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Abstract

This study examines the appropriateness of alternative coordination strategies to manage the application of design postponement, or the overlapped approach, in the development process of large engineering (physical infrastructure) projects, and what the trade-offs are. The overlapped approach suits to design and physically execute the upstream base building with preliminary information about the downstream business-critical fit out. Base-building subsystems provide serviced space for occupancy, whereas fit-out subsystems make the space functional. We investigate how to problem-solve upstream design under uncertainty and ambiguity through a multiple-case study of concurrent development processes. We systematically find that the designs of base-building subsystems can show low sensitivity to incremental changes in fit-out as they are seldom optimized to eliminate slack. Yet, they can show high sensitivity to radical changes in fit out when base-building and fit-out subsystems have integral architectures. In the face of the slow resolution of downstream uncertainty and difficulties in physically decoupling the subsystems, upstream developers avoid starvation by making working assumptions and limiting set-based exploration to an early ‘optioneering’ design stage. Two patterns for problem-solving upstream stand out: iterate design when releases of preliminary information are ambiguous, or precise but unstable; and design in buffers when preliminary information lacks precision but is not ambiguous. Buffers can be designed out if downstream uncertainties resolve favourably before physical execution. A lesson for open building manufacturing is that efforts to prefabricate base-building modules off-site do not automatically lead to flexible infrastructures with modular architectures.
Keywords: base-building and fit-out subsystems, overlapped approach, product architecture, design modularity, postpone fit out, uncertainty, ambiguity
Introduction
This study examines the appropriateness of alternative coordination strategies to manage the application of design postponement, or the overlapped approach, to the development process of large engineering (infrastructure) projects. The overlapped approach seeks to compress the lead time needed to design, physically execute, and ramp-up a new infrastructure before it begins to generate revenue, yet retain the capability to adapt the design to late changes in business, technology, and operational requirements. We examine the overlap of upstream design and physical execution of the base building with the downstream design of the business-critical fit out. The base building consists of the set of functional subsystems that collectively provide service space for occupancy, such as the foundation, steel/concrete superstructure, envelope (façade and roof), and supply subsystems (e.g., power, fresh air, exhaust, drainage, gas, telecom, water). The fit out consists of the set of infill functional subsystems used to create and articulate interior space in the base building and make it functional, including wall partitions, flooring, ceiling, and specialized equipment (e.g., check-in counters, baggage screening machines) (adapted from Habraken 1998
).

In our research setting, the administrators of a 6-year programme to deliver a new, high-end airport terminal campus (many with background in the automotive industry) instituted a design postponement policy to speed airport expansion, yet retain flexibility to adapt the terminal design to late changes stemming from the continuous evolution in air products and services. We systematically find a replication of early overlapping between interdependent functional subsystems: base-building and fit-out design tasks start at the same time, but one finishes earlier and the other continues (Joglekar et al. 2001) (Figure 1). 
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 Figure 1- Application of the Overlapped Approach to the Infrastructure Development Process 

In the development of the multi-storey car park for the new terminal, for example, the freeze of the design definition for the forecourt canopy on the top level of the car park was postponed about 18 months in relation to the end of the design definition for the concrete superstructure. This lag sought to give time for architects to creatively generate a concept that met the design brief, which spelled out that the forecourt should be a ‘wow factor,’ i.e., a functional element whose aesthetics ‘would cause users to draw breath.’ Likewise, the design of the baggage screening subsystem (involving around 20 machines, the more expensive costing 1.5€ million each) was frozen about two years after the end of the design definition for the conveyor belts. Developers felt they could not reliably predict how rapidly technology and U.S. legislation would move from the X-ray machines that were endorsed by the Department of Transportation toward 2-D and 3-D CT-scanning machines. 

In both cases, base-building design progressed based upon preliminary information released by fit-out designers. Preliminary information is uncertain if the problem-solver understands enough of the structure of a situation to be able to define a range of values which will contain the final solution, but lacks the knowledge to be precise (Schrader et al. 1993).  Preliminary information is ambiguous if the problem-solver has limited knowledge both of the variables themselves and of the problem-solving mechanisms required to increase understanding of the situation (ibid.) In the canopy example, preliminary information was ambiguous as the outcome of creative design processes can be genuinely unpredictable (Ghery 2004). In the baggage screening example, preliminary information was uncertain but not ambiguous: developers released a preliminary set of procurement alternatives for the baggage screening machines.
We empirically found that the efficient application of the overlapped approach depends both on (1) the degree of modularity of the interaction between the architectures of base building and fit out; and (2) the stability of the fit-out design definition We borrow the concept of product architecture to define infrastructure architecture. Product architecture is the ‘scheme by which the function of a product is allocated to physical components’ (Ulrich 1995). Product architectures that are strictly modular exhibit a one-to-one mapping from functional elements to physical subsystems/components and decoupled, standard physical interfaces. In contrast, products with integral architectures include complex (many-to-one, one-to-many, or many-to-many) mapping and tightly coupled interfaces between subsystems (Ulrich 1995). Most products are hybrid, i.e., they include a number of functional elements that map to physical subsystems that interact in a modular way with the other subsystems, and other functional elements that map to subsystems which are integral to other subsystems (Ulrich 1995, Ulrich and Eppinger 1995). Infrastructure architectures with decoupled interfaces between base-building and fit-out subsystems suit the overlapped approach. Modularity enables parametric evolution of the fit-out subsystems to take place without redoing the base-building subsystems as long as changes conform to the design rules agreed upfront. 
We also found that base-building developers resort to two main ways to move work forward with risky preliminary information. They invest in decoupling the physical interfaces between the architectures of the base-building and unresolved fit-out subsystems. Base-building subsystems are rarely engineered to eliminate slack because the gains in performance and cost fail to outweigh the development effort. This slack makes base building subsystems inherently flexible to accommodate ‘incremental’ changes (Shenhar and Dvir 1996) in fit-out components with a marginal penalty to performance. However, reworking a base-building subsystem to accommodate a ‘radical’ change (Shenhar and Dvir 1996) in the architecture of a fit-out subsystem rarely comes cheap. The modularization of the interaction between the two systems is one way to increase the adaptability of base building to changes in fit out. Not always, however, developers succeed to modularize this interaction. In these circumstances, developers may resort to building buffers in the design definition of base-building to make it adaptable to economically accommodate changes in the unresolved fit-out subsystems. 

