenncthebjoslaim bnjyheteiyin Hhe fing-tuning epespfions wdddual shiftdes
| Ds, diinitializi tr.ajl iti t i - on
it 1 o snBPARY By Mevnifl ferdGont [ BB for ifthe e bk WG S8 tion

step of gphadgbd grefbhRisgaapesiabdbeguiagestase.f urt her  conprises operations

i ncludi ng assigning values to solution searching cycle counter and agent
counter. 13. The nethod of claim 10, wherein during the solution search by

the coopgrat ifg m&ﬂ@cf'n&s ﬁ:l}aﬁ?ﬁ hwﬁ&%&%@ﬁn@&uﬁﬁ%&?g&%?ﬁ g? gliei‘erﬁﬁg ﬁ%ff@lfrﬁedq ode’s

scheduling fl'agis o & answer 1s a gent oses a

shi f t i ngefepdltiipesaimeingn dtemaldpstet sshitendsfdund loi ptedefissiminditiod iwingh t he st af f
with a probability; if answer is a "NO', the agent sinply skips the staff
node; then the agent noves to next staff node of the virtual graph. 14. The

net hod cl ai i 0t inkith¥in dphses tRPRlIoRR)
/(CPsun?the?ggl ehvgﬁﬁgg%?lbggggggﬁ???%t%%?g?gg%ﬂggkﬁaﬁgegtfron10 ﬁ% 1

15. The opefations: of cl ai m 10, wherein the main roster scheduling is
preferably 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 Lpbest;

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 t'he best roster solution received from
previous scheduling or fine-tuning operation on Qpase;

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% otution according to the list of
swaps determined by the agent;

evaluating, according to constraints imposed and shift balance criteria specified, the
roster solution Q%qution searched by the agent; if the solution Q% olution 1S better than the

solution QNC,.« searched in this searching cycle, then updates ONC et by assigning Q%soution

NC .
to bests



conducted once only. 44 16. The nethod of claim1, wherein the nunber of
fine-tunings is predetermned by a user. 17. The nethod of claim 1, wherein
t he nunber of fine-tunings is any arbitrary nunber depending on

requi renents of a rostering system 18. The nethod of claim1l1l, wherein in
the fine-tuning operation, i ndi vi dual4Sshifts identified by the swappi ng
factor are swapped for further fine-tuning the roster solution generated
previ ously iﬂwnmkmﬁsgﬁe@ghﬁn@uphabﬁond9 The nethod of claim1, wherein the

fine-tuning eratiqn is pr fera erfor sev sunt'l an
optimal r ost&% El&ga*f eg??rlag "ﬁ%ﬁ%ﬂl %% ‘%"r 1?%@81 ?tfc?noﬁangmfge‘fyc S3° The
met hod af o Gl Mink whiiRh e burfaGt iéaft@nﬂgﬁwcmn@@@a% b N isCTRHelds s t he
following operations: initializin fine-tuning operation, where the

best sol uti oevaBziieg the m&tarsdiet@brbﬁneéunddem cyble Nf&i n schedul i ng cycl es or

previously fi ne- tuni ratio d .t ZEbest ; ting and
initializing® ‘?‘&ﬁlgﬁéqeeglﬁl?aﬁé’ﬁﬁr‘?ﬁ%@? %Pestég%g%erdd&@& YRR F %CIT%A@%aand al |

rel at ed rrermﬁ%daghgg@&qﬁthgg{lﬁrbg}aﬁbgggnwi-tQtheapt}lvvaps for every staff node
and determ ni | ow swappi ng regi ons for all the staff nodes;

setting the ealaﬂaﬁrsg teag s (T Ny, M‘gét naged[ B swabpi ng factors, the shi ft
bal ance and constraint, sati sfac i on eval uat.e h roster
sol uti on recEP grpypl ep‘f"%?fieé&g SEBERIF ﬂégm?l 1%[}%‘2]9 ?F@bes%(tb%bﬁ on
2base; irst staff node to carry out a
roster |n r‘f‘g@g"%&”&g%g?%ma é}r%}b% e first staff node to the |ast

staff node; a@telsﬁmufgtwmha thefihexturthg isofislteds oMhuateiroforsHNG”,|ansthey fine-

