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Abstract

For many years, the University of Auckland has been involved with the staffing
problemsfacedby NZ Customsat AucklandInternationalAirport. To date,the shift
generatiorphaseof this work has beenimplementedusing heuristicsthat attemptto
capturemany of the non-linearitiesassociatedvith Customsquality measure. This
project develops improvelthear programmingbasedtools to generateheseshifts, and
shows that this approach leads to improved quality rosters for Customs staff.

1 Introduction

Customshasa unique staff rosteringproblem. The staff demandat any one time is
determined by the number and payl@ddaircraft arriving and departingthroughoutthe
day. This leadsto an erratic scheduleof staff requirementsand hencean interesting
problemof staff rostering. Becausewe are dealingwith so many staff, it would be
grossly inefficient and expensive to haphazaallycatestaff rosters. It would alsobe
far too timeconsumingandinaccurateio manuallycreateeachrosterfor eachday. By
preparingan automaticroster optimisationprogram,shifts caneasily be producedand
altered as the need arises.

The main objective of such an optimisation program is to minimise any sstplfis
whilst meeting minimum expectedrequirements. “Surplus staff’ refers to excess
allocated staff over and above the expected demand for any period in the roster.

One of the characteristic attributes of the Customs rostering problem is tharéhere

multiple skill levels ofstaff. The moretrainedemployeescando a wider rangeof jobs
than the new or temporary staff. For example,work at the departuregatesis a
relatively unskilled job, and can lmwneby new employees. Work at the arrivals gates
requires more training, and is donerbogre skilled workers. Thesetrainedworkerscan
also do departures work as required.



As a result of the complexities of tipeoblem,the task of optimising Customsstaff
rosterswas given to the Auckland University EngineeringScienceDepartment. The
first versionwas producedsomeyearsago. It metthe client’'s needsof a ‘black-box’
approach,and successfullyminimisedthe financial costs of employing staff for the
company. Sincethen, however,the client hasrequesteda secondversion, which the
author is currently working on. This ‘improved’ version is required to not only
minimise financial costto the company,but also place a certainemphasison creating
‘people friendly’ rosters. These‘people friendly’ rosterswould allow staff to work
longer, and more consistent shifts.

2 A-Matrix Construction

The project discussedin this paper works around a Set-Partitioningoptimisation
program (SETPAR) written by Dr. David Ryan. The first taskhefprojectwasto be
ableto createa right-hand-sidevector (RHS) and an A-matrix that are compatiblewith
the SETPAR program. The RHS vectoreadin from a downloadedstaff requirement
file from Customs,andbecomeshe first string of datafor SETPARto read. The A-
matrix is then constructed by listing every possible feasible shift for every avatalfie
member. Theseshifts canvary in length,and start-time. Dependingon the wishes of
the client, staff can begin shifts on the quarter-hour, half-houh@hour, or any other
product of a quartehour. Lengthsof shifts canalsobe controlledin a similar fashion.
Theseconstraintson possibleshifts greatly reducethe numberof columnsin the A-
matrix, hence dramatically reducing computer processing time.

By the time the file is readyfor SETPARto read,the A-matrix will containevery
possible shift for evergingle availablestaff memberwithin a set of constraintschosen
by the user. The A-matrix is storedin a file as a seriesof rows, where eachrow
represents a column of the A-matrix. One of the first valuesdfrow storesthe cost
of the respective columnshift, andthe following valuesrepresenthe positionsof the
onesin that column. Thusall the possibleshifts are storedwith their corresponding
costs.

3 Adjusting Costs To Improve Staff Contentedness

The overall goal of this project is to be able to create staff rosters thatlganinimise
straight financial cost to the company, but that also suit the nedls sthff aswell as
possible. There is an ongoing list of alterations and cost adjustmentsuldibe made

to roster optimisation programs to keep staff satisfied. Some of these may bemnainor
trivial, but others may have major influence on the staff involved.

3.1 Rewarding Longer Shifts

The mosttrivial of thoselookedat so far is to reducerelative costsfor longer shifts.
This is because staff prefer longer shifts where they can maximised#neingsfor each
trip they need to make out to the airport.

The trade-off of increasing shift lengthirecreasedostto the employerin the form
of increased paid hours. By adjusting a continuous input parameter, treaniskoose
between shorter shifts, or longer and possibly more expensive shifts.