Further, we empirically found it unlikely that base-building developers apply a set-based design strategy despite unresolved uncertainties with fit-out, i.e., develop an open set of base-building possibilities that would gradually narrow to converge towards a single solution as uncertainties in fit-out get resolved (Sobek et al. 1999). Rather, we observed base-building developers investing time and effort to conceptualize and compare a set of options at the very early stages of design definition, which they term ‘optioneering.’ Yet, they progress design definition with a single option to move forward into physical execution, knowing that uncertainties in fit-out are likely to stay unresolved until the very late stages of physical execution of the base-building.
The rest of this chapter is organized as follows. We first we describe our theoretical background, industrial context, and research approach. We then examine our empirical data and discuss some coordination strategies to resolve upstream base-building under preliminary information about fit-out. Finally, we summarize the key findings and discuss the business impacts. 
Background

The problem of efficiently overlapping interdependent tasks has long been studied from an ‘information processing’ view (Eastman 1980, Clark and Fujimoto 1991). This perspective primarily uses analytical models to investigate the role of preliminary information exchanges when an information-sender task upstream overlaps with an information-receiver task downstream (e.g., Krishnan et al. 1997, Loch and Terwiesch 1998, Terwiesch and Loch 1999). Preliminary information is characterized along two dimensions (Krishnan et al. 1997): (1) Upstream evolution refers to the speed of refining information from a set-based preliminary form to a single-point value — slow resolution of uncertainty slows the evolution of information; (2) Downstream sensitivity refers to the relationship between the gradual narrowing of upstream information with the duration of the downstream iterations — a downstream task is highly sensitive when long rework cycles are needed to adapt to upstream changes. The overlapped approach suits well when upstream evolution is fast and downstream sensitivity is low in which case the gains in the quality of the upstream design solution more easily outweigh the cost of reworking the downstream design (Loch and Terwiesch 1998).

In the world of managing large engineering projects, early literature advises against the perils of ‘concurrency’ under uncertainty as reworking upstream decisions can be too costly and irremediably delay delivery after cascades of interdependent moves are made to move the project forward (Morris and Hough 1987). Instead, scholars recommend investments in front-end strategizing, including scenario planning, risk management, and contingency planning (Morris and Hough 1987, Morris 1994). Front-end strategizing cannot, however, eliminate uncertainty in design requirements when an infrastructure takes up to a decade to deliver (Genus 1997, Shenhar and Dvir 1996, Miller and Lessard 2000). Recent process research recommends that infrastructure developers do not lock in specific design configurations unless postponement is not feasible and further studies are unlikely to reveal valuable new information (e.g., Miller and Lessard 2000, Gil et al. 2006). This work says little, however, on how to resolve base-building under uncertainty and ambiguity, especially when base-building and fit-out are integral.

Another stream of work recommends that developers conceptualize the definitions of infrastructures for the built environment as ‘open’ or ‘living’ entities, decoupling the physical interfaces between the base-building and fit-out ‘levels’ (Habraken 1998, Kendall and Teicher 2000). The principle aims in part to transfer the construction process from building to manufacturing. This, in turn, can promote ‘regenerative’ infrastructures that can efficiently respond to transformations in the environment. Accordingly, the base building should be a stable set of subsystems that is adaptable to a variety of ‘individual territorial claims’, enabling occupants to move in and out with different fit-out subsystems over time (Habraken 1998). This work is conceptually close to research on the role of product architectures and modularity in manufacturing (Ulrich 1995, Baldwin and Clark 2000), but still lacks compelling exemplars. 
Industrial Context
Four projects encompassed by an airport expansion programme provided the industrial context for this study. Project management adopted a formal stage-gate system (Cooper 1990) in which developers could only move work from one stage to the next after completing a set of deliverables that demonstrated ‘fitness to proceed.’ The design definition stage consisted of developing and integrating a set of functional subsystems using specialized software packages and a graphical 3-D CAD platform. Once developers were able to demonstrate a degree of design completion and supplier involvement enough to support a cost and programme certainty at 95%, administrators released the funding needed to begin the implementation of those subsystems. Implementation included manufacturing, assembly, and site construction based upon detailed shop drawings that suppliers released in parallel. 

