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ABSTRACT

In ungtable environments, characterized by frequent dient-driven changes in desgn criteria
and by huge pressure to compress project ddivery times, practitioners must search for
innovetive ways to dructure the design-build process. Involving specidty contractors from
project inception onwards, helps to satisfy client needs. Based on empirica research in the
semiconductor industry, this paper presents a product-process mode that reflects the joint
system of designing and building a facility component. The modd expresses, in a parametric
fashion, critical design, procurement, and congtruction decisons as the design-build process
unfolds A modd implementation that uses discreteevent smulation contrasts the effects of
ealy vs. lae specidty-contractor involvement in design. Results show that early contractor
involvement  benefits the average project duration but increases the duration varigbility and
may dgnificantly increese the waste of condruction resources if improperly implemented.
Pogtponement of design decisons helps to reduce waste without pendizing the project
duration much. Results aso show that fabrication decisons should not be neglected in early
design efforts when expediting aproject.
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INTRODUCTION

The potentid contributions specidty contractors can bring to the designbuild process,
especidly when they get involved early in design, have long been recognized (eg., Crichton
1966, Bennett and Fery 1990, Tommdein and Bdlad 1997, Gil e d. 2000). In current
practice though, it remains dl too often the case that specidty contractors get involved in
design only after competitively bidding a set of drawings and specifications, when they have
to devdop and submit detalled shop drawings to the architect/engineer. As a result,
specidty-contractor  knowledge sddom gets leveraged in ealy desgn. It may not get
leveraged later ether, because contractors are expected to build the desgn according to the
bid documents. Opportunities for improving the condruction process thereby get lost and a
confrontationd climate often arises between designers and contractors (Pietroforte  1997).
Compstitive bidding dso is a time-consuming process. It separates the upstream design
phase from the downsream execution phase, and thus ddays the dat of procurement,
fabrication, and congruction. Nonetheless, industry practices are changing and contractors
increedingly paticipate in early design. New problems may then aise if dedgn criteria are
prone to changing while downstream work is dready under way. Changes that occur later in
the process logicaly cost more to accommodate than those that occur during design, because
more resources have been mobilized. How to badance dlowances for change and the cost of
rework is the underlying research question.

RELATED WORK

Research on compressing project completion times in ungtable environments is presented in
the literature on new product deveopment and concurrent engineering (eg., Womack et d.
1990, langti 1995, Eisenhardt and Tabrizi 1995, Bhatecharya e d. 1998, Thomke and
Reinertsen 1998, Sobek 1l et d. 1998, Terwiesh and Loch 1999). The work in this paper
differs, however, from this literature in that the domain of our modding effort is architecture,
engineering, and congruction (AEC). AEC projects are of a oneof-akind nature, whereas
product development typicaly precedes mass production. In product development, designers
and suppliers may afford to go through multiple desgn iterations, because design
improvements will pay off handsomedy later, every time a replicae is made In contragt,
design and congtruction rework is usudly charged entirdly againgt the project itsdlf.

Our work assumes that specidty contrectors in AEC projects are the equivdent of
suppliers in product development. The question then is. How to best dructure the design
build process and involve contractors early in unstable environments?

Our work relates to research in lean production systems design as gpplied to the AEC
industry. Tsao e d. (2000) define work dructuring as the effort to develop a project’'s
process desgn while trying to dign engineering design, supply chan, resource dlocation,
and asembly efforts Some lean congruction researchers depicted supply chains from a
production perspective and questioned their dructure a a conceptua leve. For instance,
Tommdein and Wessenberger (1999) mapped dructurd sted supply and  erection, and
Holzemer e d. (2000) mapped HVAC ductwork fabrication and dte inddlaion. Other
researchers provided case sudies that chdlenge the traditiond ways for organizing projects
in an effort to create more efficient production systems (e.g., Miles 1998, Tsao et d. 2000).



Our ressach methodology, like Tommeden's (1998) who modded pipespool
ingalation, uses computer smulation, but the model presented here is different in scope. We
fird present a high-levd view of the process of desgning and building an acid-exhaust
sygem. We then smulate dternative work dructures and assess which ones, under which
circumstances best meet the client's needs. The productprocess smulation does not model
organizationa units. Accordingly, our work is complementary in agpproach to computationa
models of organizations, such as the Virtud Desgn Team (VDT) (Jn and Levitt 1996)%a
process-information modd that mimics actors tasks and behaviors¥sor Lin and Hui's (1997)
work¥za computationa mode that contrasts problem solving capabilities based on different
organizationd structures.

