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Abstract: Four factors make it challenging to manage semiconductor fabrication fa¢fitlys”) projects: technical complexity of the
product design, need to compress the project duration, need to reduce upfront costs, and unexpected project changes. The stratec
employed by practitioners to cope with these challenges form an intricate puzzle. We empirically develop a framework that provides a
structure for helping to solve this puzzle, which comprises two principles: investing upfront in a flexible product design and structuring
a flexible process. Empirical findings reveal that project teams make commitments early on by overdesigning but also postpone critica
decisions by differentiating the scope of their work. Project teams employ other strategies such as increasing communication, usin
modular architectures, engaging in four-dimensional computer-based modeling, and fabricating components and subsystems off-site. O
analysis yields understanding on the purposes and performance tradeoffs of these strategies, and on how they embody the two principle
Project managers may find the framework useful when deciding which strategies best suit other equally challenging projects.
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Introduction ness of a building design to changes in design criteria. Hegazy et
al. (2001 propose an information model to store design informa-

Studies of problems related to the management of engineeringtion, record design rationale, and manage design changes.

and construction projects that unfold in conditions of uncertainty ~ Our work contributes to this literature with a qualitative em-
are increasingly commofibbs 1997; Hanna et al. 2002; Touran Pirical study focused on the operational strategies and methods
2003. While the literature may suggest a scholars’ preference @dopted by project teams to cope with uncertainty during semi-
towards studies of the impacts of change orders to project perfor_conductor fabrication facility“fabs”) projects. Fabs are high-tech
mance, the perspectives adopted vary. For example, Hanna et affacilities that house the manufacturing tools necessary for the
(2002 characterize quantitatively the impacts of change orders on Production of semiconductors or chips, which “are the basic
contractors’ productivity. Ford2002 and Touran2003 investi- building blocks of integrated circuitstWright 2001, p. 172
gate the use of budget contingencies by project managers. Ibbs eRu@litative empirical studies on managerial practices to deliver
al. (2003 study the appropriateness of using specific contractual Construction projects are not ne{€richton 1966; Bresnen and
arrangements for managing projects in conditions of uncertainty. FoWler 1994; Pietroforte 1997but our work is different. First, it
Pefia-Mora and Park2001) develop a planning method to help focuses on one family of large-scale construction projects seldom
project managers cope better with change orders in fast-trackStudied in the literature. Second, our study focuses on the opera-
projects. Other scholars have focused on the impacts of changdional methods and strategies employed by fab project teams dur-
orders on the project design process. For example, Slaughtet9 both design and construction. Hence, our study relates to

(2001 investigates alternative strategies to increase the robust-WOrk that adopts a systematic production management perspec-
tive to study project-based organizations that operate in the con-

T — - . struction industry, what is termed “lean constructighdmmelein
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Management, Manchester Business School, The Univ. of ManCheSter’Specifically, our work contributes empirical understanding, from
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ce.berkeley.edu Research has been conducted on the role of flexibility in com-
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Chandler, AZ. E-mail: art.a.stout@intel.com (1998 illustrate three major strategies for increasing product de-
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Note. Discussion open until September 1, 2005. Separate d'scuss'onsprocesses for lowering the cost of changeg., defer commit-
must be submitted for individual papers. To extend the closing date by ments, and designing flexible product architéctur(esg using

one month, a written request must be filed with the ASCE Managing
Editor. The manuscript for this paper was submitted for review and pos- modular product structurgsOther scholars have advocated the
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paper is part of thdournal of Construction Engineering and Manage-  facturing supply chains when product demand is uncertain in vol-
ment Vol. 131, No. 4, April 1, 2005. ©ASCE, ISSN 0733-9364/2005/4- ume and varietyCusumano 1994; Naylor et al. 1998 ean con-
439-448/$25.00. struction scholars are aware that project development processes
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need to be flexible to accommodate changes stemming from un-Table 1. Managerial Strategies Embodying Product and Process

controllable external sourcéKoskela et al. 2002 This need un-

Flexibility

derpins lean design methods such as deferring design commit4\jain Product Product—Process
ments until the “last responsible moment,” using set-based principle flexibility Process flexibility flexibility
:jezlgn, ardzglglngMand I.ocztmghbuffer_s.to labsodrp varlabﬂmal-d q Managerial Overdesign  Differentiation Intensify

ard et al. 2 ore in-depth empirical studies are needed, strategies of works communication
however, to validate the usefulness and practicality of these meth- Off-site Modular

ods. fabrication buildings

Four main factors contribute to the challenges in managing fab
projects(see Chasey and Merchant 2000 for a detailed analysis of
the challenges in delivering the next generation of fabsst, fab

Four-dimensional
computer-based
modeling

Design reuse

designs are complex because production of leading-edge chips is
a complex manufacturing process that involves various state-of-
the-art tools. These tools hook up to a large number of utilities
and support equipment, require steady utility flows and stringent
environmental conditions to operate, and are constantly changing
between consecutive generations. Second, the speed with which
to bring a fab online is critical to ensure the project’s profitability
since manufacturers that reach the market first with a new product
can benefit from higher-priced sales and possibly preempt com-
petitors (Burnett 1997. Third, reduced costs upfront matter in a

competitive business environment. Finally, the need to design and2.

build the fab before the chip-manufacturing technology has been
developed generates frequent but hard-to-anticipate changes in
the course of the project.