SZasol ution according to the |ist, of S deter ed by the agent
eval uat fuiéng @@éeohs@ﬁw ot Qshiss; %fteéthfsrn‘ga 5@%& Ta¥ief %0 ‘Bgl‘flaﬁ‘@@f g’FinF’étru a

speci fied. Qﬁ:ts %ﬁd?%g whiPR port %1%;) ey tl%el%{a@ REGHEY oft loStePS@REulIAS T he

sol uti on gL 6tl’pu ion 1S tter sol uti on ElI NChest searched I1n this

sear chi pgeleyehehestNigR, (whda s >$N@hﬁ§)t they the Sherhimigg SXAsois finighed and thdNCbest ,
45 . . L
best roster solution Qpyest searched so far is copied to Qupesr 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 My, 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 QNCbest with the global best solution Qrpest fined-tuned so far and

updates Qrpest With QNCbest if QNcbest is better than Qrpest.
p



i ncrenenting the agent counter by one; checking whether 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, evaluating the global best solution
92Fbest searched in fine-tuning cycl faC; .updating state of the shift

bal ances in the virtual graph ; calculating trails Al 1P(tiWk dg],

Al Wti S2kJ ghrofiptigg syisnkcomprfisingipdat i ng nul ti pl e-1 ayered and segnent ed

trail densities TW k t+Qt), P(tis)kj, t +At) and W, UT) Kk i, 0

(t+0t) on thEOYPHY ﬁﬁFa(&?"é%hr,neogz‘l’ﬂj dfg)& efﬁﬁ%ﬁﬁgngoﬁﬁé‘f%e%’r?g{gmfsi n%a_r%rﬁlﬁfe’rrlsg is
fini shegie Wagla@l datd Qhd FnalNdiputadiet her fine- tuning cycle is carried out;
otherwise, if either the best roster solution has no i nprovenent after

NFBst OP cycl es asgrrhhmsembeddeNinyithin teBrmaputer-reaflablp enedivmi foiyesieringf rost er

schedul i .cycles.r hes NFi nax. (when NC >= NFI pa i he-tuning
cycl es P@‘gefl}t?ﬁ iog ﬁ@gf gﬁﬁ%yﬁreassiggg}en},sox\é\ﬁlgp asroolsﬁff P(e)rrll()d;%%%%g{ﬁ g@gtrl%%g% agh(;ﬁ far is
copi ed tQnbiddasHerodrieibdssd S6peRiing dg@ts,avher@NHY Aty asifinpent oPdach Thé met hod
of claim20, wherein in the step of creating and initializing a

pr edet eksepresenteshies sloft lisboper ati ng agents MF, and all related nenory

storages, it _has. erati | ding allocating nenory space for
pr edet er m ne&’hﬁffﬁ% ea&or%%ﬁ%g@@ﬁ%%g agent objects, enptying their |ists of

visited staff wedtesdl &shitaseetingnotinaizez hmd gtapai donsieusért medule dnd réchiying
mul tipl e-layered and -segnmented data structur eai. 2%_. The nethod of claim
20, wheresteingarpblgm;dedingondatn apd congructing aadrtual BEPA¥Jer ati ng  agent checks

If the staff aﬁ‘%&%}évegc&é%dtsgc@ r&ét&gl | Snddfe with 4 iR RHRElidS R du¥ERd. a t he

agent chooses a‘swap fromthe can |g|date swap l1st with a probability; if

answer ifficaunib®module whagsmtheshaiplsyheskilipg nddelegteafotms owén ro@®r satiedulieg hod of

claim 20, wherein_ the eval uating_ of e roster solutions fine-tuned |n

cycl e NEY @6?7%?@5"“@*@&@?‘ By & Uity @‘ﬁttg‘ﬁgfu%}élﬁ gay§5qW5ﬁgI§er&%‘gg]%er?rin§%%- t uned

so far e et fhe OGRS Sng docANGRRSS sHifinBEhdt6Hs & et B Fbest .