PRODUCT-PROCESS MODEL
Model Description

The modd focuses on the desgn, parts fabrication, assembly, and inddlation of the acid-
exhaugt system, as Figure 1 illustrates. Table 1 describes the modeling symbols used. Design
devdopment is decomposed in two phases. conceptudization and concept development.
During conceptudization, desgners meke a st of initid esimaes on criticd parameters
based on higoricd data and rules of thumb. During concept development they refine their
edimaes with the help of anadyticd tools. Concept deveopment is composed of three
sequentid tasks: load-, section, and layout devel opment.

As the design development process unfolds, desgners meet every 5 days to vdidate ther
decisons. Once dl desgn parameters for the building sysem have been vdidaed, the
execution phase darts. If the gpecidty contractor was not involved in concept development
we assume that two sequentid delays will occur. The first delay corresponds to the bidding
period from the end of concept development until one contractor is sdected. The second
delay corresponds to a follow-up period during which the sdected contractor sends requests
for information to the architect/enginer and waits for answers After this period, the
contractor decides on the length of the spools, procures long lead items (eg., fiberglass
coated ducts and specidty items like vaves), and prepares shop drawings. The fabrication
process starts once the architect/engineer gpproves the shop drawings, and spools and
Specidty items arive at the fabrication shop. Then, assembled spools are shipped to the ste
by truck, and installed.

SIMULATION RATIONALE

Uncertainty

AEC practitioners design and congruction work on a fab typicaly takes place concurrently
with other design teams development of the chip technology and layout of the production
tools that gt in the deanroom. As a result, whenever sgnificant changes occur with the ligt
of tools or the tool layout (eg., due to technologica breskthroughs or shifts in market needs)
these changes impact the fab desgn definition. Figure 2 illusrates smulated samples from
the probability dendty curves that synthesze design leads mentd models regarding the
frequency and time of occurrences of changes in the tool lig and cleanroom dimensons.
Thee uncertainty curves were implemented within the smulaion environment on top of the
product-process modd for the design-build development process.
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Table 1 Product-Process Development Representation Symbols

SYMBOL NAME EXPLANATION
Expresses design or construction tasks. Tasks produce a set of design
Design/ decisions and production choices or actions. A rectangle denotes a
i Construction  [Task. Fabshop Assembly and Shipping are also instances of site tasks,
Task athough they have specific graphic symbols so as to enhance the
legibility of the model.
E— Expresses the decisions that result from each design task. Examples of
fop AT e Decisions  |decisions are the determination of design loads, diameter of routing
o Queue cross-sections, and length of routings. A closed rectangle denotes a
i DecisionsQueue.
- Expresses moments when the client, designers, or contractors make
Decision o . - .. .
Point critical desi gn, procurement, or construction decisions. A diamond
denotes a DecisionPoint.
Information  |Indicatesthe push flow of information on design parameters from one
' Flow task to the next. A solid arrow denotes an InformationFlow.
i Material Flow I ndicates the push flow of materials from one task to the next. A wide,

darker arrow denotes a Material Fl ow.

DESIGN COMMITMENTS
QUEUE

Ok Acid Exhaust Load

Commitments

Expresses the decisions and choices resulting out of decision points. A
closed rectangle with a right-pointing triangle denotes a Commitments

First Changein
Cleanroom

cOg:n:ri&?ianf:ey Queue Queue
)
R Expresses a queue of resources resulting from execution of atask and
esource - S
Sfrop DX, Queue e\_/entually waiting to be depleted by ancther task. An up-pointing
Approved triangle denotes a Resource Queue.
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Figure 2: Histogram of Cleanroom Dimensions and Tool List Changes for 1000 Runs




Further Smplifying Assumptions
1. Design Rework. We assume that the duration of desgn tasks decreases between

successive iterdtions of the same task. Gil et d. (2001) discuss the specifics of the agorithm
that was implemented.

2. Task Duration and Batch Sizee We used prectitioners edtimates to quantify the
duraion of tasks, process delays, as wdl as the number of batches in which shop drawings
are released and spools fabricated and assembled. For smplification, we used as input for the
gmulation work illustrated in this paper the deterministic averages of these edimates.
Experimentation with the model using stochadtic inputs led to Smilar results.

3. Shop Drawing Approval. We assumed that shop drawings aways get approved. The
extent to which rdaxing this assumption would influence the development process merits
further investigation. We adso assumed that once a contractor is sdected he would dtay
involved with the job despite any design changes that may occur afterwards.