In the face of a 5-year lead time to design, execute, and ramp up the infrastructures vis-à-vis the fast-changing nature of some business requirements, the private airport operator instituted a postponement policy to ‘ensure that time and resources are not wasted developing schemes that are almost certain to change.’ This policy allowed developers to postpone the completion of the design definition for selected fit-out subsystems to a ‘Last Responsible Moment’ (LRM) defined as the ‘date for the start of an activity at which there will be an impact on the project costs or baseline programme if a decision is not made that would allow that activity to start.’ Before we present next the analysis of the database on the application of this policy, we summarize the learning objectives of this paper:
	Learning Objectives:

· Differentiate base-building from fit-out in the infrastructure design definition
· Apply the concept of modularity to characterize the interaction between the  architecture of base building and fit-out subsystems 
· Understand the implications of applying the overlapped approach to infrastructure development from a design problem-solving perspective
· Identify the alternative coordination strategies to resolve the design of base-building subsystems under uncertainty and ambiguity about fit-out
· Understand the tradeoffs between the iterative and buffering design strategies for resolving base-building design with preliminary information


Approach
We chose to investigate concurrent development through a multiple case-study design, in which multiple units of analysis are treated as a series of experiments that (dis)confirm emerging conceptual insights (Yin 1984, Eisenhardt 1989). Our units of analysis are four distinct concurrent development processes across four different project settings (see Figure 2). In a grounded theory fashion (Glaser and Strauss 1967), we drew from constructs in the product development literature to iteratively collect fine-grained data, perform theoretical coding, and play emerging theory against data (Miles and Huberman 1984, Strauss and Corbin 1990). We resorted to graphical mapping and tabular displays to systematically make cross-case comparisons and test the plausibility of the proposed relationships within our set of concepts (Glaser and Strauss 1967). Data collection – in the context of a broader research programme (Gil et al. 2007) - involved 72 in-depth, semi-structured interviews lasting one to two hours, as well as thorough analysis of over 100 documents, including clips from trade and business press, programme procedures, project reports, and progress videos. Our strict data collection protocol involved transcribing all the interviews, organizing the transcripts into a database, and organizing write-ups for each case. We present a summary of the selected problems resulting from the application the overlapped approach in Table 1.
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Figure 2 – High-level Programme for the Early Overlapping of Functional Subsystems 
We handled the issues of construct and internal validity by, first, triangulating interview data across three groups of respondents – designers, project clients, and end-users, and by sampling cases from four different project contexts. And second, by triangulating interview data against archival documentation and on-site observations. Two one-week stays on-site as well as numerous 1-2 day visits helped to build a sense for the massive scale of the work (e.g., a single-span terminal building able to fit 50 football pitches across five levels); the investments to pre-fabricate large-scale modules offsite to assemble on-site, the demands of coordinating work among over 1,000 designers geographically dispersed and a workforce of 4,000 on-site at peak; and the difficulties in speeding physical execution stemming from site congestion, industrial relations issues, insurance underwriting, scarcity of skilled labour, and stringent regulation and bylaws in health, safety, environmental impacts, and security.

Table 1 – Summary of Data on the Overlap of Interdependent Infrastructure Subsystems  

	Case: Upstream / Downstream Subsystems
	Base-building

implementation
lead time
	Uncertainties for  
fit-out design 
	Interdependency 
between base-building and fit-out subsystems

	Upstream: Backbone mechanical & electrical elements
Downstream: Retail area layout
	~ 3 years to procure specialized items, pre-fabricate modules off-site, transport, and assemble on-site 
	High

“In the world of retail, we can never be too rigid about the layout because consumer spending is quite volatile.” (Retail Director)


	High
 “Even if you are just changing the location of a toilette block, you have to resolve a problem... we had big problems with  moves of catering units because ducts need to be fully accessible ” (Design Manager)

	Upstream: Baggage conveyor belt
Downstream: Baggage screening machines
	~ 2 ½  years to manufacture, assemble, test & commission 
	Moderate

“You want to leave it to the LRM to get the machines with the quickest throughput times and best price” (Security Representative)
	Low

“Baggage handling systems have been traditionally modular …. Provide us the volume and we will install our kit of parts.” (Production Leader)

	Upstream: Car park concrete superstructure
Downstream: Forecourt canopy
	~ 1 3/4 years to build the concrete superstructure 
	High

“We have always felt that they wanted something more dramatic than the original canopy design.” (Structural Designer)
	Moderate

“The thickness of the forecourt top slab constrains the maximum momentum load on the base of the posts supporting the canopy” (Project Leader)

	Upstream: Control tower mast and cab steel structure
Downstream: Cab internal layout 
	~ 3  years to build the control tower mast and cab
	High

