Using technology-enhanced boundary objects to develop
techno-mathematical literacies in manufacturing ind ustry

Arthur Bakkef, University of London and Flsme, Utrecht Univeys.bakker@fi.uu.nl
Phillip Kent, Richard Noss, Celia Hoyles, London Knowledge Lab,
Institute of Education, University of London
Email: p.kent@ioe.ac.uk, r.noss@ioe.ac.uk, c.hoyles@ioe.ac.uk

Abstract: Due to the ubiquity of IT in workplaces and inciliegs customer demands,
employees need skills that often remain unrecognised in companies. We draw attention t
ZKDW ZH FDOO 7HFKQR PDWKHPPWWHKHFP DOWWNHDOFNRZAORG.
situated in the work context and mediated by thadlable technology. We describe a research

project in which we identified through workplace ethnography the TmLinestjin several

industrial sectors. Then we carried out design exmts in which we developed learning
opportunities for particular samples of employees. These learningtopites included
WHFKQRORJ\ HQKDQFHG ERXQ Gitds toRsEhAtHNEM Mcoifiguratidnst FRP
of symbolic mathematical artefacts that employess at work but where the underlying
mathematical models are mostly unknown and genepaltyly understood. In this paper we

give examples from manufacturing industry.

Introduction

There has been a radical shift in the mathematical skills required in modern workplaces, which is o
slowly being recognised by employers and educatarshe research project that we describe h€eehno-
mathematical Literacies in the Workplageww.lkl.ac.uk/technomathswe explored the nature of this shift and
developed novel forms of learning intervention to assist employees in developing their matheskidiical
7TKHUH KDV EHHQ PXFK GLVFXNRatRegafick R Witkptades laddQhé nbb-Bavisferability
of school mathematics. We have argued, on the hdsmevious research (e.g., Hoyles, Wolf, Molyneux
Hodgson, & Kent, 2002; Noss, Pozzi & Hoyles, 1988t there is a need to characterise more precikely t
nature of mathematics used in the workplace, and the essential characteristics of the knowledge requkred in
that is increasingly information technology-mediatédith the ubiquity of IT in many industries, empées
now require Techno-mathematical Literacies, mastémathematical knowledge that is shaped by theesys
that govern their work (Bakker, Hoyles, Kent, & Mp2006). We discovered in the sample of manufaxgur
sectors that we studied, which represent the rafigeP DQXIDFWXULQJ IURP 2ORZ WHFI
employees often lack these critical skills, and companies struggle to improve them becausz tstamidgr of
PDWKHPDWLFDO VNLOOV WKB® IR®DREZIVFWIKRH PBUIIFBRQ VIGXXOO VR (

The research set out to characterise and developeittno-mathematical Literacies (TmL) needed for
effective practice in workplaces. Common trendsanufacturing are towards high levels of automadiod an
increasing focus on flexible response to customer needs. This puts a particular stiels anemployees at
WKH 3LQWHUPHGLDWH" OH YRIQK-4dchsbl quaifiatikrE,\oDeWployiddmt-Dakied EafRivts
+ DERYH EDVLF TXD O prdd&aieWweeR,@ywical ¥olas rekh@dRdor techindperators on the shop
floor or first-level supervisory managers (sometirnaed shift leaders). For such employees the new ways of
working involve them extensively in communicatinghwmathematically expressed information in therfasf
computer input and output, production statisticatistical analyses of processes, and other papenopwter-
based documents that contain information expresgmthdically. The aim of the first research phase was to
elaborate the nature of the mathematical skills required by these employees, and to dndevstamL are
needed to reason with symbolic information andgreée it into decision-making and communication.