Our empirical research reveals that practitioners involved in
fab projects simultaneously employ various managerial strategies
that embody two complementary principles: the principle of prod-
uct flexibility and that of process flexibility. Product flexibility is
the ability of the product design to accommodate changes in de-
sign criteria after the design h§sresumably been frozen. While
this definition is close to the concept of “robust design” used in
the literature on developing new manufacturing products and on
design theoryTaguchi and Clausing 1990its aim is conceptu-
ally different. Robust design methodologies aim to design prod-
ucts whose performance quality is insensitive to stochastic varia-
tion in the manufacturing process, in the parts, and in how
customers use the produg¢azmer and Roser 1999 n contrast,
product flexibility aims to allow project participants to make com-
mitments early on in order to expedite the project, even though
they expect the project customer to request late changes in design.

Process flexibility is the ability to structure the project process
so that it can accommodate late changes in design criteria and in
intermediate schedule milestones without necessitating large al-
lowances upfront in the product design. Process flexibility is akin
to concurrent engineering principles that aim to compress the de-
velopment time for manufacturing products but the conceptual
aim is different. Concurrent engineering overlaps the concept de-
velopment phase with the implementation phase by delaying the
end of concept development and accelerating the start of imple-
mentation(lansiti 1995. This facilitates timely exchanges of in-
formation between the two phases and can help to compress the
product development project duration but, in the absence of care-
ful management, it can deteriorate the performance of the product
development proces&Krishnan 1998. In contrast, process flex-
ibility delays tasks in design, shop fabrication, and on-site con-
struction for selected building systems until the project customer
is more certain of the design criteria, while it accelerates similar
tasks for other systems unlikely to be affected by changes, with-
out compromising cost or program.

We grouped the observed practices in three categ¢Fesie
1):

1. We empirically identified one strategy that primarily embod-

ies product flexibility in fab projects(l) Overdesign De-
signers overdesign by choosing equipment at the high end of
available alternatives because they expect design loads to
increase, yet they acknowledge that it is hard to predict when
increases will happen and what their magnitude will be.
Likewise, designers oversize cross sections of utility routings
or allocate empty space to accommodate future needs for
extra capacity.

We empirically identified three strategies primarily embody-
ing process flexibility in fab projectg1) Differentiation of
Works. Design-criteria changes in the course of the project
do not affect all building systems equally. An analysis of
real-world data on a fab project illustrates this, and is dis-
cussed later in this paper. Architecture, engineering, and con-
struction(AEC) practitioners are aware of this phenomenon
and seek to identify, early on in a project, which building
systems(and in particular which specific characteristics of
those systemsare more and less susceptible to be modified
if design criteria change. This differentiation of works guides
the decision on whether to commit early on or to delay the
design, fabrication, and on-site construction for specific
building systems(2) Off-site fabrication. The AEC practi-
tioners increasingly investigate which building components
can be fabricated off-site. Off-site fabrication allows for
more concurrency between fabrication, assembly, and on-site
construction and it can bring savings in labor hours, installa-
tion time and cost, and improve safety and quali@ibb
1999. Off-site fabrication supports a more flexible project
process because alternative designs can be developed upfront
but the choice of one design and the start of its fabrication
process can be postponed until design criteria are more cer-
tain. Off-site fabrication aims to standardize components and
their interfaces with the other parts, so that practitioners can
rely on the components fitting and functioning together once
they are brought to the construction siteavitt and Gibb
2003. (3) Four-dimensional (4D) computer-based model-
ing. The management of three-dimensional building space is
difficult whenever the product design is complex or likely to
change during design development. Physical interferences,
such as components getting in each other’s way or blocking
an area needed for other uses, remain commonly unnoticed
until they surface in the field. Project organizations have tra-
ditionally built large-scale physical models to help anticipate
possible interferences. These large-scale models are useful
but they have numerous limitations: they prototype only a
small chunk of the work, represent only a selected few prod-
uct features, cannot easily be taken apart to be viewed from
many different angles, and are available only to those that
can get physically near it. Computer-based 3D and 4D mod-
els overcome many of these shortcomings. Four dimensional
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means that time-based information on construction tasks andland, Ore., a leading design-construction firm specializing in
on scheduling logic is integrated with the 3D product model high-tech facilities. He conducted field research over a 30 month
(Koo and Fischer 2000 period, including three visits to IDC’s main office that lasted
We empirically identified three strategies that contribute 1 week each, and two summer internships that lasted 2 months
about equally to embody product and process flexibility. Of each. During the internships, he worked first as an assistant to the
course, strategies in the first two categories can contribute totool dock coordinator for one fab tooling project, and then as an
embody the other principle to some extéety., off-site fab-  assistant to the construction manager for another fab project. The
rication can result in some overdesign if adverse transporta- too| dock coordinator and the construction manager acted as “key
tion conditions are expectdut they tend to do so un-  informants” during the summer internships and introduced the
equally. (1) Intensify ~communication. Effective first author to co-workers. To assess the validity of the empirical
communication between project stakeholders helps designerSﬁndingS, experiential data was triangulated by method.
to anticipate the changes that are likely to occur and make  Fjrst we conducted 85 semistructured interviews, each ap-
more adequate design allowances at the early project stagesyroximately 12 h long, with a sample of experts that included
Once changes happen, effective communication helps teamy; |ead designers and design/construction/project managers, 19
members to transmit information quickly to those for whom  gpecigjist contractors, and 10 customer representatives. We used
it matters so that they can minimize the detrimental impact of 5, interview protocol to question practitioners about the critical
late (_:hanges on vyork completion. I_Dart_nerlng Initiatives ex- gecisions they make in concept development and implementation,
emp_lnfy efforts to improve commumcatmq b_etween PrOJeCt the patterns of likely customer-requested changes, and the im-
parnmpants(Larson 1997‘ (2)“ Modular BU|I.d|ngs. ,,Ulr'Ch pacts of changes to project performance. We selected interviewees
and Epp|nger(_1995 defme_ product architecture” as the by using theoretical, “purposive sampling,” and specifically, a
scheme by Wh'ch the functional element.s of the product are variant called intensity sampling, which is sampling of a selection
arranged into building blocks an_d by which these bIOCkS N of “participants who are experiential experts and who are authori-
teract. In modular product architecture, the functional ele- ties about a particular experiencé¥orse 1994, p. 228 Al in-
ments (_)f the product match specific build_ing blocks and the terviews were tape recorded except a few m:adé over the phone,
lar architectures allow design changes to be made to one®’ confidential information was disclosed unless permission was
block without generally requiring changes to the other blocks gragéec(lr?g tf';? ;‘:l\)/e?‘;vlnfzg projects that were ongoing at IDC, the
20;5tshlepPr103d; glfhtg Cfszggg? o(;or:sgglgrlr;zhiggtligzlggzies fir_st guthor attended d_esign anc_i cqnstruction mee'Fings, coII_ated
to modular buildings and building subsysten(d) Design chppmgs fr(_)m professional pul_)hcatpns, and examined archival
reuse exploits the short cycles allowed by computer-aided datg, including proposals, meetlr}g minutes, schedules, and Iog; of
design changes. He ethnographically gathered further data during