4. Execution Rework. We assume that the cdeanroom width and length increese 10%
whenever a cdeanroom dimensons change occurs. We dso assume that a tool list change
increases the acid-exhaust load needs by 10%. According to how close the choice of the spool
commercid diameter is to the engineered minimum diameter, a change may or not invdidae
the previous choice of the commercid diameter. We adso assume that desgn criteria changes
adways force contractors to redo shop drawings whether or not the commercid spool diameter
needs to increase to account for changes in the location and sze of valves. Thus, F spools are
dready assembled when a change occurs and the spool diameter remans the same,
contractors must gill rework the previoudy assembled spools per the new shop drawings. In
this case, we adso assume that the spools assembled but not yet ingtdled would be firgt
indaled and reworked afterwards. If a cleenroom dimensions change does not cause the
spool diameter to increase but contractors had aready procured the spools when the change
occurred, contractors need to reorder more spools. If a change necessitates the use of larger
spools, dl exhaugt spools that are dready assembled and even ingdled must be torn down,
the spools not yet assembled must be piled up aside, and larger spools must be ordered once
contractors get the new developed concept. We assume that when the larger spools arrive to
the gte, the former spools have been in the mean time been torn down.

Discrete Event Scheduling Simulation

The modd was implemented with the smulation engine SIGMA (Schruben and Schruben
2000). SIGMA is a discreteevent Smulation environment based on the ‘event graph’ concept.
Users can modd a system in terms of event graphs by “identifying its characteridtic events
and then writing a st of event routines that give a detalled description of the date changes
taking place a the time of each event.” (Law and Kdton 2000, pp. 205). Process smulation
evolves by executing the ligt of future events in a chronologicd order, and updating the list
each time anew event gets processed.

Simulation Scenarios
We consdered the following Smulation scenarios:

I. Competitively Bid Specialty Contractor. Designers develop the design and once they
commit on dl the parameters, specidty contractors have to competitively bid that design. We



associate a time delay with the bidding process of 3 to 4 weeks (15+rnd*5 days). Once one
contractor gets involved he takes 5 to 15 days (5+10*beta{ 2,2} days) to get familiar with the
desgn informetion, issue requets for information, and get answers from the
architect/engineer. After that period, the contractor procures long lead items and detals shop
drawings. Each batch of shop drawings needs to be approved by the architect/engineer before
the contractor can assemble the spools in the fabrication shop. The gpproval process takes on
average 7.5 days.

[I. Specialty Contractor Involved Since Start of Concept Development. The contractor is
sdected during conceptudization and paticipaes in concept development (eg., atending
coordination meetings or co-locating his detalers in the architect/engineer’s office). Once
desgners commit on dl the dedgn parameters the contractor immediatdy procures long
lead items and detals shop drawings. We dso assume agpprovd of shop drawings is
immediate.

[1l. Postponement of Concept Development. Designers do not start concept development
until a predefined number of days (a lag) after completion of conceptudization. We vary the
postponement lag from zero (in which case concept development darts on the day after
conceptudization has ended) to 90 days an extreme scenaio! In between, we gradudly
increase the “no earlier than” congraint by 5-day intervas.

Performance Variables
To contrast the dternative scenarios, we implemented the following performance variables:

Table 2: Decription of Performance Variables

Performance Variable Description
Overall Project Duration Elapsed time from the start of conceptualization to the day when the last spool
(days) getsinstalled on site and no design changes occur afterwards.

Total Design Time (days) Time designers spend on conceptualization plus concept devel opment tasks.

Elapsed time from the day the specialty contractor gets selected (or after design
Tota Execution Time (days) isfully developed and validated if the contractor is aready involved) until the

last of day of the construction process.

Tota time the on-site crew spends reworking assembled spools due to desig
changes that did not dter the design decision regarding commercial diameters.

Tota time on-site crew spends idle or tearing down installed spools due to
design changes that required larger spoals.

Torn Down Spool Length Total length of spoolsthat were already assembled (whether or not spoolswere
(feet) installed) when a change occurred that required larger spools.

Tota length of spoolsthat were already in the fab shop but not yet completely
assembled when a change occurred that required larger spools.

