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ABSTRACT

Complexity in design causes iteration which can aéue-adding or wasteful.
Wasteful iteration, called rework, may stem froneffitient information flow in
design. This paper focuses on the structural coxplef information flow, and on
the identification of root causes of the resultiegvork. We propose that one can
identify root causes for rework in the design phafsa project by (1) making actual
information flow transparent and by (2) comparingtual information flow to
planned information flow. After identifying misahgnents between actual- and
planned information flow, one can find their roauses, and then address those
causes in order to reduce rework in design.

We use a Multi Domain Matrix to deduce actual (8% and planned (‘Should’)
information flow and then apply the Delta-DesigmuSture Matrix to compare the
structures of the ‘Should-" with the ‘As is’ pergpee. The proposed hypotheses,
“Comparing structural complexity between the ‘Stibulnd the ‘As is’ perspective
helps to identify misalignments” and “Reduction rofsalignments between actual-
and planned information flow reduces rework in dgeSiwere tested during the
detailed design phase of a project. The Multi Domidiatrix and Design Structure
Matrix were successfully applied: comparison ofustinral complexity aided in
making actual information flow transparent andeducing rework.
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INTRODUCTION

Designing a building requires a number of differsktlls, typically provided by
experts who work for different companies, and thelsls may differ from project to
project. Accordingly, participants on project teatesd to not have worked together
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before. Nevertheless, those experts must colladdmigenerate as well as assess
design criteria and design alternatives, so asliese a design that delivers value to
project stakeholders. In the process of learnirautbriteria and alternatives, experts
exchange information, i.e., information flows beémethose who are part of their
project organization.

To plan information flow and to optimize the seqeef design tasks, one may
use tools such as the process-based Design Seudairix (DSM) (Browning 2001).
The quality of data used to build such a DSM isciziufor the success of DSM
application. Therefore, we suggest checking thdityuaf planned information flow
(as defined using the process-based DSM) by comgpérto actual information flow,
in order to find root causes for differences betwt#em. Our methodology, based on
the Multi Domain Matrix, aims (1) to make actuafarmation flow in a design
organization transparent and (2) to ease identificaof root causes for differences
between actual and planned information flow.

The paper is structured as follows. First, we hgiitl some characteristics of
design processes and the application of lean thgnki design. Second, we present
the methodology (1) for making actual informatidows transparent and (2) for
comparing actual- to planned information flow inder to find root causes for
differences. Third, we propose hypotheses and itbestre research approach. Fourth,
we expand on an action-research case study whemaplemented the methodology,
and last, we close with conclusions.

LITERATURE REVIEW

THE TASK OF DESIGN

Koskela and Kagioglou (2006) describe the task edigh as oscillating between
analysis of problems and synthesis of solutiongoiliggh oscillation, designers gain
knowledge about design criteria and alternativdbes and Meboldt (2007) argue
from a Systems Engineering perspective that agieffi “operating system” defines
design criteria continuously to realize a succdsigaign alternative.

Designers often deal with ‘wicked problems:’ these indeterminate problems,
i.e., problems that have “no definite formulatiofiRittel and Webber 1973). Thus,
while acquiring knowledge about design criteria aalternatives, the operating
system is subject to complexity. Complexity surkage the design process through
iteration between tasks.

LEAN IN DESIGN

‘Designing’ differs from ‘making’ in at least 3 way(1) The ‘matter’ of designers is
information. While material flow in ‘making’ is mdg visible, information flow in
‘designing’ can be invisible. This makes it harder trace the actual flow of
information. (2) Complexity hinders the identifizat of waste in design, and it is
often the case that necessary vs. non-value addslks can be differentiated only
after the design has been completed (e.g., Brow2@@$). (3) Iteration in ‘making’
represents waste, whereas iteration in ‘designimgy offer an opportunity for
designers to deepen their understanding of thedadkexplore alternatives, so that
they can deliver an outcome of greater value toctieomer. Value-adding iteration
is to be encouraged. Iteration is called wasteffuit can be eliminated from the
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process without a loss of value or risking the ssscof the project; this so-called
negative iteration (Ballard 2000) should be avoided