tools for modifying digital models, drawings, and specifica- ; ) . .
tions, when design criteria change. It also allows for adapting th€ internshipgvan Maanen 1977 He observed project partici-
pants in their daily work routines, worked for the “key infor-

a former product design quickly when the customer wants to N - ;
build the same product in a different location. The use of Mants,” spent days shadowing designers, foremen, and

purposefully developed electronic libraries for design reuse construction/project managers, had spontaneous conversations,
is common practice in the design of system-on-chip architec- and cultivated relationships with several people. Occasionally, he
tures(Jacome et al. 199%nd an exciting research topic in ~ accepted invitations to lunch or meet after work. _
construction(Ball et al. 200). Design reuse adds flexibility The empirical qualitative data was synthesized in a systematic
to the design process for accommodating changes, but overWay and commented on in a cross-case display for five design
design is a prerequisite to making it effective if design crite- specialtiegstructural, mechanical, chemical, electrical, and archi-
ria are likely to remain uncertain in the course of the project. tectura) (Miles and Huberman 1994For the sake of brevity, we
Clearly, the strategies described in these three categories aréeport here on only two empirically developed construtt$:an

not exhaustive but illustrate the usefulness of the framework for outline of the critical phases in fab delivery af®]) the sources of
promoting understanding on how project teams may cope with external uncertainty in fab projects. GR00) presents a techni-
uncertainty and complexity. The remainder of this paper is orga- cal and financial brief on fab projects and further details the cross-
nized as follows. We first substantiate the challenges in managingcase display.

a fab project by outlining the delivery phases and by analyzing

real-world project data on external-driven uncertainty. Then, We ~,,struct 1 Outline of Critical Phases in Fab Projects

use the framework to yield understanding on how project teams

instantiate the aforementioned strategies. Finally, we discuss per+ab project delivery comprises the following phases:

formance tradeoffs associated with the various practices and thel. Programming includes the definition of the fab performance
need to embody both product and process flexibility for coping requirements, such as the type of product to manufacture
with challenging projects. [e.g., microprocessors, chipsets, state-of-the-art dynamic ran-

Data Sources

dom access memorfDRAM) chips, or chips for domestic
appliance§ the target capacity in terms of the average num-
Fab Project Environment ber of wafers to produce every month, and a preliminary list
of manufacturing tools to installWafers are the basic units
of production in a semiconductor fab. They are diskéusu-
ally) silicon, on which the semiconductors are etched. Wafers