In our observations of workplaces, we adopted an explicit mathemataad foom the outset, and
sought to identify artefacts used in workplaces which involve symbolic representations oftlieenatizal
relationships inherent in workplace processes. We found that such artefacts were generally intendet
FRPPXQLFDWH EHWZHHQ GLIIHU HedwenFtRePrRrakudactwihdgishop flgox, mkddiz \and
senior managers, and process/systems engineeesmétiate level employees were often pivotal inhsuc
communications. Yet the artefacts often failed igittommunicative function. We investigated in ddtaw
these artefacts did or (more often) did not functis communicative devices. This focus, and oureldsi
enhance as well as understand TmL, led us to tekadtion of eboundary objecas an orienting concept for
our research. Boundary objects are artefacts that exist in several communities of practice anthesatisfy
informational requirements of each (Bowker & StH999). In our research we not only identified the TmL
required by employees, but also designed learning opportunities that would support employees in déweloping
DSSURSULDWH 7P/ £+ WKH DLP RVHW R H HRAF RQIGH UHMW\HP B & VS R IU M X
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what we caltechnology-enhanced boundary obje@iEBOSs), which were intended to improve commundacat
in a workplace situation by introducing new softeddased forms of mediation for the mathematically
expressed knowledge.

,Q WKH IROORZLQJ ZH ILUVW FKBVUBDFWHKUPYMW R RG2N [THQ & KRHXC
findings in manufacturing industry. Finally we discuss some potential iniplisafor training in workplaces.

Technology-enhanced boundary objects

Knowledge is problematic in organisations because it is both a critical resourgeroftess

LPSURYHPHQW DQG D EDUULHUREMWBRRWQFWKHF#FRMRXIGIWLHYV R
(QIJHVWU|P ZLWKLQ DQ Kuhaia@ersy Ehil¥ leRders, UperatdrsDaxd Whgineeds in
manufacturing context. Knowledge being both a nggesind a ch@ OHQJH 3NQRZOHGJH ERX
2002) are interesting places for research. StaGarelV H P H U LOQWURGXFHG WKHVW PW

an analytical focus for understanding communicatiithin and between organisations. Many other neseas

have since drawn on this concept, and identifieceisdvexamples: classifications, scientific categories and
VWDQGDUGY %RZNHU 6WDU LYH PPBXVIRRIBYY QDRKHPWY  %RC
PHGLFDO FODLP IRUPV SURFHGEN 8B UWKRHRINYK RIKBIQGLLQNAUWHBW H F

We are especially interested in boundary objectt t#upport engagement with mathematical
knowledge, and have found it most productive toettgy these in connection with workplace symbolic artefacts
that fail to catalyse communication, that is, failb® boundary objects (for an example see Kent, N&sie,
Hoyles, & Bakker, 2007). The issue we focus on ligrhat one typically needs to re-represent matkieaia
knowledge so it can be engaged with by employees fdiifierent communities, since employees at
intermediate level generally lack fluency with stard algebraic symbolisms. Our approach is to recordig
artefacts from the workplace as computer tools, whietcall technology-enhanced boundary objects (TEBO)
provided they meet a few criteria.

The criteria we define for the computer tools todiion as TEBOs are partially derived from the
definition of boundary object: they should be usedifferent communities and satisfy informational needs of
each. Measures of successful use were: continued use in company training doitsBsl. QHHV Y SRVLYV
about effects on their workplace practice, and afigeation of the tools by companies to other user
communities with whom we have not engaged.

In designing the TEBOs, we have deployed severadgdegsrinciples First we identified symbolic
artefacts that were, from our perspective, intertddoke boundary objects in the workplace but turoetto be
SUREOHPDWLF GXH WR HP SO R Rthed m&theniatchl béhindKte@® HNeX! WD &r&pkeQehted
them appropriately so they could assist us in fgvg#he underlying mathematical models on whictytivere
based. Hencelesign principle 1lis: re-represent familiar artefacts in order toeavrelevant mathematical
structures to employees.