Some information flows in design are wasteful. $alvsources of waste have
been named in design: These include the 7 souscégfned by Ohno (1988), and
others such as ‘make do’ (Koskela 2004), and ‘m&giehing’ and ‘not speaking’
(Macomber and Howell 2004). This paper focuses egative iteration, here called
rework, due to wasteful information flow. Reworkndae an effect of other sources of
waste (Bauch 2004) and rework can be the caussditing time for information and
extension of schedule and project cost (Tribelsiy 8acks 2010).

DESIGN STRUCTURE MATRIX AND MULTI DOMAIN MATRIX

The Design Structure Matrix (DSM) (Steward 1981) ds means to manage
information flow. It has been successfully applitat mapping processes and
optimizing the sequence of design tasks. Elememisdependencies between these
elements in any given domain are represented bgM.Momain Mapping Matrices
(DMM) (Danilovic and Browning 2004) then connectt®SMs. Together these
matrices form the MDM (Maurer 2007). DSM and MDMvkabeen successfully
applied the Architecture-Engineering-Constructi&feC) industry (e.g., Huovila et
al. 1995, Austin et al. 2000, Furtmeier et al. 2010

Although DSM and MDM are relatively simple modelitgpls, their ability to
map iteration makes them powerful relative to, ,esghedule networks used in the
critical path method. The matrix format enablesuke of algorithms to optimize the
sequence of elements in the matrix, and it enahkesleduction of dependencies and
the comparison of relationships between elementsigfin mathematical operations.

Increase quality of input information for Process-DSM for mation

Ballard (2000) recommends using the DSM as a waktiuce rework in design by
finding an optimal sequence of tasks. Algorithmg}.,eas implemented in ADePT
(Austin et al. 2000), aid design managers in figdihe optimal sequence of tasks
based on the process model. However, the optinfplesee of design tasks—as
delivered by a DSM-sequencing algorithm—dependthendentified process model:
If tasks or dependencies between tasks are migsing the DSM, enforcing the

calculated sequence may cause waste and failudelieer customer value. MDM

application can increase the quality of the DSMcpes model (Elezi et al. 2010).

L earn from deviations from the planned process

Sosa et al. (2004) computed a Delta-DSM to finéed#nces in the structure between
two DSMs, specifically differences between prodsttucture and actual team
interaction. Kreimeyer et al. (2007) applied MDMdabelta-DSM to find differences
between planned process structure and plannedipagi@nal structure.

Koskela (2000) names several factors that pushptioeess away from the
planned sequence. Deviations from the planned psocan be found by comparing
planned- to actual information flow. MDM and Dell¥M in combination makes it
easy to compare a large number of indicators fowakcand planned information
flow, and thus to identify deviations.
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IDENTIFY DEVIATIONS FROM PLANNED PROCESSWITH M DM

The goal of MDM application is to reveal actualamhation flow between design
experts and then find deviations from the plannesigh process. Thus, we compare
two perspectives: (1) Planned information flow edlithe ‘Should’ perspective and
(2) actual information flow called the ‘As is’ pg@exctive.

Documentation of actual information flow is timeAsuming and sometimes even
infeasible, because information flow in design baninvisible. We therefore propose
the use of indicators to approximate informatiamwfl Indicators can be:

* From the Process Domain: Process maps or docuineritsulation,

* From the Product Domain: Modular product structurerror indications from
the product model, e.g., BIM clashes,

» From the Organization Domain: Office layouts andtsg plans, email lists,
organizational structure charts, or surveys to attarize communication
between designers.

Both the ‘Should-" and the ‘As is’ perspective ceonsist of 1 or more datasets.
These datasets are deduced using MDM methodologyii@ 2007). Using MDMs,
one can deduce indirect dependencies that conlegcerts of the domain in question
through elements of other domains. Deduction isedout by matrix multiplication:
Indirect dependencies in the domain in questioncateulated by multiplying the
DSM of the indirect domain with DMMs.