In-depth empirical research was carried out by the first author in are then sliced into what we know as semiconductor chips.
collaboration with Industrial Design CorporatidiDC) in Port- With the help of rules of thumb and historical data, designers
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Fig. 1. Development of fabs for a large chip manufacturer

convert these requirements into the design criteria that gov-to five generations of technology over a 20 year périodt
ern the design decisions. knowing what the future requirements will be. In contrast, the
2. Designincludes the design of the architectural and structural sources of internal uncertainty includg) unexpected design it-
systems that define the shell as well as the design of the faberations when initial assumptions on design parameters do not
utility systems such as the mechanical, electrical, and piping hold after design information that is more complete becomes
(MEP) systems, and life safety and telecom systems. available; and2) design and construction rework due to design
3. “Base-build’ includes an array of construction operations choices that are hard to implement on site. The scope of our work
such as excavating, building foundations, erecting the steelis limited to the study of operational strategies employed by prac-
or concrete structure, and installing architectural elements. titioners to cope with external changes. While the literature is rich
4. “Fit-up”includes the installation of the main and lateral util- on studies of the impacts of internal iteration to project perfor-
ity routings in the subfab, as well as the installation of the mance and of appropriate tools to cofgeg., Austin et al. 1999;
walls, floors, and ceiling of the cleanroom. Korman et al. 2008 it is less so in relation to external uncer-
5. “Tooling” includes the design of the systems to install the tainty.
tools, the installation of the tools in the cleanroom, and the
installation of their support equipmefg.g., vacuum pumps,  Uncertainty Resulting from Fab’s Purpose
heat exchangers, and gas cabipgtgshe subfab. During tool The TD fabs house pilot lines of tools, which are used to research
hookup, MEP contractors connect the multiple tool connec- and develop new chip manufacturing processes. These are the
tion points with the points of connection for the numerous most difficult fabs to deliver since their delivery unfolds concur-
chemicals, gasses, drain lines, safety/environmental sensorstently with the research and developméR&D) processes for
and exhaust lines. new manufacturing tools and for the chip-manufacturing process.
6. “Ramp-up”includes the increase of factory production up to Changes related to these two R&D processes are likely to affect
the target production rates while the chip manufacturing pro- the fab design criteria and impact the fab design—build—tooling
cesses are progressively fine tuned and the demand for theprocess. In contrast, fewer external events affect HVM fab
chip materializes. projects because these will house lines of tools fine tuned in a TD
These phases overlap in an attempt to compress the fab projectab. Still, to gain time, major chip manufacturers may decide to
time (i.e., the time between the start of programming for a new design one or more HVM fabs while the construction of the TD
fab and the date when the fab can start to produce tkifig. 1). fab is still underway(see Fig. 1 As a result, external events may
The programming and design of some building systems overlapsalso affect the delivery of an HVM fab.
with the fabrication and construction of parts of those systems Few manufacturers have the financial capability to build mul-
(base-build and fit-upand with the work from other building tiple fabs in a short period. Many manufacturers rely on the
systems. Likewise, tooling overlaps with the fit-up phase, and foundry model to meet their production neefd$ace value.
within tooling the design of the tool install systems overlaps with Foundry father” 200 Foundries are fabs that produce products
the tool installation work on site. In turn, the fab design—build— for other manufacturers who have the chip manufacturing knowl-
tooling process overlaps with the development of the chip- edge but may nofwant t9 have the financial or technological
manufacturing technology. capability to mass produce the chips. When project teams design
and build a foundry, the customer does not know exactly what
processes the fab will house. The design of foundries needs to be
flexible to accommodate an array of opportunities that may arise
Two main sources of external uncertainty affect the fab design— later.
build—tooling process. A first source is the fab’s purpose: fabs can
be: (1) technology developmen(TD) fabs, (2) high-volume Uncertainty Resulting from Innovation
manufacturingHVM) fabs, or(3) foundries. A second source is  in Chip-Manufacturing Technology
the need to design a fab for several generations of chip- Innovation in chip-manufacturing technology is mainly driven by
manufacturing technologffabs are expected to receive from two two parameters: the technological breakthroughs in terms of

Construct 2: Sources of External Uncertainty
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Table 2. Work Hours Spent in Programming, Design, and Design Change (¥t X)

Mechanical Life safety  Instrumentation

Civil Structural Architectural Chemical and HVAC Electrical systems and controls Telecom
Programming 680 110 310 660 290 340 300 230 240
Design before 2,994 2,883 10,548 14,626 11,955 10,711 2,944 4,864 2,892
construction
Design during 1,137 1,340 2,824 4,773 4,433 3,837 2,135 3,338 1,967
construction
Total design 4,811 4,333 13,682 20,059 16,678 14,888 5,379 8,432 5,099
work
Design change 1,716 417 2,805 4,993 1,723 3,213 794 2,622 1,309
work
Design change  36% 10% 20% 25% 10% 22% 15% 31% 26%

as a percent
of total design
work hours

wafer size and the decrease of the circuitry width on the wafer cialties and the extent of design change work in number of hours
surface. Whenever manufacturers worldwide agree to increase theand percentage wise. Fig. 2 details the additional hours of design
size of wafers, the design features of many tools change signifi-change work caused by each change that affected the electrical
cantly, as do the tools’ performance requirements. New tools may specialty in the course of the project. Data show that, first, the
require higher utility loads as well as disproportionally more sup- amount of additional design change work varies considerably be-
port equipment. Changes in the circuitry width are much more tween changes and between specialties for the same change, and
frequent and result in the so-called “tool conversion cycles.” second, the number of changes in any month varies considerably
These cycles affect the design features of the tools less. between months.