“You are absolutely convinced that things will change when your human factor experts look to the layout later” (Head of Engineering)
	Low

“We are in version 22 of the controller’s desk layout (02/06). This  gives you an idea of the flexibility of the [base-building] system; we went to a flexible design from day one” (Head of Engineering)


Analysis
We start the analysis of our database by examining the patterns of the releases of preliminary information about the fit-out subsystems. We investigate: (1) the speed of evolution of uncertainty, and (2) the downstream ambiguity (see Table 2). We use the term progressive to refer to a pattern in which the high-level architecture of the fit-out subsystem was fixed early on, but the designs of the sub-subsystems and of the components were gradually firmed up over subsequent releases. This process was explained by the Director for Design and Development:

“The idea about flexibility of approach or ‘progressive fixity’ is that I’m not going to make all my decisions at the same time, but will do them in a way that gives me some certainty that the decisions are consistent with what I promised to deliver. Hence, I’m going to rank and chunk the decisions a little bit like Russian dolls. They can stagger because they work within a shell of control.” 

When the fit-out developers adopted this progressive approach, such as in the design of the layout for the retail area, the speed of uncertainty and ambiguity resolution was relatively fast for the high-level architecture (e.g., where do we put retail blocks vs. circulation areas) but slowed down significantly at the definition of the sub-subsystems (e.g., how many retailers go inside each retail block and how much space does each unit take), and even more at the component level (e.g., exactly which mechanical and electrical services are required by each retail unit). Hence, the preliminary information releases were precise and stable at the high-level architecture, yet lacked both precision and stability at the more detailed level. 

Table 2 – Analysis of Preliminary Information Releases Sent by Fit-out Developers

	Case
	Preliminary Information about Fit-out 

	
	Speed of Uncertainty Resolution 
	Precision
	Stability
	Exemplar

	Upstream: Backbone mechanical & electrical elements
Downstream: Retail area layout
	~ 2002, fix high-level blocks (colour-code circulation vs. retail areas)
~2004, fix user allocation (e.g., shops, duty-free, catering, toilettes)
~2005, fix exact subdivision (i.e., which retail brand goes in which space, and what are the exact service requirements)
	Pro-gressive


	Pro-gres-sive
	“We fixed the big retail blocks about 3 years ago [2002], and gave working assumptions about the inside shop functions. We fixed the location of catering units 1 ½ ago, and 1 year ago we fixed the third-party demise lines. Last month [March 05], we gave detailed information about the use of units, but I cannot guarantee that it will not have to change again.” (Retail Director) (*)

	Upstream: Baggage conveyor belt
Downstream: Baggage screening machines
	The same two options — CT-scan OR X-ray machines — remained open over ~ 3years 
	Moderate

(binary set)


	High


	“Early on our colleagues in security gave us the impression that technology was going to move from X-ray towards CT-scanning… we have just now [April 2005] started the acquisition process, and machines will not be delivered until 2007” (Baggage Production Leader)

	Upstream: Car park concrete superstructure
Downstream: Forecourt canopy
	~ early 2003, first design solution

~ summer  2004, 1st review

~ spring 2005, 2nd review


	High

(single-point)
	Low


	“The original scheme had canopies that were aligned and studded between …there was a feel that it was not good enough. The design had already gone through some change in a previous review, and we were not completely surprised that it changed again” (Structural Designer)

	Upstream: Control tower mast and cab steel structure
Downstream: Cab internal layout 
	~ 22 versions between 2002 and Summer 2005
	High

(single-point)
	Low


	“We are in version 22 of the layout. We started off with a circular layout with control desks outside and supervision in the centre, we then had middle high desks but no podium, then a rotating podium, then a fixed podium (…) In July 05, we firmed the final concept” (Head of Engineering)


(*) Third party demise lines indicate the exact location of the perimeter walls separating retail from public areas 

In other cases, the ambiguity in the design of the fit-out subsystems was low from the outset of development: fit-out developers defined sets of options that remained stable throughout, yet the resolution of the uncertainty about the most suitable option within the set was slow. For example, decision-making on whether to install X-ray or CT-scanning baggage screening machines (a binary set) took over three years. First, fit-out developers wanted to wait for foreseeable changes in the North-American legislation; second, the fast speed of technological evolution made it attractive to procure the machines as late as possible; and third, the baggage security division was interested in aligning the configuration of the new system with the replacement of existing systems which were due in 2007. In a second situation, releases of preliminary information put forward single or precise solutions that were likely to change later. The configuration inside the control tower cab, for example, went through 22 versions over 3 years to accommodate evolution in radar technology, learning from visiting new towers around the world, and feedback from the process of training controllers to use new equipment in a mock-up room. In this case, the base-building developers understood that the fit-out design was prone to change, but could not anticipate exactly how it would change between versions. We next examine the costs to adapt the base-building subsystems to the fit-out changes. 