3.2 Incentive for Similar Start Times for One Day

Figure 1. An initial optimisation gives a roster of staff starting at ten times during the
day.

The next improvement to be made was to have staff startingstiiéig at similar times.
This is to avoid staff constantlytrickling in at all hoursof the day, makingit hard to
keep acheckon who is on time, andwho is late for work. The departmenfprefersto
haveas many staff startingtheir shifts at the sametime as possible. The methodby
which this is achieveds to optimisea day’s rostertwice. The first run is donewith
normal cost adjustments. This will produce an output file whartainsthe optimised
roster so far (see Figure-leachhorizontalline representghe start time, duration,and
end time of each staff member employed for that day). For the second rAnieix
is constructedagain, where shifts with similar start times to those in the SETPAR
output file (createdfrom the first run) havetheir costslowered. If there are a large
numberof shifts in the first roster with a particular start time, then any shift in the
second A-matrix with that start time will have a significant reduced cost. For exaimple,
the first run indicates that ten staff should all start at @m5then the secondA-matrix
constructionwill reducethe costsof all shifts startingat 9:45 am by a factor to the
power of ten. This gives an incentive for other staff to also wtait shifts at 9:45 am.
The effect of this canbe seenin Figure 2, wherethere are only sevenstart times, as
opposed to ten for the same problem solved in Figure 1.
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Figure 2. A second run of the program with adjusted costs giving seven starting times.

Again, there is a trade-off betweenincreasedstaff satisfaction,and cost to the
employer. There is a parameter that the user can adjust to add teetighimportance
of similar starttimes, which is quite likely to increasetotal paid hours,and hencetotal
cost of the solution.

3.3 Incentive for Similar Start Times From Day to Day

The next step after giving staff incentiveto clustertheir start times for one day, is to
give incentive to start at an approximately similar time as the previous, or follokaing
The idea behind this to give staff a more consistentosterfor the week. The theory
for a one day comparison is similar to the theory discussed in 3.2. In this rezkeed
costis appliedin the A-matrix for shifts that start at similar times as those from the
previous (or following) day’s roster.

Fromthis stage,it is a relatively simple,yet expensivetaskto optimise the whole
week’s roster (or however lorthe entire roster may be) suchthat eachstaff member’s
start time for each day is relatively consistent. This is don#olng a comparisorfirst



betweenthe first two days,thenoneof the first threedays,thenoneof the 2nd, 3rd,
and 4th days, and so on until the final two days. This whole process iefieaieds
many times as required to ‘smooth’ the solution.

4 Working With Various Levels Of Staff Ability

An interestingaspectto this type of staff rosteringis that different staff have had
different levels of training and experience. Hetloey aredivided into varying levels of
ability. For example trainedstaff may be able to do arrivals or departuresput less-
trainedstaff may only be ableto do departures.Henceless-trainedstaff aresetto do
departures, anth the caseof a shortagemay be coveredby surplustrainedstaff, who
areprimarily setto do arrivals. The theory is discussedn greaterdetail in M.Smith’s
Thesis. The model is of the form:
* numberof trained staff must be greaterthan or equalto the required staff for
arrivals
* numberof trainedstaff plus numberof less-trainedstaff must be greaterthan or
equal to the total required staff for arrivals and departures.
This createsan interestingA-matrix structure. For an A-matrix that would normally
look like:

period1| 0 | 1 1
period2| 0| O 1

where each column representsa staff member’'spossible shift; either not working,
working first period only, or working both periods.
We now have a ‘multi-tasking’ A-matrix:

trained less-trained

period 1 0 1 1 1 1 departures
period 1 0 1 110 0 | departures + arrival:
period 2 0 0 1 0 1 departures
period 2 0 0 110 0 | departures + arrival:

Figure 3. A-matrix structure for multi-tasking model.

where the first column represents staff not memberworking. The secondpartition,
which consistsof two columns,representsa trained staff member’'ssubmatrix. This
submatrix has all the possible shifts for a trained staffcakde seenin the submatrix,
thesestaff can do ‘departures’and ‘departuresor arrivals’. That is to say that an
increaseof onetrainedstaff memberwill increasgby one)the staff availablefor both
the arrivals &arrivals+ departuresonstraints. The secondpartition correspondgo a
less-trainedstaff submatrix. This submatrixillustratesthat less-trainedstaff can only
contribute to the departures demand.
Note that ‘less-trained staff’ are not trained to do arrivals.