All indicators for information flow are deduced tioe organization domain: We
work with the assumption that designers can relaséier to their information
exchange with other designers, than they can rdtatthe abstract exchange of
information between tasks of a process map. Rooseanalysis becomes more
tangible for designers, when analyzing informatitmw between their peers. Thus,
we define the organization domain as the base darparison of information flow
and DMMs that connect the organization domain cannkerpreted as an affiliation
matrix: They show the relation of a person to @amant of the indicator domain.

Figure 1 shows in lines (1) and (2) examples of MD&tluction of the ‘Should-’
and ‘As is’ perspectives. The notation ‘X’ insiddéet matrices represents a
dependency between the elements of the respentaamd column of the matrix. In
line (1) the DSM ‘Information flow, should’ (elemesnof the domain represented by
capital letters) is deduced by multiplying the D®Mhe indicator domain (elements
represented by numbers) with the DMM and transpd3®tM that connect both
DSMs. In this example, the indicating domain coléd for example, a process map
in which person C is responsible for completingk$éa8 and 4 (as shown in the
DMMs). Since task 3 depends only on input from tasknd task 4 depends only on
input from task 3, the dependencies between tasBsahd 4 (in the DSM ‘Indicator,
should’) can be aggregated into the indirect depeoy between person B and person
C in the DSM ‘Information flow, should’. Line (2pfiows the same logic: Elements
of the DSM ‘Information flow, as is’ are represettiey lower-case letters. Line (3)
shows the calculation of the Delta DSM between (8t and ‘As is’ perspective.
‘M’ stands for matched-, ‘E’ for expected-, ‘A’ f@additional information flow.

In case one of the domains consists of more thandata-set (when comparing 3
or more DSMs), the fields of Delta DSM show tupl€kese tuples (in the case of 3
DSMs, e.g., [M;M;M]) show the relation between tlaers’ of the Delta-DSM.
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Matrix
(1)  DSM = DSM x DMM X DMM |
Information Flow, Should Indicator, Should
3 4 A|lB]|C
1 2 3 4
1 X
A | X
2 X
B X
3 X
(o} X | X
4 X
()  Dsm = DSM X DMM X VIV
Information Flow, As is Indicator, As is
a b (@ a B %
a [ X a | X
B X b X
Y X @ X
(3) Delta DSM = DSM - DSM
Information Flow Information Flow, Should Information Flow, As is

Cc

Figure 1: Formulas (1) and (2) for deduction ofd8Hl-’ and ‘As is’ perspective of
information flow, and formula (3) for calculatioh Delta-DSM; based on (Maurer
2007, Sosa et al. 2004).

Occurrence of expected and additional informatitowfcan give insights into
differences between the ‘Should-’ and the ‘As istgpective; differences known as
misalignments of information flow.

FRAMEWORK FOR PRACTICAL | MPLEMENTATION

Comparison of the ‘Should-’ with the ‘As is’ pergpige is a collaborative effort for
the design team. Reasons for misalignments candwefoid: Either people did not
exchange information as they ‘Should’ have, theol8&' perspective is wrongly
defined, or both. Expert knowledge about the purposf information flow is
necessary to identify the root causes of misaligrime

Thus, we propose a workshop setting in which todooh the comparison and
analysis: Visualization of the ‘Should-’ and thes'As’ perspective with force-
directed graphs (e.g., Figure 2) aids in identifyimisalignment. Root-cause analysis,
e.g., using 5 Whys (Ohno 1988), aids in findingsoees for misalignment.

The presented MDM approach makes the actual infbiemdlow transparent.
This transparency may serve learning cycles by esmg actual- to planned
information flow. Learning can improve the qualitf the planned process and
mitigate factors that tend to push to process afn@y the planned sequence. Thus,
the workshop may be relates to the Check stageP@f@A cycle (Deming 2000).
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HYPOTHESES

To test the proposed methodology in a case studydefene two hypotheses:
(1) Comparing structural complexity between the o@d-" and the ‘As is’

perspective helps to identify misalignments, anyl R2duction of misalignments
between actual- and planned information flow reduesvork in design.