Teams involved in fab projects that receive new manufacturing
tools commonly work with incomplete, unreliable information on  Schedule Milestones Changes

new tools, because these tools may still be under developmentgq 3 jjustrates how the actual and the originally scheduled tool
The dates when tools are to arrive to the cpnstrucnon(énea. arrival rates differed in tooling a TD fab proje@tabY) with 140
qugsted tool dock” datgsre also_llkely to slip. Such fab:_; will new-generation tools in an initial time window of 7 months. The
logically be more complex to deliver than fabs that receive ma- 45 source is a digital folder kept by the tool dock coordinédor
ture manufacturing tools. person in charge of keeping the schedule with the requested tool
arrival dates up to datewhich contains all the weekly updated

Data Analysis versions of the project schedule. The actual variation in the tool
arrival weekly rate was higher than that initially scheduled. This
Design Changes unplanned variation in weekly rates, such as the unexpected picks
Table 2 shows data on design work collected from an electronic in Weeks 16 and 28, matters because the work force on-site has to
log of customer-requested changes in a HVM ¢&hb X) avail- be flexible enough to accommodate the shifts in production rates.

able at IDC'’s project database. Note the extent of design work  Fig. 4 illustrates theor lack of reliability of the requested
done after the start of construction across the various design spetool arrival dates for a selection of five tools in projett The

1000 1%

TXi=3,213 hrs

g
o X%
z :

10

Electrical Design Change Work

e_| i
5

6 7 8 9 10 1 12 13 14 15
Project Time (Calendar Months)

B 1st Change/Month E2nd Change/Month E3rd Change/Month
O 4th Change/Month E5th Change/Month M 6th Change/Month
B 7th Change/Month X 8th Change/Month E9th Change/Month

Fig. 2. Impact of customer-requested changes in additional work-hours over duration of project for electrical sffabixlty
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Number of Originally Scheduled
4 Tool Arrivals per Week

Number of Actual Tool Arrivals
&1 per Week

Number of Tool Arrivals

11 13 15 17 19
Project Time (Calendar Weeks)

Fig. 3. Originally scheduled tool arrivals versus actual tool arrivéd Y)

graph depicts the evolution of the difference between the re- one might expect the accuracy to be smaller when forecasting
quested tool arrival date and the actual tool arrival date as thedock dates further out into the future, this accuracy varied by tool
project unfolded. Hence, a positive value along theaxis in a (Tool D’s arrival was forecasted more accurately than Too).A's
specific week means that the tool actually arrived later in relation Occasionally, some tools arrived earlier than sched(Ted! C),

to the date that was scheduled for its arrival in that week, a nega-which can be as disruptive as a late tool arrival. Furthermore, the

tive value along the/ axis in a specific week means that the tool
arrived earlier in relation to the date that was initially scheduled.
Logically, the planning horizon is shorter for the first tools to

curve for Tool C does not show a null difference on the week
when it arrived. This means that the schedule information was not
always kept up to date: the tool arrived on a particular week but

arrive on site(Tool A in Fig. 4), whereas it spans more of the
project duration for the later tool$ools D and B For example,
Tool E arrived approximately 90 calendar days late in relation to
the date that remained scheduled from the project start until Week
11 (with an exception in Week)9After Week 11, the requested
tool arrival date for Tool E was delayed several times until, in
Week 23, it was finally scheduled an arrival date that corre-
Sponded to the actual t00| arrival date in Week 25. Ch|p manufacturel’s Currently |00k fOI’ reducing a fab prO]eCt dU'
More than 80% of the requested tool arrival dates slipped at ration (including design, construction, and toolintp less than
least once and many several times, frequently for more than18 months. The Semiconductor Industry Associat@e00, p. 11
60 days in total. Several reasons explain tfi$:the tool supplier is looking for solutions to reduce the fab construction tifde-
committed to an early requested tool arrival date but mis@jt; fined as the number of months from the first concrete pour to the
the tool failed the qualification tests at the supplier’s facilities; time the first piece of manufacturing equipment is ready for quali-
and(3) the tool experienced shipping delays. Note the occasional fication) to less than 11 months; and to reduce the time elapsed
effort (steep downward slope of Tool B in Fig) 4o align the from the first concrete pour to the first full output of wafers to less
requested tool arrival dates with more realistic ones. Although than 16 months. Note that on a fab project with a cleanroom

the scheduled date for the week when the tool arrived was not
updated.