46 24. %g%gs#gggﬁgﬁ%%t em cgrrpri gi ng: conrfr’y’lpugt?er-.r eadabl e@rredi um for storing

conput ershift hgs and detpamiaere rester, solitioneandedie dine-taring module Fertoams Soe AL and
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:

= CV g/ { (@M g) +F(AC g}
hje= Cie/ { (i +(AC) ¢}
(eiie= Chiie/ { (6 kjig * (AC g }



an al gorithm enbedded within the conputer-readable mediumfor rostering a
plurality of staff with duty assignnments within a roster period using

mul tiple | ayered and segnmented pheronone-based cooperating agents, wherein
the duty assignnent of each staff 1is represented by a shift |ist; wherein
the al gorithm conprises: a workload &%hit setting optimzer and graph
constructer nodule for receiving rostering problemdefinition data and
const r uethkredk, fand T dradahdexes filr respactiv@manpomey exgaAiZairakgelsy osstthe indgx émrgi ne

with a i chedul in dul e a_fine-tuni.ng, nodul e; wherein the main
schedul # 8%?@"‘6‘6? %rOBBSr'g’BW r%meﬁﬂgéé{w@ew&ﬂlf’ [Yetycles 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
t o al t e27t heThemost¢ring systerarnd ctieme4riwtereinrtbe skift B%l aonipsises apdurekiy of

fine-tunj. dul f fine:tuning. t i the. b
Col ut | oRR GRS WA Rodourt BERdaTIiR o Qut By et ng S elebel &
wher ei'noge GRefrics@ifthéRn is found. 25. The rostering systemof claim24

wherein the multiple |ayered and segnented pheronone-based cooperating
agents utilize nmultiple |layered and segnented pheronone densities that are

e ot LAY AL SP S R A e o oo

rost eri pgsifiys Wainod meltpldnagdred WRRhationd Bickaithiy. pl € | ayered and segment ed
pheronone densities stored in a multiple-layered and segnented data

structure, are conputed typically as follows: (TWk, g = CWk, g/ {
0o B (iR e  plain . SHEn lorroficf phrideFis fimd sl Wt ACS) k.
igl %b (T 11‘- %&?ruigg, k}g&éﬂ? 8jkrl’g}ajll‘fl12gff )Nhg {He(.r(%%eﬁ}) 1}11(&151 glin _I§P( AVCVT) K, 3, 1,
g } 47 whgele akplujalignaf istadf eothtedhuiesiutios to pspedd aveunduipecleck oogangzaf i on
| ayers; g is the index for shift balance groups which are specified at
each or geficeati on | ayer. 27. The rostering systemof claim 24, wherein the
shift list conprises a plurality of shifts specified within the roster
period, wherein each shift of the shift list is assigned to one specific
staff nade. 2de rewringstysteann @f syaitre @ owhetedn, mn2the stbeoéiracavion 1OSCKRR st af f
nodes | Sprgglgr%%%ﬁg{[tio% 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 cach 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;



position within a nultiple | ayered organi zational hierarchy. 29. The
rostering systemof claim?24, wherein the roster period is a tine span
within which a plurality of staff rotate their duties to provide a

round-t he-cl ock coverage of services, 30. The rostering systemof claim
24, wherein, in the step of receivi ng48r ostering problemdefinition data,
the rostering problemdefinition data include the staff information,

or gani zat i onthkerebpftior nistialograpls {safohstnetéd based bn begapizationsl hiesardby,anultipld t eam
assignnent information. . .The rostering systemof. clajm.24, wherein, in
the. ot epYied bElatte Beury el RBRGH AR I R Ran RGPS LI gt aph | <
constructed by the foll owing operations: establishing multiple |ayered
organi zational hierarchy; establishing bal ance groups at each of the

or gani z32.i onZhe hosteringotyytemgeelaim 841 whetierhihaoofadjuseables shiffmirahedesPrest af f t o
a duty eadp apd idtsjlgnti fying each staff's bal ance group; establishing

ori gi nafXEhiis #IEaYeSy i | di ng vari ous data objects and rmodel s i ncl udi ng
mul tiple-layered and segnented data structure to stores shift bal ance
statuses and pheronone density information; pre-fixing shifts tH t can not
be altedad wlharestaring sysismeed Heinp 4. wepreindhe sten of PerEoring Man shedyinge shi f t

lists; and constructi a .mtrijx.of adjustable shift |ists by excluding
non- adj 3 %soqoglpgﬁfﬁllg?gl}(}vgggphéel)éﬁg %ix of base shift |ists; 48 thereby the