4.1 A Problem Arises With the Multi-tasking M odel

After someinitial study and experimentationwith this model, the author found a
problemwith it. This problemariseswhenthe staff demands not metby the roster.



Although this may often not be allowedto be the case,it is a possibility that mustbe
examined. As described above, the model used is:

no. of trained staff >= arrivals demand
no. of trained staff + no. of less-trained staft= arrivals + departures demand

The problemariseswhenarrivalsis understaffed. Accordingto this model,we can
thenhavemoreless-trainedstaff than requiredfor departuresalone (which is all that
less-trainedstaff canactuallydo). This meansthereis a surplus of less-trainedstaff
that cannot work in that period, but could have beenrosteredfor a different period
where they could have been useful. Because the abogleldoesnot registerthis case
as an ‘overcover’ (more staff than necessary), it does not allas@teercovercost, and
seesthis period’s roster asfiling in a requireddemand. An exampleroster which
displays this problem is shown in Figurewhereavailablestaff is a limiting factor. In
this example, aery large‘overcovercost’ was assignedhich effectively meansthere
should be no surplus staff at any time.

Figure 4 is an example output from the author’s staff rostering progiédmahollow
vertical bars represent the required stdfany one period of time duringthe day. The
solid bars within these demandrequirementsrepresentthe staff allocated by the
programto be working at eachof those respectiveperiods. Slacksand surplusesare
easily recognisedas hollow, unfilled sections,or solid bars sticking out from the
histogram respectively.
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Figure 4. Example of multi-tasking model showing problems when understaffing occurs.

It is apparentin this examplethat duringtwo sectionsof the roster the numberof
less-trained staff (bars above axis) exceed the depadenesnd(histogramaboveaxis).
This case highlights a problem with the mo@alpne of the parametersn this example
stressed that no surplus staff should be usét situation,however,is not recognised
by the model as surplusof staff, asthe extraless-trainedstaff are helping satisfy the
constraint:“no. of trainedstaff + no. of less-trainedstaff >= arrivals + departures
demand”.



To remedy this problem, the author experimented with an alternative model:

no. of less-trained staff >= departures demand
no. of trained staff + no. of less-trained staft= arrivals + departures demand

This alternative model overcomesthe above-mentionedoroblem. If there is a
shortageof staff for a period, less-trainedstaff will not be allocatedto cover for a
shortagen staff for arrivals. The exampleunderstaffedscenarioshownin Figure 4 is
optimised bythe alternativemodel,andthe resultingrosteris shownin Figure5, again
with large overcover costs which effectively disallow any surplus staff.

. | |
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Figure 5. The alternative model handles this understaffed situation slightly better.

This, however,doesnot solve our problem, but merely createsa new one. The
alternativemodel breaksdown in somewhen staff requirementsare met or exceeded.
This occursbecausdess-trainedstaff arenow allowed to fill up both constraints;for
departuresand for the total of arrivals & departures. This problemis illustratedin
Figure 6.
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Figure 6. Example of alternative model showing problems when overstaffing occurs.

Figure6 is the rostercreatedby the alternativemodelwherethe parameterareset
such that the staff roster meets or exceeds demandiatesdl It is clearthat thereis a
problemwith this model as not all demandof arrivalsis being met by A-staff. The
alternative model ‘thinks’ it is fillingn thesegapswith surplusless-trainedstaff, when
in actualfact less-trainedstaff cannot do arrivals. Hencethis alternativemodel is not
ideal for situations where demand in all periods is required to be met or exceeded.

As expected, the original multi-tasking model was found to handle such an
overstaffing scenario quite satisfactorily (see Figure 7).

Figure 7. Original multi-tasking model shows no problems with overstaffing.

It can now be seen that thasea problemwith the availablemodels,anda new one
must be created. A hypothetical model which has nobgehimplementedput which
should solve the above problems is discussed in section 4.3.

4.2 Discussion of Figure 7

It can be noted from Figure 7 that there lBuge‘unnecessaryspike nearthe beginning
of the roster where 17 staff are employed and only 3 requiféd occursbecausdhe
parameters were set so that all demand should be met or exceeded, but that inarements
shift start times, and shift lengthsmust be multiples of two periods. This parameter
was set to speed uppmputerprocessingime, andso that staff would only start their
shifts on the hour or half-hour, and their shift lengths woulchb#iples of 30 minutes.
Thus the surplus spike is mandatory with this shift under these conditions.