Product and Process Flexibility

100

60
Tool B
40 l
; \ Tool A \
20 5—6—8

KK KKK
0 T T T OO

Tool D
012345678&101112131415161718192021
—K—K—X—K—K—=XK—X 1o0iC

22 23 24 25

Difference Between Requested and Aciual Tool
Arrival Dates (Calendar days)

Project Time
(Calendar weeks)

Fig. 4. Evolution of scheduled requested arrival dates for tooling prdgalection from data sample of 122 too(ab Y)
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varying between 80,000 to 200,008, finore than 1,000 construc-  Strategy 1: Differentiation of Works
tion workers may be on-site daily during the construction and B
tooling phases. The cost of designing, building, and tooling a Example 1: Intel's Process Specific Support Systems

large fab can exceed 2 billion United States dollésrris and Strategy. Intel uses the work differentiation strategy to highlight
Zachary 2000 to all project teams that there are a group of process-specific

support systems, such as chemical pumping systems, whose char-

Despite these short cycle times, manufacturers challenge de - . . . ; L
. . acteristics are likely to change with major design criteria changes.
sign and construction teams to compress them further. They also

. . . Project teams are instructed to consider this information during
challenge teams to deliver, under tighter budgets, fabs that once "brogramming and delay design and implementation commitments
operation exhibit increasingly higher production yielg#ld re-

' for these systems. To be used effectively, this strategy requires

fers to the percentage of chip wafers that start through the manu-some design modularity and standardization of the interfaces be-

facturing process and go all the way through without incurring tween building systems.

defect3. Project managers say that they constantly reexamine the

strategies for coping with these challenges. The examples pro- Example 2: Tool Prefacilitation. To speed up tool installa-

vided next illustrate this effort. tion, project teams often separate tool installation in two phases:
“prefacilitation” before the tool arrives on site, and “hook up”
once the tool and its support equipment move into their final

Embodying Product Flexibility positions. For utility systems judged unlikely to be affected by

late changes, contractors extefigrefacilitate”) some main rout-

One main managerial strategy embodies the principle of productings that run in the subfatexcept for approximately the last 5 ft

flexibility: to overdesign the product. to the space underneath the cleanroom slab above which the tool
will be located. During hook-up, contractors connect the tool
Strategy 1: Overdesign Product hook-up points with the hook-up points at the support equipment
and at the routing ends left during prefacilitation. Tool prefacili-
Example: Decouple Areas of Product Design.The overde- tation decouples the installation work from changes on the tool

sign strategy translates in practice into three alternative fab de-arrival date. This helps to stabilize the number of construction
Signs: decoup|ed, Coup|ed, and Semicoup|ed_ Decoup|ed fab de.Cfaﬁ workers and to balance out the work so that the scheduled

signs are rare. In a decoupled fab, designers keep constant théates to prefacilitate the tools can remain the same despite
features of the fab systems across the various cleanroom funcchanges in the tool arrival dates.
tional areas, such as the span between subfab columns and th
diameter of critical cross sections of utility routings. Decoupled

designs allow the customer to later change design criteria, such as Example: Off-site Fabrication of Air Plenum Body. In a

swapping the location of functional areas in the cleanroom, with- ocant project, 560 modules for the clean room plenum of the fab
out being constrained by the fab’s characteristics. Design charac-yere fapricated in a shop and then assembled on site. These mod-
teristics in a decoupled fab are conservative because they have tQles included the air barrier layer, the ceiling grid, the framework
satisfy the most stringent criteria of all functional areas pooled between the two layers, the fire sprinkler system, the air transfer
together. In contrast, in a coupled fab, designers assume that deducts, the balancing dampers, and all of the normal components
sign criteria change less and, in particular, assume that the cleanof the ceiling grid. Off-site fabrication brought significant savings
room functional areas do not move. As a result, they tie designin labor hours, installation time and cost, and increased safety
characteristics to each functional area. For instance, a functionalduring installation. Savings were largely associated with the effi-
area where tools for lithography are located requires more strin- ¢iency gained in the off-site fabrication of the modules and in
gent vibration criteria than others such as etching. This difference their ease of installation. The performance quality of this solution

affects fab design parameters, such as the thickness of the waffiéVas reportedly considered higher because of better conditions

slab, the spacing between subfab columns, and eventually the"’“/"’m""bIe in the shop to carry out work such as welding. The

height of the subfab. A semicoupled fab exists inbetween thesefggjrfglr; :taZI b?lsﬂr;d%?;?n(t:?gar??golri 2\'/::32]'6,, S)SfutFL)J;?eEtrolj\lec;:ts
two extreme types and is the one used most often. In this case6,514,137(200’3]_ '

designers assume that some functional areas with stringent design

criteria will not move and design accordingly, whereas other strategy 3: Four-Dimensional Computer-Based Modeling
functional areas may be overdesigned.

gtrategy 2: Off-site Fabrication

Example: Fab Pilot of Multidimensional Computer Aided
. o Design System.As the density of tools in the fab cleanroom
Embodying Process Flexibility increases, it is increasingly important that project teams compare
e impacts of alternative cleanroom layo(dsveloped by indus-