Base-building Adaptation Costs 

We observed a literal replication of the pattern of base-building sensitivity when fit-out preliminary information was unstable (columns two and three in Table 3): When the interaction between the architectures of the base-building and fit-out subsystems was integral, often exhibiting interwoven or ‘nested geometries’ (Ulrich 1995) for efficient use of built space, base-building subsystems were highly sensitive to changes in fit-out that affected the interfaces agreed upon upfront. Conversely, the base-building adaptation costs caused by changes in fit-out subsystems were low if the interaction between the two architectures was modular. In both cases, the base-building adaptation costs went up once the work moved from design into implementation, corroborating what Terwiesch et al. (2002) call an ‘almost universal pattern.’

Table 3 – Analysis of Upstream Adaptation Costs [adapted from Terwiesch et al. (2002)]

	Case
	Cost to Adapt Base-building 

	
	If Fit-out Information is Not Stable
	If Fit-out Information is Not Precise

	
	How flexible is base- building design to fit out deviations?
	Does base-building flexibility change after design definition? 
	Starvation: Can base- building continue based on preliminary information?
	Duplication: Can base- building prepare for multiple outcomes?

	Upstream: Backbone mechanical & electrical elements
Downstream: Retail area layout
	Contingent on whether it is a an incremental or radical change 

”We can flex to accommodate small changes, but we need to agree on major constraints” (M&E director)
	Yes, rework costs go up dramatically

“We must freeze design 6-months before we start to prefabricate; after, change is costly” (Project Director)
	Yes. The problem is not novel

“We are dependent on what others do, but we can proceed with general layout” (Concept Guardian)
	Difficult, programme lag is too long 

“The need to procure specialized items with long lead times forces design commitments” (Design Director)

	Upstream: Baggage conveyor belt
Downstream: Baggage screening machines
	Very, the interaction between conveyor belts and screening  equipment is modular
“The baggage hardware is a kit of parts that we can adjust” (Production Leader)
	Not much, rework is local 

“Reworking the conveyor belts if we get it wrong costs perhaps £20,000, not a big risk” (Production Leader)
	Yes. Working assumptions can be made

“We can make educated guesses based on existing machines” (Production Leader)
	Difficult, programme lag is too long

“We have to assume one type of machine to manufacture a temporary conveyor and start testing” (Designer)

	Upstream: Car park concrete superstructure
Downstream: Forecourt canopy
	Yes, but changes cannot impact slab depth since some physical interfaces are not decoupled. 
“The local design rework is not very complicated” (Project Leader)
	Concrete subsystem remains flexible until shop drawings are done

“There’s a bit of capacity in loads and cross-sections” (Head of Structural Design) 
	Yes. The problem is not novel

“We had to make a lot of assumptions” (Structural Director)
	Within limits, options for alternative canopy designs stay open until very late 

 “In detailing the steel reinforcement you have ability to fine tune” (Structural Designer)

	Upstream: Control tower mast and cab steel structure
Downstream: Cab internal layout 
	Very, but modular interfaces must be respected

“Fit out uncertainty was OK as long as it did not request more space inside the cab” (Structural Designer)
	No, but modular interfaces must be respected

“The technology that goes inside changed, but did not impose structural changes” (Structural Designer)
	Yes, modularity decouples the subsystems

“You can make assumptions, but you have to work close to your client” (Structural Designer)
	Yes, but for a limited time

“We looked to various cross-section possibilities for the mast: a triangle, a circle, a square, but quickly reduced options” (Design Manager)


We also systematically found that the sensitivity of the base-building subsystems was low to incremental change in fit-out components, even when the interaction between the two subsystems was integral, because the base-building subsystems were rarely optimized to eliminate slack. For example, after structural developers ran the computer simulations to assess the loads on each steel/concrete element, they would conservatively choose the cross-sections for the beams, columns, and floor plates; subsequent efforts to standardize the cross-sections for manufacturability would again be carried out on the conservative side. The rationale for this approach was explained by a programme administrator:

 “In a car program, the infrastructure is massively optimized because an extra few kilos of weight adds a few pounds of money and that matters massively, impacts manufacturing cost, fuel economy, safety, etc. Here, it is not worth the relationship between the amount of time and effort to optimize the engineered solution and the value that you can get.” 

The capability of the structural solution of the car park to accommodate a very late change in the geometry of the forecourt canopy exemplifies this pattern. The change was required when the beginning of the concrete pouring for the top slab (the forecourt slab) was only 2-months away, which meant that the shop drawings detailing the reinforced steel that went into the slab needed to be released within 4-weeks to keep with the programme. The structural designers ruled out a radically different geometry for the canopy (a dramatic wave-shaped cross-section supported on single posts) because it increased the loads imposed by the post connections beyond the maximum design capacity of the slab — changing the slab thickness would ripple through the entire architecture of the concrete subsystem. However, developers jointly agreed to support the dramatic wave-shaped cross-section on diagonally-strutted posts. This reduced the self-imposed loads enough to resolve the design problem by increasing the amount of local reinforced steel under the post connections close to the upper limit allowed by the design code. 