We adopted a broadly constructionist approachédehrning opportunities (see, e.g., Harel & Papert,

ZKLFK LQYROYHV SDUW L FL8@rwhgutaignalr&pteQ@ehtalidsof Priatieimatical
ideas, and requiring them to express their ownsdieeough the use of appropriate to@ilesign principle Zan
be summarised as: use software tools in ways thatreeparticipants simultaneously to construct eordigure
symbolic artefacts and negotiate the meanings drthem, and to map these back onto familiar prastic

A third design principleis to co-design with experts from the communitiegsolved (such as
managers, trainers, and engineers). Without theiwkedge of the woK SODFHTV FRQWLQJHQF
most likely fail to have sustained impact on practice. The TEBO tools developed in the research are accessit
the project website (www.lkl.ac.uk/technomathsihol

Research methods

We undertook our research in collaboration with pamies, employer federations and vocational
training organisations in four manufacturing andszee sectors in the UK: Financial Services, Pharmaceuticals
Manufacturing, Packaging and Automotive Manufactgriln each sector, we visited three to four companies
IRU HWKQRJUDSKLF LQYHVWLJDWhéRQn-dayR BiSsltel WsitsQid ovdérSth FlénGfyand
characterise the TmL needed to function effectively in each workplace. Methods used included wo
shadowing, analyses of documentation and semi-gtedtinterviews with managers and a wide range of
employees. We progressively focused on probingribanings held by different groups involved in therky
process for the symbolic inputs and outputs of y$tems that were intended as boundary objects. e a
joined team meetings and process improvement teamanufacturing.

In the second research phase, we carried outWdrar H GHVLJQ EDVHG UHVHDUFK
Lehrer, & Schauble, 2003) with our employer-parsntr design learning opportunities and develop TEBO
aimed at developing the TmL identified in the figghase This research phase on learning opportunities
involved two or three companies in each sector,m@ing W\SLFD OO\ WR SHUVRQ GD\'
tools could be accessed through a web browser garermaximum availability in workplace settings. The



learning opportunities were embedded in activity sequences largely derived from authentic episwded in

Phase 1 or reported by employer-partners. The talsactivities aimed to allow exploration and d&sion of

the interconnections between the different inputd autputs within the normally invisible mathematic
models.

The effectiveness of our approach to TmL develogmes assessed through follow-up interviews
with participants (face-to-face, telephone and email) and continuing communication \pltyerpartners to
assess impact in workplace practices. The design-based approach, with its iterative cycles of collabor:
design, testing and revision also led us to moemoed understandings of TmL and their use in thekplace,
since employees' interactions with our softwarelstgorovided further data about their appreciatidn o
underlying models.

In evaluating and validating our research, we maske of data from diverse sources. These include:
workplace artefacts such as graphs, charts anddialastatements sent to customers; audio and occasionally
video recordings of workplace observations and interviews; email trails witlesigners; evaluation forms;
questionnaires. We sought to triangulate different views of the same workatdiegty, through the
perspectives of employees at different levels obmmgany, as well as consulting independent exparthe
industry sectors concerned, in order to guard agaiased observations.

Results of the research: two examples

Our research in manufacturing developed along tvemnes, both connected to the drive for greater
quality and productivity in manufacturing processesdelling the manufacturing process (4.1), aadisttcal
process control (4.2). We provide two examples for illustrative purposes.
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Figure 1 A screen-shot of part of the computer controtaysfor the film production process

Modelling manufacturing processes

In a packaging factory making plastic film by artragion process, we investigated how the computer
control and monitor system served as a boundangcblietween managers, engineers and shopfloor nechi
operators. The extrusion process is complex, inmghébout twenty steps: the plastic starts from reamgjes,

LV PHOWHG WR IRUP D WXEH NDERKMW K WRIOFYUHRGP\H W/ B I YR XAMK DYSHHY HDOL
is then extruded (stretched) at different tempeeatand tensions (that need to be very preciseiyralted),
becoming thinner at each stage until the desired thickness is reached (eRLFURPHWUHY FDOC
Figure 1). The most sensitive stage of the extrusion process is at wWNaiR ZQ DV 3WKH EXEEOH’
is inflated with compressed air so that it expangsa lactor of about 25. In Figure 1, this bubbleeisresented

E\ WKH ZKLWH VKDSH LQ WKH FKQ®W MW KHK HORKL R/IHW KWH U HOYW¥L W &
stages, with temperatures, pressures, etc. dighlgsmninating in the bubble.