RESEARCH METHOD

The first author joined the team involved in theéadled design phase of a project.
During the first part of his action research, hewtoented the detailed design process
through case-study research. He then led a workghopplement the methodology.
After completion of the workshop he again documeémnierk on the project to
compare the processes before- and after implen@mtadf the presented
methodology. We present the findings of this woektn

CASE STUDY: MDM ASA TOOL TO IMPROVE BIM DEVELOPMENT

The setting of this case study is the $1.7 bill@athedral Hill Hospital (CHH)
Project in San Francisco, California. In part daes¢ismic code regulations in this
state, the design of hospitals is complex. In tb&iting phase, designers created an
integrated 3D-model of the building using BIM. Bltievelopers for different trade
partners, here called ‘detailers,” were collocatedne office among other experts so
that they could communicate easily and solve ccisfiuickly.

A challenge in the AEC industry is to fit highlytémconnected systems into small
spaces, while meeting numerous functional requirgsnget maximizing open spaces
(rooms) for operational building use. Design ofsth@élense spaces can be critical for
project success. A critical question of the dethiteesign phase is ‘How will the
model be built?’. The process of developing the BiMdel needs to be designed
according to the characteristics of the project thedcapabilities of those involved.

INFORMATION FLOW IN BIM DEVELOPMENT

BIM users aim to achieve an error-free model dudegign in order to avoid costly
rework during construction. They perform clash dets, that is, they use BIM to
identify spatially conflicting building parts. ‘Hdrclashes’ refer to parts occupying
the same space. ‘Soft clashes’ refer to parts beittgn a certain distance of each
other. To resolve clashes, BIM users must rewoekcibntents of the model. Rather
than doing such rework, lean BIM developers willnivéo avoid errors (including
clashes) upfront. Clash avoidance needs a welheéfidevelopment process
according to which to populate the BIM model. Ekadiow to develop such a
process, designed to the characteristics of theahgiroject, is still a research
guestion. BIM users may find the Plan-Do-Check-ABDCA) cycle useful to
continuously improve their BIM development process, as to adapt it to the
characteristics of the actual project as it unfolds

M ODELING APPROACH

BIM users will want to identify misalignments betvethe ‘Should-’ and the ‘As is’
perspective, and then find root causes for thentheg can begin to improve their
processes. Conflicts in the BIM are an indicatortted quality of communication
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between model developers, because the resolutiorrach conflict will need
communication between the developers who workedhenconflicting components
and possibly others. The seating chart of membfetiseocollocated project team can
serve as an indicator of the quality of communaatbetween developers, based on
the observation that the probability of communimatbetween developers decreases
as the physical distance between them increaséen(A977).

Accordingly, an integrated model for BIM modelessdentify misalignments can
build on input from at least three domains:

1. Process Domain: the BIM clash detection procesanisindicator for the
‘Should’ perspective of information flow,

2. Product Domain: Conflicts between building systears an indicator for the
‘As is’ perspective of information flow,

3. Organization Domain: The seating chart serves sscand indicator for the
‘As is’ perspective of information flow between ddopers.

Process and Product Domain are deduced into thean@agion Domain for

comparison of the ‘As is-’" with the ‘Should’ pergpge. Clashes in the product
model connect developers in the organization doniiM developer A, developing

systema, and BIM developer B, developing systfinneed to communicate with
each other when their systems clash. The planr&d tan the BIM development
process connect these developers similarly. TheeBsOrganization DMM (for

deducing the ‘Should’ perspective) was derived fittve developers’ responsibilities
for detailing tasks. The Product-Organization DMNbr(deducing the °‘As is’

perspective) was derived from the developers’ oglmerof systems during detailing.
Development of the Process DSM (DSM ‘Indicator, gy, the Product DSM

(DSM ‘Indicator, as is’), and the two aforementidneMMs completed the process
of collecting the so-called ‘native’ dependencigsthe next step, two DSMs were
deduced: (1) The DSM ‘Information flow, should’, wwh shows the planned
information flow between detailers, and (2) the D$Mormation flow, as is’, which

shows the actual communication between detailegarding clash resolution
activities.