virtual grapbrdafing @A8 tinitiatigidg ko prderpmiredatuinatst iaddr@bpéiatingraghyts amd|adl pl e
| ayer ed bal ance groups, staff assignnment and the matrix of adjustable shift
| i sts. . rdated MeEMHSOELFg system of claim 31, wherein the non-adjustable

shifts incl ug&ﬁng rsféﬁf’ J é(%fl@&lul i %ﬁe%%ft?aggd bﬁ@l’ﬁ%alﬁés af[@%oﬂis‘ﬁ%hﬁﬁ s fRYshem of

clai m 24, wheéerel e step o ormng mal n scheduling cycles conprises
t he fol koxuigd ores@ingonstheCineaedgtankifi hsts iaghingt vayicuspradatee ggraipreanchunber

Schedul PHgLipIéalys Cos SELeBI-GANHt MFRAAES e e P L oty A0 aFe
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% 1ution is better than the solution searched in this searching cycle QNC, s, then the
searching module updates QNCbest by assigning Q% otution 1O 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 QNCese with the
global best solution S2pest searched so far; wherein if QNcbest is better than Qpest, updates
Qpest With Q Cpess;

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



eval uated according to the internediate shift |ists against various bal ance
groups and nultiple |ayered organi zational hierarchy; wherein the
internediate shift lists are constructed by the systeminitially, and
thereafter by the searching agents during roster solution searching
cycles; the scheduling flag is includf in the staff nodes of the virtual
graph; placing the cooperating agents on the first staff node of the

vi rt ual agmoagihg tovtler evaiuatemcht e shife belnopesr atd copsagiarst stisfactio® st gariow r ost er
sol utiopn searchin cle starting fromthe first staff node to the | ast
staff ndEssag ﬁ§¥3ﬂ5¥lng a matrix of roster solution shift lists according
to the shiftifgrafhgif st Bhurte kYot bEuRORSSRL Y agent; evaluating,
according to constrarnts i nposed Shift bal ance criteria specified, the
construct ed stoppisg ssaichtif cithes dbe bést dodigr sdhetimolgseraimprgvegenitattenMagi n i f

t he sol ution 2as s bett r th e solutio arched in this

sear chi RIS EFEap ¥, glf’ Nt‘“hen Bre OF gg‘%\er@i:ﬁ? ﬁmlr??ﬁﬁ?ﬁor § gf“i@“@fﬁ éﬁfiac%

assi gni Ng, $aseNe 0N 1.9 \bﬁe?éb thB GER ¥ %mthh@b@sg@aﬁché@ SR s Msémei
wherei n one searching cycle |s finished when all the agents have conpl eted

t hei r stirdbd Hme swERaiperagionycl es; eval uating the roster sol utions searched
in cycle NC by conparing Q Cbest with the global best solution SZbest
searched so far; wherein if S2NCbest is better than S2best, updates 92best

with 823@68 The lﬂ@ﬂ@ﬁﬁg‘ Systdrito? Minf B ®hédin BR! ﬁeft; % chdhiinBnd! inltkidizingr aph,
|

and nmultipl e-layered and - segrrented’ trail densities; thereby the
schedul mgldw apgratians oflallogating nenauy sp@péommd@dmge@nmb@ of goensrating

eval uation,of. the shift a, nce and.c Cti t Vv r|ous
Cyer o B Shighenpan i PEk BRI A SERTIAR FOS i anEnihg BRn et ffeer 5y
one; angndthe RRilAdayeee aid hfultﬁbég'ﬂ%’ntddh&t@ﬁﬁicufr%ter sol ution has no

i nprovenent after NBstoP cycles such as when N,,; >= NBstOP or if the

total nunber of roster scheduling cycles reaches Nmax (when NC >= Nmax);

wher eb Y3k, he l?ﬁg bo tgﬁlrrlé rsy%%o cg]fl 85’111? % o hERNS If'l? S n‘? Oc*f%l#ﬁ&%%%@%?ﬂm or the

fine tuning opera he ros ering sys erein the

step of agdneafurthgr editiprises bpaktigisigelutiinglassigaing pales tosidutidn whichaptdyely menory

space for a predeterm ned nunber of cooperating
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 (@) AQ )

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

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

conducted once only.



agent objects, enptying their lists of visited staff nodes |Ds, and
initializing trail densities and the nmulti-layered and nulti-segnmented
data structures. 35. The rostering systemof claim 33, wherein the step of
pl aci ng the cooperating agents furth conpri ses operations including
assigning values to solution searchi n€60ycl e counter and agent counter.