It canalsobe notedfrom Figure7 that there are two sectionsin the roster where
there is a largeverstaffingof A-staff for a significantnumberof periods. Theseoccur
because of the arrivals (histogram below the axis) peaks towards eitharteedoster.
In the parameter file, it was set that all A-staff must work a minimuB0gdferiods(7.5
hours)in any one day. Another requirementn the parameteffile was that all staff
demands must be met. Therefore the ®mthy sectionsof overstaffingare inevitable
in this example,for these particular parameters. Note that the user can set these
parameterd$o suit the problemat hand,or makeslight alterationsto get rosterswith



varying characteristics.By alteringtheseparametershe usercanaffectthe quality of
staff rosters, as well as the total hours paid, or cost to the company.

4.3 A Revised Proposed M odel

It is clearfrom the problemsdiscussedn section4.1 that the slacksand surplusesare
not being handled correctly. The current A-matrix structure which SETPAR
implementsis shown abovein Figure 3 with inequality constraints. This A-matrix
structureis rewrittenin Figure8 with equality constraints. Note that for simplicity’s
sake,only the slackshavebeenshown. In reality, the surplus columnswould be the
same as the slack columns except negative.

trained less-trainedslacks / surpluses

period1| O 1 111 1 1 0 0 0 departures
period1| O 1 110 O 0 1 0 0 | departures + arrivals
period2 | O 0 1 ({0 1 0 0 1 0 departures
period2| O 0 110 O 0 0 0 1 | departures + arrivals

Figure 8. Original A-matrix multi-tasking structure with equality constraints.

There is clearly a problem with the structure outlimeéigure 8, asa slack columncan
affect the departures + arrivals constraint without affecting the departures congtraint.
orderto correctthis uniqueproblem,the SETPAR programmust be adjustedso that
slacks(andsurpluses)redealtwith asshownin Figure9. Although this hasnot yet
beenimplementedor tested,it shouldwork, asa slackwhich affectsthe departures+
arrivals constraint must also now affect the departures constraint.

trained less-trainedslacks / surpluses

period1| O 1 111 1 1 1 0 0 departures
period1| O 1 110 O 0 1 0 0 | departures + arrivals
period2 | O 0 1 ({0 1 0 0 1 1 departures
period2| O 0 110 O 0 0 0 1 | departures + arrivals

Figure 9. Proposed A-matrix multi-tasking structure with equality constraints.

4.4 Threeor More Work Typesfor Three or More Staff Ability Levels

The nexthurdlefor the authorto overcomeis the prospectof a largernumberof work

types, and staff abilities. Indeed it has been requested by the client, NZ Customs, that
model be created whereltlyree (or evenmore)levelsof staff canwork the rosterwith
flexible duties. This model is stiih the developmentastageat the time of writing this
article. It is expectedhe modelwill be a fairly simple extensionof the above multi-
tasking model. An example of an A-matrix foddevel rosteris shownbelow in Figure

10.

supervisor secondarytrained less-trained
0‘1 111 1012 1‘1 1 | departures

period
1
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Figure 10. An example 4-level multi-tasking A-matrix.

level roster is shown in Figure 11.
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Figure 11. Example of a possible graphical representation for a 3-level multi-tasking

roster.
For the case of a 3-level roster, the extra task is called “secondary”, whizheby

secondary staff, who can, if need be, work at arrivals or departures.

5 Discussion

Eventuallyit is expectedthat the programwill be able to generaterostersfor any

numberof staff types for a similar numberof job levels. As the project proceeds

through its developmental stage, it may well pick up many more new, impfeataes
as desired by the client. Onetbesepossiblefeaturesthat is still in the brainstorming

stage is the issue of time taken for staff to transfer work station from task tdftasé.

require staff tdoe constantlyswitchingfrom arrivalsto departuresand backagain,this



perhaps should incur a penalty of some sort, as a disincentive. Theredangbhother
such issues yet to be raised and worked on.

It is expectedhat this projectwill soonhavereacheda level wherebyit canbe run
using real data, and comparnedh rosterscreatedoy the currentoptimisationpackage.
The first experimental run will be dongth parametersetto solely minimise hoursof
labourrequired. The secondand following runs will experimentwith varying certain
input parametersThe effectsthesehaveon the objectivefinancial costaswell asany
improvementsof the shifts will be studied. Hopefully there will be significant
improvements of the shifts generated at little or no additional total hours paid.
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