PRACTICAL IMPLEMENTATION

Analysis started with formation of the Delta-DSM $ybtracting DSM ‘Information
flow, as is’ from DSM ‘Information flow, should’. fe Delta-DSM shows a high
number of additional information flow marks (A).

CORRESPONDENCE TO PDCA CYCLE

A comparison of information flows between plannedd aactual will reveal
differences between the perspectives. This correfpto the Check (in the PDCA
cycle) of the planned process, and can then bevielli by Act to improve the process.

Check Misalignments

The analysis was augmented using data from a geelti@rt showing people at their
desks, collocated in the project office in a ‘bigpm.” Detailers compared the DSMs
‘Information flow, as is’ (Figure 2), ‘Informatioflow, should’ (Figure 3), and the
seating chart (Figure 4) visually in a workshopsél comparison directly showed
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structural differences of the graphs. The roledadéilers J and O demanded attention
during root cause analysis with the project teaetaiders J and O are not connected
to the rest of the organization in the ‘Should’gperctive, but they are in the center of
the organization when viewed in the ‘As is’ perdpec The seating chart of the ‘big
room’ revealed that detailer J was seated aboutnl&way from others on the
detailing team. Detailer O does not work in theg‘bbom,” but in an office several
100 km away.

Figure 2: ‘Should’ perspective of information Figure 3: ‘As is’ perspective of
flow. information flow.

L [P ECEE PEEE

Figure 4: Seating chart of Collocated Project T€aincled areas indicate location of
detailing team).

Both detailers worked on detailing space partitiéeg., walls). Discussion with the
project team revealed that critical framing (whistpart of partitioning and includes,
e.g., studs that cannot move due to corner posijtimas usually disregarded by other
trades during the detailing process. Root-causlysingyielded three reasons for the
disregard: (1) Critical framing was not part of tletailing’ portion of the BIM
development process at that time, (2) detailersndidoad the partitioning layer into
their 3D-modelling program even though the layaeady existed, because the
loading time of this layer is exceptionally longnda(3) the use of BIM for
partitioning is a relatively recent developmenthe industry and other trades on the
project were not used to integrate their work Wit of partitioning BIMs.

Act to Improve

First, the ‘Should’ perspective (in this case: BiM modeling process) was adjusted.
The team agreed to integrate the task of modetintical framing’ into the detailing

Proceedings for the 20th Annual Conference of the International Group for Lean Construction



Reducing Rework in Design by Comparing Structural Complexity Using a Multi Domain
Matrix

portion of the process. Second, the organizatietaicture was modified. A new
standard process was developed to integrate defailaith the rest of the team
despite the physical distance of his office rekatio the collocated office. Also, team
members introduced actions to improve communicatiith Detailer J. Third, an A3

report was started to identify reasons for longding times of BIM layers and

remedial actions.

CONCLUSIONS

This paper presented a methodology for MDM appglicatto align actual- and
planned information flow, together with guidelinfes analyzing the resulting Delta-
DSM. It described a workshop approach for practgadlication of this methodology
and implementation of PDCA learning cycles.

Regarding Hypothesis 1, we found that applicatibthe methodology made the
actual information flow transparent and directlypeel the detailing team find root
causes for misalignment. Regarding Hypothesis 2, fatend that aligning the
‘Should-" with the ‘As is’ perspective, through nsemes defined by project
participants during Act of the PDCA cycle, reduaeavork in the next repetitive
application of the detailing process. Follow-upemviews revealed that detailers
appreciated being confronted with the actual inftion flow: they wanted to see the
causes for rework and the amount of rework duevtmdable clashes, and work
towards clash avoidance within the team.

Identification of misalignment between actual andnped information flow
improved the quality of the planned process andgatiéd factors that tried to push
the process away from its optimal sequence.
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