36. The rostering systemof claim33, wherein during the solution search by
the codper alhagosgemgssystemhol ctaimr 2t rwheagjonthechemker iof finretuningsf isnode’ s
schedul i rég flaﬁ i on. if the answer is a "YES', the agent chooses a

shi ft i ngrPEETs e‘i}s’ﬁsﬁ& ¥he adjustable shift list associated with the staff
wth a probability; if answer is a "NO', the agent sinply skips the staff
node; then the agent noves to next staff node of the virtual graph. 37. The
rosteri AQ syJherpgtring aystemeof aliineld whrseipr Gsapimbaryof] Ene-5pgsed ¥y PPz
(QP) /1 (PRsu where. t he..val f. ity P be ranged fromO to 1.
38. The b&éﬁf’%ﬁ“s@??@%ngf) H%?Cﬁlllrr% §g%\?ﬁ§?%¥rﬁngﬁ¥5@ﬂn§i n roster scheduling is
preferably conducted once only. 50 39. The rostering system of claim 24,
wherein the nunber of fine-tunings is, predetermned b ser,. .40, The

C y au ) h
rosteri fig sydhesesiering sistanpal claia2di wheist withe dnedrnipg Qgeratipn.igdividval
arbitrary. e ] ' ' t@&odtde The
oot er | A0y APRIGBE RS Riafing FRILY SRRl f5r ARFIMEAXS FFrods
i ndi vi dy@lutioss pérfeksied premioublydd niayn tdhedwlinmnyiiasey f act or are swapped for
further fine-tuning the roster solution generated previously in main
schedul i ng phase. 42. The rostering systemof claim 24, wherein the

fine-tughng aie rrg%t!i% %fs_té?ﬁ Sk el 24, vﬂfci’réciﬁﬁﬁ?ﬁn@ﬁﬂl@l{?bpérhﬂi@ﬁis%éﬂefabﬁn

optimal roster solution is found or predefined condition is net. 43. The
rost er i pgrfessddeseverl timas tm@4an opttienad rostriselutionés found oy predefinad wnditiorp? i ses
the follow ng operations: initializing the fine-tuning operation, where

t he best™@ol uti on SZbest, searched by either the main scheduling cycles or
previously fine-tuning operations, is copied to 52Fbest; <creating and

initializing a predeterm ned nunber of cooperating agents M-, and aLI
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 CQpest, searched by
either the main scheduling cycles or previously fine-tuning operations, is copied to L2ppest;

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 Qpase;

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%omution according to the list of
swaps determined by the agent;

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

roster solution Q%.iution Searched by the agent; if the solution Q% olution 1S better than the



rel ated nenory storages; determ ning candi date swaps for every staff node
and determ ning high & | ow swapping regions for all the staff nodes;
setting the staff's scheduling flags based on swapping factors, the shift
bal ance and constraints satisfactiogi eval uated according to the best
roster solution received prom previ S schedul i ng or fine-tuning operation
on abase; pl acing cooperating agents on the first staff node to carry out a
roster $alweornt Qffiagsearhed & issenichingfoyoln thee ubilatet QSTsaf by amtmingdtden ast
staff nogﬁﬁccqnstructing a matrix of roster solution shift |ists,

aasoi ut O aseording to the list of swaps determ ned by the agent;

eval uati ng, tﬁ’g&%&hﬁg}ﬁe&%ﬁ%hh@Bgéflé'rmosed and shift bal ance criteria

speci fi ed, ros ution aa ution searched by the agent; if the
sol uti on aasdhaskingnwheshdredltthe apéras hivecdniplsiel dhdinsolSRdrasthirgearctdsesd i n

this searchjng cycle, then updates_ 12NCbest by assigni ~asolution NC to
best, i#tP inevhther sty R BE N Weider al | the

agents have giRlisber: fBRl bols@ditiARMEERNCNLRNEYCl es so as to determ ne
whet her the current searching cycle indexed by NCis finished; evaluating