We also repeatedly observed a pattern of upstream sensitivity when information downstream lacked precision (columns four and five in Table 3): upstream developers systematically made working assumptions to avoid starvation in the face of the maturity of the engineering problems. As one respondent put in the case of the terminal building “except for the fire engineering concepts that are cutting edge, nothing else here is high-tech.” The capability to make working assumptions was illustrated by a designer’s description of conceptualizing the electrical subsystem in the terminal building:
“The shell-and-core design we have now [November 2004] is fundamentally what we tabled in 2002 when we did not know what was actually going in each floor. So we forecasted consumption levels for each area and designed a system that retained total layout flexibility. Since then, we’ve collected new consumption figures whenever there is a change: the overall load has never been a problem, but sometimes we need to take local loads to a different transformer if we have dramatic changes.” (emphasis added)
We next examine the resolution of base-building design under uncertainty and ambiguity.

Base-building Problem-Solving Under Uncertainty and Ambiguity 

Theory on preliminary information exchange in concurrent development processes suggests that decision-makers resort to iterative and set-based exploration, as well as to substitutes for information exchange (buffering and modularity) to solve downstream design problems under upstream uncertainty and ambiguity. Our findings on the reverse problem (summarized in Table 4) extend the validity of some theory, but also suggest dissimilarities that we discuss next. 

Table 4: Analysis of Coordinating Strategies to Solving Base-building Design Problems 

	Case
	Coordination Strategy 

based on Information Exchange
	Coordination Strategy/Information Substitute
	Substitute for Information 
Exchange

	
	Iterative Base-building Design 
	Set-based Base-building  Design 
	Buffering Base-building
	Modularization of Interaction

Base-building/fit-out

	Upstream: Backbone mechanical & electrical elements
Downstream: Retail area layout
	Yes

“We constantly updated load forecasts, and occasionally departed from original design” (Concept Guardian)
	No evidence


	Yes, but some buffers were later designed out 

”Our initial design allowed us to locate anything anywhere, but we removed allowances later on” (Design Manager)
	The interaction between electrical/retail architectures was modularized, but not the one with the mechanical subsystem 
“The bus bar, a plug-in electrical system, has some ability to transfer loads, but the mechanical guys don’t have that luck“ (Electrical Designer)

	Upstream: Baggage conveyor belt
Downstream: Baggage screening machines
	Yes

“Should we get assumptions wrong, we will rework the conveyor belts” (Production Manager)
	No evidence

(although downstream released set-based information)
	No evidence
	The baggage handling hardware was available ex-ante development with modular interactions
“We are a kit of parts that we install in a volume” (Production Manager)

	Upstream: Car park concrete superstructure
Downstream: Forecourt canopy
	Yes, to some extent

“At one stage, the designs had a 600KNm moment that the slab could not take.” (Structural Designer)
	No evidence
	No evidence of buffers built on purpose, but there was residual slack 


	Integral interaction between the two subsystems’ architectures

	Upstream: Control tower mast and cab steel structure
Downstream: Cab internal layout 
	No
Substituted by buffers and modularity


	Only as ‘Optioneering’ 
	Yes

“Bear in mind you do not want cable trays to be too full, you allow 50% anyway just on keeping it tidy” (Head of Engineering)
	The interaction between the two architectures was modularized
“Our brief was to develop a steel design for the cab so the controllers’ desk system on top could change” (Structural Designer)


The Attractiveness of Iterative Design Coordination

Programme administrators recognized upfront that parts of the base-building subsystems would change over time, and some degree of trial and error investment (Sommer and Loch 2004) was inevitable. This was put bluntly by a programme administrator: 

“The idea of building £4 billion worth of infrastructure over 5 years when the business cycles move at a different speed and not going around the loop a couple of times because the client changes his mind is nonsensical. We need to narrow the number of design alternatives to get a budget approved, but we will not be able to get it right the first time — change is a fact of life.” (emphasis added)
We systematically found instances of this iterative strategy when the cost of reworking the base-building design was low relative to the benefits spelled out in the business case for the change. In the case of the main terminal building, for example, a radical change in the retail area layout driven by a business request to consolidate the ‘shopping experience’ caused major rework in the design of the backbone M&E subsystems. The iterative strategy got less attractive over time because of the gradual increases in the adaptation costs and risk of programme delay. As the Head of Development stated: “concurrent engineering is fine as long as you understand that the more you go through your programme of works, the more rigorous the management of change has got to be. There comes a point when we have to make a call and say ‘you need to close that down’.” Hence, managers would allow base-building developers to restrict the space of fit-out solutions in the late stages of base-building implementation, as they did when architects proposed a radical late change for the forecourt canopy.