ANALYSISOF RESULTS
Design-Build Process Development with Dynamic Design Criteria

Table 3 shows the results of the performance variables for the scenarios with fixed and
dynamic dedgn criteria The mean and vaiance weae cdculaed usng the unbiased
esimators for a sample of 1000 smulations (Law and Kdton 2000). Some results are, fird,

On-Site Rework Time (days)

On-Site Wasted Time (days)

Unused Spool Length (feet)




without competitive bidding, the project duration shortens gpproximately by the sum of the
delays caused by bidding, but the wasted resources during congtruction increase significantly
and the execution time increases dightly. Clearly, because early contractor involvement dso
dlows the condruction process to dart earlier, more changes occur while the congtruction
process is dready underway. Second, when contractors get involved early, the sum of the
average design time plus execution time is a@ove the overdl project duraion. This reflects
the overlgp between design rework and nonvadue adding gdte tasks (rework, tearing down
spools, or daying idle). In addition, when contractors get involved early, the reiability of
process development decreases sgnificantly as is shown by the increase in vaiability of the
performance varigbles.
Table 3: Compstitive Bidding vs. Early Contractor Involvement (mean + standard deviation)
(Scenario: no postponement and spools 10 feet long)

Overal Total Total On Site On Site Torn Unused
Project Design Execution  Rework Wasted Down Spoal
Duration Time Time Time Time Spool Length
(9  (dayy (9  (dys9  (day9  Legth  (fes)
(feet)
SC Competitively Bid 125+ 4 41 62+4 0 0 0 0
w/o Uncertainty
SC Involved Early 96+ 3 41 51+3 0 0 0 0

w/0 Uncertainty
SC Competitively Bidw/ 162+33 63+13 79+27 0+2 4+14 177 + 141 +

Uncertainty 847 686
SCInvolved Early w/  137+41 63+13 81+39 1+4 15+24 1180+ 298 +

Uncertainty 2211 938
SCinv. Ealyw/ Conc. 151+30 58+12 68+29 1+3 6+ 15 483+ 130+

Dev. Start > day 60 1483 630

Total Final Spool Feet Installed in a Project (Number of Laterals* Length of Lateral) = 5170+ 876 feet

These results are not surprisng given the probability densty curves we assumed for the
changes (Figure 2), which express that the frequency of changes decreases in the course of
time. The results demondrate, however, that if managers am to dructure the design-build
process differently, they should adopt a systemic gpproach in order to assess less obvious
consequences and find ways to minimize the undesirable ones. Driven by these findings, we
next try to understand if postponed commitment Strategies can help shield production from
upstream changes while gtill compressing the project duration.

Postponed Commitment Strategies at Design Development

We define postponed commitment as a managerid draegy tha intentiondly ingtructs
desgners to dday concept development indead of darting it with incomplete or unreigble
information inputs and criteria Postponed commitment drategies have been advocated and
implemented for managing product development processes that unfold in  unpredictable
environments (eg., langti 1995, Wad & d. 1995, Bhattachaya e d. 1997, Thomke and
Reinertsen 1998). Gil et d. (2001) studied the consequences of imposing a time lag between
conceptudization and concept development. The results showed that postponing concept
devdopment consgtently increased the average project duration but dso increased its



predictability. Gil e d. identified an efficiency zone (corresponding gpproximately to
concept development not starting before day 55 to 70) within which the upper bound of the
vaiability interva for the desgn duration stays steedy while Sgnificant resource savings are
achieved. Figures 3 and 4 illudrate how a sSmilar postponement drategy influences the
desgn-build development process, for scenarios with competitive bidding and early
contractor involvement.
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Results show that as the postponement lag increases up to its efficiency zone, an accentuated
reduction of wasted congtruction resources is achieved a the expense of increasng the
project duration by about 10%. Also noteworthy is that an increese in postponement lag
leads to a disgppearing overlgp between design and execution rework. In addition, if we
compare the early involved contrector scenario (with an efficient postponement lag) againgt
the competitive bidding scenario (Table 3), we obsarve 1) the vaue of torn down spools
days above that achieved in competitive bidding, 2) the vaue of unused spools is of the
same order of magnitude, and 3) design, execution, and project duration remain shorter.

L everaging Specialty Contractors Knowledge in Design

The gmulated scenarios have shown tha efforts to compress the project duration
consgently come a the expense of wasting condruction resources. However, these
scenarios have assumed that condruction methods would not change, whether or not
contractors get involved early in the process. We now propose to relax this assumption. In a
competitive bidding scenario, contractors are typicdly not familiar with the desgn and until
late do not know for certain who the project participants will be. Chances then are that they
will expect a confrontationd
project environmen,
M ungpprecigtive  of the best
condruction  sequences  (e.q.,
Birrdl 1985, Bennett and Ferry
1990, Hinze and Tracey 1994).
M ] Conversdy, if contractors get
the opportunity to contribute
their process knowledge during
ealy desgn, desgn solutions
can be achieved that are more
( effident to buld (Gl & 4.
2000).
As a gspecific ingance of
how the proect environment