the roster sevadtingshd ginbaltbestesdlution EsdeseiChedandingdming cydle Ngl;obal best

sol ution SZFbest. searched in_ fipe-tuning cycle NC  updating state of the
Shift bal ancERIAIAESRE At ?ﬂéﬁ%ﬁ&ﬁ?f@%ﬂ%ﬁﬂa&@% trails O[ Is(tiWk g],
AW LI S) K, |, glicul i) &Fskaface Vgl Appdas i ngappl ) pl g-1ayered and segnent ed
trail densi t?éegugﬁ["}gt%' stv[k,(lé )?%}iAt), W’g?sﬁwkg’gﬁ(tw) and Wt)K j.i,g
(t+At) on thepddtinguatltiptealaiercdndd degmeteditrag dmineitilaeﬁ’(t‘ﬁﬁ,g f(i+de), t\H(nFm is
finished; wherein.for a "NO', another fine- tuning cycle is carried out;
ot her wi §@ADjad ¥ hleris (haDashe yoweberaglsiandi on has no i nprovement after

NFBst op cycl h a i >=. [ f & t otahy> _roster
schedul i ng §§tgﬁ§1§m %%?\?g%quﬁﬁﬁgiu 1%??1&&%1@&&%6%12? r,a tl\?;dgrfn#hggl%g Pﬁée t uni ng
cycl es umidd &jcidBdanitd duteothdrasde, (fasther the Gksttrbaer SERtoadias aoamphedmsnt far i s

copied to SZ best which is presented as a . tenporary outfput . .
after Nrpstop cycles such as when Ny; >= Ngsiop Or if the fotal number of roster scheduling
cycles reaches Nemay (When NC >= Npmay), then the fine-tuning cycles is finished and the
best roster solution Qppest searched so far is copied to Qpese 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 Mr, 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, o with the global best solution Qpves; fined-tuned so



44. The rostering systemof claim43, wherein in the step of creating and
initializing a predeterm ned nunber of cooperating agents M-, and al

rel ated nmenory storages, it has operations including allocating nmenory
space for predeterm ned nunber of co%ggrating agent objects, enptying
their lists of visited staff nodes ID% and initializing trail densities
and the nultiple | ayered and segnented data structures. 45. The rostering
system of claim 43, wherein during the search of staff nodes, the

cooperating agent checks if e staff node! s.schedulin lag is on; if the
ansver & a TgEQSFeflﬁghgsﬁﬁbﬂé qu%‘ﬁbé‘ge‘%heée‘é‘\%‘bl %?Wﬁtpﬁé?‘%%%m @S_ICBHIQWEB li st
with a prababilddivm ahd usdiSiehe Wworload ¥ hit e AGRRMizS R QragtieRSrédig st af f

node. 46. The rostering systemof claim43, wherein the evaluating of the
rost er swidulei mokides rostert cededlar mnfoyrobtgon\Gtafb mfarmesticNGk slthlaysradieagl obal

best sol ution.SZFbest fined-tuned s far and, updates SZFbest. . With Chest

i f qum@%&anizéﬂwf i‘ggn?ﬁﬁ%% @%E ?m@%e&ﬂonfﬁ%rk’rr%égﬁ%% %i/%%'flfgr\‘%aéf?s %l}q:i m 24,
wher ei nphhie hdl{dal §Bnd FkedtRh&Rd; Ant RehesQARRY Rifornftiddak)red rede wopatgrused by
t he worEI oad & shit setting optimzer and graph constructer nodule

i ncl udescadaigt enediarhendawsed by drenmestieting engia¢ findludes caagtiasy iafoamation iAGQyer ed

team organizational information,.and base tenpl at rki jfts
such as E’gﬁegf ?Vqtl‘été%é’a%?erﬁuﬁdi g’e@t &8%%% ,Se‘glﬁlng’f ?51((? tgﬁﬁégﬁ#e@ eg(%agﬂer ein
the i nf gedidsOshifibaraek ititelahe agapet-iing Iggadabl e medi um and used by the
rostering engine includes constraint informati on, ACO based evol ution

paraneters and wei ght factor settings, and internedi ate pheronone
densities shift balance state and agent searching | og.