The Attractiveness of Designing in Buffers in the Base-building Subsystems 

We observed investments in design buffers to shield base-building subsystems from rework otherwise necessary to accommodate the upper bound of preliminary releases of fit-out information. This trade-off between sacrificing product optimality in the present to reap the benefits of cheaper rework in the future is not new (e.g., Eckert et al. 2004, Sheffi 2005). Tolerance margins, or buffers, are invariably designed in complex engineering and IT subsystems to absorb emergent changes that designers anticipate but find it hard to eliminate upfront, especially when the cost of building extra capacity is low against the high risks if the system fails (Sheffi 2005). Here, one respondent described investments in buffers as “providing more than what we need in anticipation it will be used at some point in the future.” Of course, developers recognized that buffers came with an upfront cost without a guaranteed pay off, yet accepted this trade-off as part and parcel of the concurrent development process:

“Over-engineering does not necessarily come free; it can come with a premium. You win some you lose some. Still, it is often better to make a design decision that keeps momentum on-site than to try to fine tune because material cost may be small, but prolongation cost to have someone standing around can be significant” (Design Manager for Main Terminal Building 2005) 

Buffers were particularly attractive when the base-building adaptation costs would be high (in terms of physical rework cost and/or risk of programme delay) if working assumptions lacked reserve margins to accommodate foreseeable change in fit-out. This trade-off was clear in sizing the M&E backbone subsystems based upon assumed design loads. Developers estimated these loads by employing formulas and models based on theory of fluids, which require input information about both the consumption needs at the user-end, and the pressure losses according to number of bends, material specs, routing lengths, and fire safety requisites. Developers designed 25% redundancy on top of the design loads to size the capacities of the equipment and cross-sections of the backbone M&E routings running inside the vertical service cores (the first ones to be physically executed) to build adaptability to late changes in the floor arrangement drawings (e.g., increase in catering or toilette units). Yet, they applied an iterative strategy without buffers to design the M&E horizontal branches underneath the flooring as they expected fit-out uncertainties to be resolved by the time they had to start execution. 
The application of a buffering strategy to the base-building definition did not eliminate the need to exchange information and coordinate design decisions with fit-out developers. Rather, we observed that base-building developers regularly checked the suitability of the buffers against favourable evolution of the fit-out design. Design buffers yet to be physically executed that turned out to be a waste of resources in the light of late, reliable information lent themselves to removal if the expected savings in implementation offset the negative implications from undertaking a late design rework cycle. 
The Attractiveness of Modularizing the Interaction between Functional Subsystems

Our sample is rich both in cases where developers succeeded in decoupling the interfaces between the architecture of base-building and fit-out subsystems, as well as in cases where the architectures of the subsystems remained integral. In the case of the baggage handling system, for example, functional elements with modular interactions between each other, such as the baggage screening machines and conveyor belts, were available at the outset of development. This happens frequently when technology can only be provided by a small group of firms that form a modular cluster (Baldwin and Clark 2000) – less than five suppliers worldwide had capability to deliver such a large-scale baggage handling system. In other cases, developers designed the architecture of a functional element to get a modular interaction: the physical interfaces between the base-building subsystems of the control tower (mast and cab steel superstructure) with the fit-out subsystems going inside the cab, for example, were decoupled. Developers conceptualized a peripheral M&E core embedded in the steel walls of the mast connecting on top to three concentric distribution rings under the cab’s hollow floor plate, as well as a self-standing steel podium sitting on top of the controller’s floor plate. This base-building architecture was flexible to economically accommodate change in the configuration of the controller’s equipment and IT cabinets inside the cab over time. 

In other cases, however, the interaction between the architecture of the base-building and fit-out subsystems remained predominantly integral despite efforts to decouple some interfaces. For example, while the M&E subsystems were designed as a kit of modules pre-fabricated off-site, developers only succeeded in modularizing the interaction between the architectures of the electrical and retail subsystems. The electrical solution was based on a bus bar system — a sectional architecture in which most of the interfaces between physical components are of the same type (Ulrich 1995) — which made the electrical design adaptable to changes in the retail layout. In contrast, the interaction between the architectures of the mechanical and retail subsystems remained integral. As a result, the costs to adapt the mechanical design to late changes to the retail layout were very high to the extent some prefab modules had to be discarded and the parts later installed on site in a traditional fashion. As put by the logistics director for M&E “the fact of lot of piping is going to be done by couplings rather than site welding means it is easy to adapt, but once you fix the design of the modules to prefabricate off-site, you lose flexibility because many modules are custom-made and not interchangeable.”
‘Optioneering’, or the Limited Life of Set-based Exploration for Base-building
In our field study, we did not learn of any instance in which base-building developers adopted set-based design. Rather, they invariably progressed on one design solution, even when fit-out developers released preliminary information in a set-based fashion, and limited rework risk through investments in buffers and modularity. Aware, however, of the merits of developing alternatives under uncertainty, upstream developers engaged in set-based exploration at the very early stages of design definition. In this ‘optioneering’ stage, they examined the performance of alternative solutions in terms of cost, programme, buildability, aesthetics, and adaptability to change. Yet, they would pragmatically choose one option to further develop and detail to move forward to physical execution on site, knowing that fit-out uncertainty would not be resolved until near, or after, the end of base-building implementation. A structural designer explained, for example, how the design for the cross-section of the control tower mast was frozen three years ahead of project completion when uncertainty was high regarding the cab internal configuration:

 “We did not develop parallel options. We initially looked to what we had to have in the cross-section layout and above — one or two lifts, a staircase, and service cores — and quickly reduced options: the square performed badly aerodynamically, the circle would make it difficult to have flat landings, and then we came with this triangle shape that allowed for a flat landing area in front of the lift.” 