Average Duration (days)

(1 [0 ]

5 10 15 20
Spool Piece Length (feet)

O Project Duration (days) . ,
O Execution Time (days) mflygwces . a contractor's
D Execution Wasted Time (days) decison rationde, we learned
during empiricd research tha a
Figure 5: Average Influence of Spool Length on contractor's decison on the
Design-Build Development Process ool piece length varies in

function of thar familiaity
with the design and knowledge of other project participants. Thus, in a competitive bidding
scenario, contractors often select the shortest spool pieces (around 8 to 10 feet long) because
these are easest to dide in the sted racks. In contrag, if contractors are involved earlier and
have the opportunity to get to know the desgn and other project participants, they sdect
longer spools. Longer spools minimize the number of required welds and can ill be did, if
specific Ste access conditions exist. Because welding is the mogt crucid operation in acid-
exhaust duct ingdlation, the number of welds is more-or-less proportional to the duration



needed to ingdl the spool. Contractors roughly estimate that if the number of welds doubles,
thetimeit takesto ingd| the spools aso doubles.

Within this framework, Figure 5 illudrates how the desgn-build process differed as we
gradudly increased the spoolpiece length from 5 to 20 feet, assuming early contractor
involvement. Results indicate that going from 5 to 20 feat decreases the execution time by
aoproximately 20%, resulting in a 10% decrease in the overdl project duration. Longer
spools aso increase, however, the relative percentage of time wasted by ondte crews
because spool ingdlation progresses faster, crews are more idle in-between task iterdtions
(Téble 4). Longer spools do not influence the quantity of wasted resources during
congruction due to design iterations.

Table 4: Influence of Spool Length on Design-Build Process

Overal Total Tota On Site On site Torn Unused
Project Design Execution  Rework Wasted Down Spool
Duration Time Time Time Time Spool Length
(days) (days) (days) (days) (days) Length (feet)
(feet)
SC Involved Early 1030+ 310+

w/0 postponement 131+39 63+13 75+37 1+4 20+£25
+spool length 20 feet

SC Involved Early w/
Concept Dev. Start >day 149+30 58+12 6629 1+3 12+17
60 + spool length 20 feet

2007 962

463 + 125+
1432 567

Total Final Spool Feet Installed in a Project (Number of Laterals* Length of Lateral) = 5170+ 876 feet

DISCUSS ON

A sygemic andysis of dternative production designs reflects that “there is no such thing as a
free lunch”. Given the oneof-akind nature of AEC products, faster design-build
devdlopment implies making commitments early, so procurement and congtruction may art.
Doing it in an unpredictable environment inevitably increases wasted construction resources.

Smulaion rexults show, however, that dtenative managerid drategies may rexult in
worthy compromises. Postponement of concept development so as to let dedgn criteria
‘settle down’ before design commitments are made stands out as an efficient drategy. The
extent to which a dient should adopt a postponement drategy will vary with his willingness
to accept risks, the expected stochastic naure of changes and the criticdity of the
performance variables being traded off. Thus if compressng the project duration is of
utmost importance, then a no-postponement drategy will be best because it maximizes the
chances of fast project ddivery. However, if codts resulting from resources wasted during
condruction metter, then a postponement drategy is agppropriate. In addition, empirica
ressarch indicates¥sand sSmulaion modding confirms it%that  other  opportunities to
expedite process deveopment exig for those organizations that succesSully leverage
ecidty contractor knowledge in ealy dedgn. The example implemented in this
paper¥susing longer spool pieces so as to reduce the number of welds and consequently the
time spool inddlation takes¥aillugtrated this point.



In the competitive bidding scenario, we assumed that the contractor would dart
procurement before he had the shop drawings approved. In practice, contractors may be
forced to do s0 in order to meet the project milestones they contractudly agreed upon to get
the job. By doing 0, the contractor bears the risk that if the design definition changes and
the procured materids ae rendered inadequate, the dient may not provide financid
compensation because the designer had not yet gpproved the drawings. Specidty contractors
may be willing to accept some risks, but not others. Sdlecting longer spools that could turn
out to be physcdly impossble to dide into the sted racks is one such risk. When the
contractor selects shorter spools, the end result is a less efficient congtruction process that
delays the overdl project duration. Multiple welds dso increese the probability of future
leekage and flow impurity problems, making it in the long term a lower quality solution from
a paformance sandpoint. The extent to which dient organizations are thoroughly informed
of the consequences that dterndive contractud agreements may have on production system
design and product qudity merits further investigation.
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