Designers and customers argue that benefits and cost savings of a. . X .
N g 9 rial engineersto the fab design and construction. Intel recently

erX|b!e product design in the long term outwelgh its up-front cost piloted a program that developed a 4D fab model for the base
and risk of rework. However, customers face increasing pressurebu”d phase that included all the civil, structural, architectural,
to reduce up-front costs because shareholders demand that the'ﬁﬂechanical, and process systems and equipment, as well some of
fabs are not—nor appear to be—more expensive than the fabs ofne electrical systems. A construction schedule was integrated
competitors aréor appear to be Accordingly, project teams seek  with the 3D model as well as with some routines for automatic
methods to make the fab project process more flexible. Threeline and cable routing, and with automatic estimation of construc-
main strategies primarily embody process flexibility. tion costs based on material and labor unit pricing. A method to
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measure the cost savings and avoidances was developed by usin§trategy 2: Modular Buildings

a third party Quantity Surveyor. The use of the model facilitated

the search for design alternatives. It also helped to unearth and Example: Modular Fab Fit-Up and Tooling. Some manu-
eliminate many physical conflicts and interferences between facturers divide the fab space in various modules, each one cor-
building systems in design, and reportedly saved more than theresponding to a fitted up and tooled quadrant in the cleanroom,
overall cost of its implementation within 90 days of the pilot pro- and supporting a set of tools that on their own may constitute a

gram’s start(Garrett and Garside 2003 chip-manufacturing line. New modules are progressively de-
signed, fitted up, and tooled throughout the process of ramping

. o the fab up to the target rates, a process that may last up to 2 years.
Embodying Product and Process Flexibility In doing so, the manufacturer can initially tool up the fab sparsely
. . . and postpone other decisions related to fit-up and tooling. Wood'’s
Some strategies contribute to make the fab product design more(lggn analytical model shows that modular tooling decreases

robust to likely chang_e_s_in design cr_iteria while at the same time risks associated with obsolescence of capital equipment and in-
they increase the flexibility of the project process to accommOOIateventories since it allows for more accurate matching of fab capac-
changes. ity with demand and technology. The main advantage to this strat-
egy is to make fab building space readily available once demand
for new chips is verified, whereas a corporate decision to start a

£ le 1| Meeting F S . new fab site would be a lengthy process. This practice is only
xamp'e 1. Increase Meeting Frequency.Start-up meetings effective, however, if lead times for fitting up and tooling are

at the early design stages are a way to help project teams SharpeEhort. It can result in less efficient use of capital assets if the

their ability to antlc_lpate change_s in de_s!gn criteria, which €an roduction output is small during the early stages.
lead to more sensible overdesign decisions. Start-up meetings

were extensively promoted by a customer to get together deSign'Strategy 3: Design Reuse
ers, specialist contractors, component suppliers, and users of ex-

isting fabs in the initial stages of developing an innovative fab Example: “Copy Exactly Technology Transfer Meth-
concept for accommodating a new generation of tools. Ongoing od.” To minimize the time required to transfer technology from a
coordination meetings also facilitate sharing of information: In Tp fap to a HVM fab without compromising design quality and
another fab project, on the customer’s side, more than ten areaexpected production yields, Intel has instituted the “copy exactly
coordinators shared the responsibility for tool installation, each technology transfer method*copy exact). In terms of the fab
coordinator in charge of a cleanroom functional area. Several tool design, the method recommends to “exactly copy everything
managers, each one in charge of the information exchanges anébout equipment and its installation down to diameters of piping
negotiations with a few tool suppliers and designers, reported and number of bendgMcDonald 1998. Because of the numer-
directly to each area coordinator. The dock coordinator met twice ous factors involved in fab design and complex interdependencies
a week with the move-in contractor and with tool managers. between fab systems, manufacturers have a limited understanding
Freight carrier representatives in charge of delivering the tools of how seemingly minute details of the fab design may influence
participated in these meetings via telephone. Three times a weekthe chip-manufacturing yield. By instructing designers to reuse
the tool dock coordinator participated in an ongoing coordination the fab design, manufacturers expect to not only expedite the
meeting. These meetings brought together area coordinators, tootlesign process but also increase the chances of replicating the
managers, and the fab manager. During the meetings, the dockyields already obtained at the TD fab. Reusing the fab design also
coordinator reported past and future tool arrivals and tool manag-makes it easier for manufacturers to transfer people who operate
ers updated everyone present about changes in tool dock datesand maintain an existing fab to the new one. Overdesign may be
The dock coordinator would then report the alterations to the a prerequisite for effectively reusing the design solution since
construction manager who in turn was responsible for sharing thatearly commitments are made. Design reuse requires the support
information with contractors. of computer-aided design tools for quickly adapting the features
of an existing design to local conditions, including differences in
Example 2: Move People Around. At Intel, the design of a regulations, in available workforce skills and machinery, and in
HVM fab is largely a “copy exact” of the design of the TD fab in  utility characteristics.
which the chip production lines were first develogdtcDonald
1998. To prevent the recurrence of design-related problems that
arose during construction of the TD fab, Intel assigns people to Product—Process Flexibility Tradeoffs
keep track of these problems, document them, and fly between the
two job sites to make sure the information flows quickly to the Interviewees unanimously advocated a flexible product design as
HVM fab project team. Likewise, before the start of any tool the most effective principle to cope with the fast delivery of a
install phase, chip manufacturers often organfaed pay foy technologically complex produdfabs in conditions of uncer-
visits of tool install designers and contractors to tool suppliers’ tainty. The degree of flexibility in product design can vary: First,
facilities so that the former can ask questions to tool suppliers andproject teams can design and build extra fab space and utilities
observe the tools. These visits are important because sometimesith bigger capacities in anticipation of change—clearly the most
changes happen in the location, in the number, and in the type ofcostly method upfront. Second, they can design and build space
tool hook-up points in relation to the specifications and drawings for production needs likely in the future but delay the installation
provided initially to tool install teams. Such changes may seem of the utilities until the requirements are identified and quantified.
unimportant to suppliers because they are unlikely to affect the Third, they can merely allow space for a future expansion of the
tool performance but may have costly implications in terms of on fab building—clearly the least costly method upfront.
site (re)work if the tool was already prefacilitated. Irrespectively of the approach adopted, project teams need to