We next summarize our empirical findings into a decision tree on resolving upstream base-building design under downstream fit-out uncertainty and ambiguity.
Results and Business Impacts
Key Findings

Figure 3 summarizes the choice for resolving base building under ambiguity and uncertainty about fit-out between the iterative and buffering strategies. The stylized decision tree shows an iterative strategy as the suitable choice when the fit-out information is ambiguous. Adaptation costs are limited if changes are circumscribed to a base-building subsystem that has a modular interaction with the fit-out subsystem, but can escalate if changes affect a base-building subsystem with an integral interaction to fit-out, unless base-building developers are allowed to constrain the space of fit-out solutions.

If the fit-out design is uncertain but not ambiguous, modularization of the interaction between subsystems is one option to limit the base-building adaptation costs. Functional elements with modular interactions can be available ex-ante (e.g., baggage conveyor belt case) or be developed (e.g., control tower mast and cab case). In the case of the control tower project, for example, modularity was combined with the overlapped approach in the face of the high risks to the business stemming from an inflexible base-building design: not only would adaptation costs be extremely high because the construction site was difficult to access (aircraft wing tips came within 2 meters of the edge of the site), but a delay would impact the timing for the airport operator to trigger a regulated increase to the airport levies. 
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Figure 3 – Choosing between Iterative and Buffering-based Coordination under Extreme Overlap (adapted from Terwiesch et al. 2002)
If modularity is not an option because of complexity, a trade-off emerges between investing in a buffering or iterative strategy. Two nuances matter in assessing this trade-off: First, can buffers be designed out if uncertainties resolve favourably before the implementation of the base-building design? Second, does fit-out uncertainty exist at the architecture level where it is likely to lead to high adaptation costs, or at the component level where it is likely to lead to limited adaptation costs? A buffering strategy exhibits two trajectories, which differ according to whether buffers stay throughout or are removed in design definition. The buffers can only be taken away efficiently, i.e., with marginal rework, if uncertainties get resolved before the beginning of physical execution. Base-building developers, for example, designed out some buffers in the M&E backbone subsystem (e.g., removed provision of some dual power supplies) because the final floor arrangement drawings were released before the beginning of pre-fabrication of the related M&E modules. In contrast, they left the buffers in the cross-section of the service cores of the control tower mast. 
Business Impact

Design briefs are documents that the client commissioning new infrastructure prepares at the project outset to communicate to the developers preliminary information about the operational and functional needs for the infrastructure. Our findings suggest that briefs need to better spell out the extent that preliminary information about fit-out subsystems is ambiguous or uncertain, or both, and when information is likely to become final. This will make it easier for base-building developers to map the most suitable coordination strategies needed to efficiently apply the overlapped approach. Further, if base-building developers are better informed about the reliability of information about fit-out subsystems, they can better investigate and tell the client whether it is worth investing in modularizing the physical interactions between functional subsystems/components given that this effort does not come for free. This can help the client’s business reduce the risk of delays and budget overruns that projects incur whenever late changes are made to base-building subsystems that are integral with fit-out subsystems. Informed decision-making likely will lead to better project management.
Conclusions

In infrastructure projects, some of the challenges to compressing the physical execution of base-building subsystems can be insurmountable due to the mammoth scale of the work, inadequate site accessibilities, scarcity of skilled labour, and complex issues such as stringent regulation in the domains of health, safety, and insurance underwriting. Yet, the speed of evolution in the needs of businesses and in the fit-out technology is unlikely to slow down. Here, we elucidate how base-building subsystems in integral infrastructures may be adaptable to incremental changes in fit out subsystems because of slack, but costly to adapt to radical changes. We also show the suitability of modularizing the interaction between base-building and fit-out subsystems to ensure an efficient application of the concurrent development approach. These findings suggest that clients, design consultants, suppliers providing integrated solutions, and product manufacturers want to invest more in developing base-building subsystems and components with architectures that interact in a modular way with the surrounding physical environment. Such efforts need to go beyond current efforts to prefabricate modules off-site into system solutions that exhibit decoupled, standard interfaces and simplified mapping between functions and physical elements. We summarize next the key lessons of our study.
	Key Lessons Learned:

· Prefabrication of base building modules off-site does not mean that base-building subsystems have modular interactions with fit-out subsystems
· Base-building subsystems that are integral to fit-out subsystems seldom are economically adaptable to evolution in fit-out requirements 
· Modularization of infrastructure subsystems does not come for free, but can pay off if operational requirements evolve over the infrastructure life-cycle 
· Decisions to buffer base-building need to be informed by the reliability of preliminary information about fit-out subsystems and modularization costs 
· Fit-out developers need to learn how to reliably exchange preliminary information, namely on the expected degrees of uncertainty and ambiguity
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� Habraken’s (1998) definition is far-reaching: base building and fit out are defined as ‘environmental levels’, i.e., interrelated configurations of physical elements and decision clusters that occur within a larger dependency hierarchy.
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