Each extrusion line is controlled by a computer eaysthat monitors and records numerous process
SDUDPHWHUV + WA\SLFDO GLVSOBVNGWHHQRZ \GHHD JUDPYVH UHS UHY
flows such as the temperatures and pressuresfatedif points in the line. The computer system records all
these process data and stores them as historizafataseveral months (see Figure 2). These héstbrecords
are accessible to all, although our ethnography (Noss et al., 2007) indicdt@dstioae or two intermediate
level employees (the senior shopfloor operatorstaadine managers) engaged with these as a wmaking
sense of what the process had been doing; andwaer@o official encouragement from senior manage e
do this. The process engineer working in this area wawever personally convinced that if shopfloor
employees were able to engage with this data, eékaltrwould be to have a much improved model of the
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process; this would lead to more effective operatotrol of the process and much more efficient pobidn
for the company.
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Figure2 JUDSKV RI WKH 3KLVWR U L Hilsplay& DWaBingieHsdale U@ ajd kiyis Kifferent)
scales implicit on the y-axis. Time frame on x agi$ ihours.

In the first research phase we identified the feilg TmL: understanding systematic measurement,
data collection and display; appreciation of thenptex effects of changing variables on the proaunctystem
as a whole; being able to identify key variabled ealationships in the work flow; and reading antdipreting
time series data, graphs and charts, some of wh&ktandard and some idiosyncratic and company-specific.
We also noted the need for employees to be abteritrol the process for target mean and minimaltian,
and to communicate about these values with othg@immes and with management. Finally, we identified
need for employees to appreciate therétd LQYLVLEOH IDFWRUV + VXER OW DUWKE \FiH
RI WKH SURGXFW * LQ GHWHUYPLWLQADWLW®& HR W K IHS\K PH_F QHDY QIGTHQ \
the computer-generated data available.

The TEBO we co-designed with one of the process eeginwas a software simulation of the
production process of making plastic film by extoms(see Figure 3). To reduce the complexity, thst start
and end parts of the process are modelled, bubtha@at of the real systems is imitated (cf., Figutesnd 2).
Numbers in the white boxes are inputs or paramékaisthe user can modify. The goal is to achieablst
running of the process with film gauge (thickneasp required target. It is crucial not to make desnthat
SEXUVW WKH EXEEOH™ RQ WWRISWLWKMW SNKRLG/X E ®/ LISRJD BW RFEHUNNS K R L
the middle show historical data for 9 variables tbp set are inputs or parameters for the stafteprocess,
the bottom set are for the end part of the procasseach graph, an appropriate scale appears wiarea
variable is selected.

We designed learning activities concerned with real events where inputs and control paiartieters
process have to be changed by the machine operatdrsutputs interpreted. For example, if one pathe
process machinery is broken or missing, how camp#nemeters be adjusted to compensate for this eyl the
process running? Employees were invited to preatick test outcomes and thus come to appreciatetasyfec
the mathematical relationships embedded in the process. Initially we introduced these activities to employ
but the engineer of this production area quickly eamdo the training herself.
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The employees and engineer who co-developed the TEBO with usvesrepositive about the
OHDUQLQJ RSSRUWXQLWLHV UDKNR $hiQeadgHWeh thiqugHtiaidibb\ ustrg khel too
there would be a base-line level of understandirag we risk not getting with the observational style training
ZH FXUUHQWO\ XVH ~ 7KHUH ZRHdeHth® olldviRng @hith @kemplifie SwisaDaR dkeds
boundary objects may achieve. The engineer futtiérus:

, WKLQN WKH WRRO DOVR KHOKW LGE QMIDIN GHI\RGHDH MR W WRX
film-making process understanding but also logical proble® 30, QJ DELOLW\ , GLGQ
this. After going through the training activitiestiV K KLP , QRZ NQRZ IDU PRUH D
DQG WKH zZD\ KH WKL Q KAewbEf&RX Bhedkkd & Fuvmedikevo hates open-

HQGHG WDVNYV , P SOHDVHG:LBDQDPRZ JLYH WKHP DOO WR

7KH HQJLQHHUTV VXUSULVH KHIWH XPW DND RZKOHH @ J W HRQ VW R H
QHYHU PDGH HYLGHQW RQ WK PKREIORRHN KKN GIRHEVDQ@REWI RWVH V
inevitably (because of the WWNSODFH FXOWXUH VR PsHaVakghressd, buHcoOld &idpldyGin Z |
working with the simulation. She was also pleaséth whe extent to which he was able to apply adabi
SUREOHP VROYLQJ DSSURDFKVWR BEOWRWY B RVWE& WX NV EH RANPKKHOM
involved dealing with a speed restriction on a matoneSDUW RI WKH SURFHVV 3ZKLW®WK }
WKLQNLQJ DERXW LW °

Statistical Process Control (SPC)

SPC is a set of techniques widely used in workplaces as part of process improvement activi

2DNODQG 3\]GHN 8 WL Q B TVXLRKH W HPIPKQ LHX$SIO R\HHV BWRHL

one-number process measures, which we have obséwved challenging in terms of mathematical and
FRQWH[WXDO NQRZOw@lXhr fackbiies e iHvestigaged?HZ 3SURFHVY FDSDELOI
used and trained, and found that the typical intotidn of such measures deploys statistical andbedie
VI\PEROLVP DV ZHOO DV ODER KIDR\X W HPHDRIHK® QV R DKOLRXEHDW HR G @ RV
XQGHUO\LQJ PDWKHPDWLFD O DJH¢DIP Mith Boghpakiyt tBaviers, Rve telvéoped @olS and
activities to enhance existing training and shopfloor practice.

,Q WKH ILUVW UHVHDUFK SKDVHHQMWMH DIQRWK +R\OH\H REDHNNWM
TmL: understanding systematic measurement, datactioh and display; appreciation of the complefeets
of changing variables on the production systemabldale; being able to identify key variables anidtienships
in the work flow; reading and interpreting timeissrdata, graphs and charts; distinguishing mean fesget
and specification and control limits; knowing abdig relation between data and measures and pracess
model; understanding and reducing variation, artexpating the basis of process capability indices and how
they are calculated. The main putative boundary object we focused on was the SPCfidbdrineand used on
the shop floor; see Figure 4 for an example.
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Figure 4 Example of an SPC chart, an intended boundamcbbj

We developed three TEBOs (two are displayed inteigb and 6) that comprised simulations to make
the statistical concepts used in SPC training courgee understandable for intermediate-level emmeywy a)
simulating the physical experiments that traindestal generate sample process data, so that afteg dhem
manually they were able to generate much largex sketls in the software, making statistical pattantstrends
easier to perceive, and b) allowing direct manipulation of capability measures with visual feedback, alongs
the algebraic formulae that are quoted to traimegsunsurprisingly, barely understood.
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Figure5 5H FRQILJXUDWLRQ RI WK HRA3&KRKIHU KD B QKEQ\QL PXOCPH

The first tool (Figure 5) provides a context foretlprocess capability indices Cp and Cpk by
demonstrating how they can be used in practicemwRYH D SURFHVYVY LQ WKLV 3SURHAH\
WKH %ULWLVK SXE JDPH RI YKRVYiDIREK®S & @Q s uBeduofiizgiddink &ond te
simulation allows the user to see repeatedly generatB® V R | p 1 O Lwhbry thhe ¢9i0 RApsWdchtine
on the SPC Chart. The player attempts to improeeptiocess by altering several key process parasnéten
other tools model Cp and Cpk (Figure 6 just shdwes @pk tool), measures for how well a process iund
control and meeting required targets. They turnedto be a visual and interactive representatiornetp
employees understand how these measures depehd statistical behaviour of physical data and theosed
human specification of targets.