Strategy: Intensify Communication
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anticipate the future performance requirements to prevent the fabegies employed in fab projects. The analysis yields understanding
design from compromising future uses. This is a difficult task. on their purposes and performance tradeoffs. Of course, the list of
First, designers overdesign based primarily on their experiencestrategies studied here is not exhaustive—the increasing use of
but some changes are hard to anticipate. For example, manyinformation and communication technologi€T) to improve
changes in a fab project happen when fab users get involved inand accelerate information exchanges between project partici-
the late project stages and exercise their authority to CUStomizepantS, for e)(amp|el was Conscious|y left out for the sake of brev-
the spaces that will fall under their responsibility. To preempt jty | ikewise, we left out innovative contractual and procurement
these changes, one chip manufacturer invited users of existingagreements to support the involvement of specialist contractors
fabs to participate in the early design meetings in one project. ng suppliers from the early design stages. The framework none-
However, these users were not those to later work in the néwqjess lends itself to promote understanding on how ICTs or
fab—some of the latter had not yet been selected or even hired at,hyracts can embody product or process flexibility, and thereby
that stage—and as a result, many late changes still occurred. IfheIp to align future ICT and contractual initiatives with strategic
changes occur during construction and allowances tum out to beaims. Project managers may find it useful to employ this frame-

:rgilﬂltc::é'v\f’agesccguvggithga;%ﬂzamgyfgﬁvfoﬁSgntgr:?sd%g; igi_work when choosing the strategies that best suit other challenging
strain the space of new design solutions, it may be hard to find projects. . .
Our work also shows that fab project managers are mindful of

solutions that perform equally well. . o R
Second, the flexibility designers embed in the product design embodying principles of product and process flexibility—if and
here that flexibility creates value—when deciding which opera-

may not be exercised because some may be excessive. Designel¥ | , holars in | ion h
from one specialty may base their allowances on the information tional strategies to adopt. Scholars in lean construction have de-

they receive from other specialties. It may be unclear that the Veloped methods to make project processes flexible to accommo-
received information included some allowances. Ultimately, de- daté changes in design criteria.g., Ballard et al. 2002 Our
signers may unknowingly develop an excessively overdesignedWOfk contributes empirical evidence on the practical use of some
solution. If the customer later wants to lower the estimated con- Of these and other methods, and on the reasons for project orga-
struction cost(which frequently happens during value engineer- nizations to adopt them. Further research should characterize bet-
ing), designers have to cut out allowances that the customer suster the resources and effort required to implement each method,
pects are embedded in the design and does not want to pay for.and how the methods in turn can impact the performance
The tradeoffs associated with overdesign—the strategy fa- of the project-based production system, in terms of spent re-
vored by designers—motivate project managers to employ strat-sources, project duration, and product quality. That understanding
egies for embodying process flexibility. The latter inevitably also can help project teams to make better-informed operational deci-
come with performance tradeoffs. For example, deciding to fab- sions at project start.
ricate building components off site is not a trivial decision. Tol- The empirical evidence reported here relates to fab projects.
erances for the prefabricated components and for the connecting=abs are unique high-tech buildings but the main factors affecting
structures must be mutually adjusted. Prefabricated modules needheir delivery—design complexity, need to speed up project de-
to be protected from damage during transportation, and this maylivery, need to reduce upfront costs, and changes in design scope
translate in a need to OVerdeSign some features. LikeWise, theand in intermediate milestones a|0ng project de"very_are in-
time gained by tool prefacilitation tradesoff with increasing the creasingly common in large-scale engineering and construction
risk of rework: first, tool features may change after preliminary projects. Clearly, further investigation is needed of the applicabil-
information was handed over to tool install teams and the teamsiy; of the framework to analyze operational strategies that are
only find out once the tool arrives on site; second, the assignedemnioyed to deliver other construction product families. In doing
t0.0| location occasionally has tplchange; and th'rc.jt if a dock date so, the current framework may be inductively developed into a
slips after the tool was prefacilitated, the prefacilitated systems theoretical proposition and related to efforts that contribute to a

may unnecessarily obstruct the work. . . .
. : .. ... theory of production applied to project-based systems. Such a
Finally, strategies that embody product and process flexibility theorz comE)Id help to epxpplain cu?re:n practices );md rationalize

also have pros and cons. Increasing communication frequency can . * choi f onal . hal

be time consuming without guaranteeing that project performancepro](?Ct managers: choice o operational strategies to support chal-

will improve (Patrashkova-Volzdoska et al. 200&specially if lenging projects.

people feel intimidated to spedil et al. 200). As an example,

one tool dock coordinator who was in charge of weekly schedule

updates, oddly, admitted that the most reliable source of informa-

tion regarding the tool arrival dates were the freight carriers! We Acknowledgments
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