The accompanying learning activities were derived from the coynpraining courses or designed to
stimulate exploration of key mathematical concepta] expose misunderstandings around basic, butudiff
concepts of statistical mean and process target, control limit (derived from data) and procesatiwe (it



E\ HHWHUQDO FRQFHUQV DQG WR @Y WIKH GWWW D REX W KR QQERWDERDAD Il
concepts but in relation to production processes.

Figure6 6RIWZDUH WRRO ZKLFK PRGHOV &SN D SURFHVV FDSDELO
employees to engage with the underlying mathemattationships

The software tools were highly appreciated by mamnagers, engineers, trainers and employees.
Even after the end of the research project we lkegting stories about international meetings atiwthey had
been demonstrated, how they facilitated commurtindtetween company engineers and managers or exgpli
and how they had enhanced training courses. Bas#liedeedback, we feel confident that we can consider that
these tools satisfy the criteria for TEBOs.

Discussion and implications

7KH QHHG IRU 7THFKQR P DW K H PhibgV évielBrDin/ Mok plddds Ehat-hké invdived inV
changes in working practices. However, even irssiteere the need for change is recognised and geppuore
GLG QRW ILQG WKDW WKH QHHGERIRUL VPG M/KVRXIKERHMOYWID\FRP.
preconceptions about mathematics are deeply irgpglaimoth in the world of work and the world of edtion.
One way these reveal themselveZiKHUH HPSOR\HUV FRPSODLQ DERXW 3SRRU (
as financial services, where the need for employweslo arithmetic hardly exists due to the total
computerisation of processes. A central challerayeskills development is to educate both employaed
managers about the mathematical models and relatpmthat actually matter but are rendered invesko} IT
within workplaces.

7KH VNLOOV JDS RI WHFKQR R DoVi&Kdysamalicafiyp G GUIHWNBBFEH W R
we think by working together with educators. It deecommitment of time and resources on the part of
employers not only to come to terms with the newdtis new kind of mathematical understanding,disi to
develop new pedagogical approaches for trainingsssoe PDNH 7P/ PRUH YLVLEOH DQ®DY
and development. The major skills deficit at issue is the understanding of systems, not the ability to calcul
Whilst calculation and basic arithmetic remain obsdiary importance our research suggests they are
insufficient. Of far greater importance is a concepgirasp of how, for example, process improvementka,o
how graphs and spreadsheets may highlight reldtipssand how systematic data may be used with galye
predictive tools to control and improve processes.

The methodology of collaborative design involvirepgaF KHUV DQG HPSOR\HU SDU
rather little attention in research in the workplace. It seems this is partly due to such research falling betw
several more established domains of research: onottee hand sociological and economic studies of
employment, skills and labour markets, which temslards general conceptions of knowledge and sidtiser
than specific, technical knowledge domains sucimathematics; and on the other hand educationahresén
PDWKHPDWLFV RU VFLHQFH OBEOQV®HZ KHW KIRBYWH RZ HIOQOVHWW H
collaborative work with use¢¥ WHDFKHUYV EXW KDY EusdfiHi @rmal Reucgibm W @\
undoubtedly a challenge for all participants in multidisciplinary collaborative research who have to strit
continually to develop a common discourse. Yet msearch points to its considerable potential, mby o
bringing together the range of expertise essetgiaddress technical skills gaps, but also by oftes way to
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sustain change in practice as employers gradually tontrol of what began as a researchers-ledvargon
supported by technology-enhanced boundary objects.

Endnote
(1) The research reported out here was carriectotlte University of London; the first author is@ntly working at the
Freudenthal Institute for Science and Mathematitsecht University.
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