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Abstract 
 
Consideration of the whole house as the sheer number of combinations of products, regulations 
challenges a unified system, practices, design-features, housing typologies and climatic 
conditions found across the United States. The large number of possible combinations of 
products, designs, places and participant values seem to prohibit the use of standard optimi zation 
techniques to achieve a whole. This paper proposes a two-stage method for reducing the possible 
number of interactions between systems and whole house behavior, scoring the performance of 
individual solutions in a given interaction, weighting the importance of the remaining 
interactions as a way to focus research, and iteratively plotting each subsystem alternative 
against pairs of whole house objectives in order to establish a range of solutions balancing 
competing values and goals in the context of the whole. 
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Introduction 
 
Next to the automobile, the light wood frame has perhaps made the most influential factor in 
transforming the physical, social and financial aspects of the American landscape. Since it 
emerged in the early 1800’s in central Illinois as an alternative to the mortise and tenon timber 
frame it has literally built the wealth of the middle class. 
 
Taken as a whole, the light wood framed house is comprised of perhaps over 54,000 parts spread 
across 30 subsystems that are assembled today by perhaps 17 subcontractors. (O’Brien 1999) 
 
These subcontractor-assemblers are frequently independent entities using business tools ranging 
in sophistication from web-based supply chains to hand drawn instructions. As a group, the 
subcontractors are unified by the need to conduct their construction operations quickly, 
efficiently with the smallest crews using the least amount of materials in the shortest amount of 
time necessary to fulfill the letter of their contract with the homebuilder.  
 
The contemporary residential construction project is primarily distinguished from commercial 
construction by the transient nature of the subcontractor. The limited space on a residential 
construction site limits the quantity of staged materials, and the small interior spaces make it 
very difficult to have multiple subcontractors working simultaneously on the site. 
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The combination of the subcontractor’s need to complete their work efficiently and the absence 
of other subcontractors on the jobsite limits the opportunity for the subcontractors to coordinate 
work amongst themselves, and limits the general contractors ability to coordinate and resolve 
conflicts between work of the subcontractors. 
 
When the light wood frame first emerged, simplicity was the primary characteristic driving its 
rapid adoption. Early publications touted the limited set of tools and easily available materials 
required for its construction. (Sprague 1983) In the middle 1800’s the homeowner was often the 
master builder, and was the sole source for coordination and system conflict resolution. Today 
this is seldom the case. In practice, it is frequently difficult to find who among the 137 plus 
people involved in a house project, is responsible for, or able to coordinate people and parts. The 
complexities of the current home building landscape, coupled with lower profit margins limiting 
a subcontractors ability and willingness to absorb design-coordination and conflict-resolution 
costs, and the performance implications of system conflicts and improvised resolutions are 
driving the need for design and production methods that can consider the house as a whole 
coordinated system. 
 
A fundamental characteristic of a system is a set of shared goals and objectives. In residential 
construction, a central issue in whole house design is the difference between the goals and 
objectives of the many stakeholders.  The resulting sub-optimization of the primary systems of 
the house often propagate error by “throwing the problem over the wall” for the next 
subcontractor onsite to adjust their work. (O’Brien et. al. 2000) 
 
175 years of sub-specialization and sub-optimization in the design professions and in contracting 
will not be easy to untangle and re-weave into a whole. As discrete contributors to residential 
construction, each of us, as design professionals, product producers, regulators, builders, realtors, 
financiers, or owners can bring to mind hundreds of variables, analytical methods and 
regulations measured in dozens of different units and perhaps an infinite number of alternative 
designs applied to housing.   
 
For purposes of this paper, the primary systems of a typical house are defined as: 
?? Subgrade components including footings, foundations, waterproofing, drains, subslab radon 

ventilation, subgrade insulation. 
?? Structural and non structural framing 
?? Exterior wall / envelope enclosure including structural and nonstructural sheathing, 

insulation, moisture barriers, air barriers, moisture retarders / housewraps, drainage planes, 
trim and siding 

?? Space conditioning equipment, supply, and distribution including exhaust air, makeup and 
combustion air, heating and cooling equipment, air filtration, humidity control, ventilation 
air, return air, radiant heating, passive heating components and controls. 

?? Wiring and electrical equipment, supply and distribution (including power, light, network, 
communications) 

?? Water and sewer including conditioning equipment, supply, distribution, disposal  
?? Openings including doors, windows, overhead doors, skylights 
?? Roofing including penetrations, flashing, roof drainage, attic ventilation 
?? Interior finishes including flooring, wall surfaces, countertops, ceilings, cabinets, and trim 
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Each of these subsystems are found in the contemporary American house in one form or another, 
the number of possible forms each subsystem could take is staggering. For example subgrade 
system components made up of footings, foundations, insulation, water protection and drainage 
pieces could have three to four alternative forms and materials of construction for each piece. 
 
Footing  Foundation Insulation Water prot Drainage Ventilation 
Sitecast conc. Sitecast conc. Polystyrene Bituthene Drainboard None 
Aggregate I.C.F.  Polystyrene Bitumen  Aggregate Subslab 
Aggregate Precast  Fiberglass bd Sprayed silicone Aggregate Neg. pressure backfill 
Sitecast conc. Masonry  Fiberglass bd. Cementitious Poly mesh Subslab drains 
Wood  Wood  Fiberglass batt Polyethylene Aggregate Subslab 
 
Possible methods 
 
Finding the ideal solution out of the combination of systems, alternative designs and materials 
for the pieces in the system, and the possible soil, climate, seismic, wind variables, for the 
infinite number of design possibilities for the varied cultures of buyers across the country, and 
varied motives for building, buying and owning seems to be mathematically unlikely even if 
methods of quantifying each were known and accepted. This is 9 systems x 4 pieces each x 4 
alternatives for each piece x 6 climate zones x 3 habitation forms x 7 objectives factorial = 
329,204,736 alternatives x 60 possible house designs = 19,752,284,160 possible house 
design/system combinations, factorial number of combinations = 3.9 20.  
 
Simply defined, optimization is “the process of seeking the best possible solution to a problem, 
according to the goals and objectives for the total system.” (Meredith et al 1973) Optimization 
may appear to be an answer to the whole house dilemma, however the number of interested 
participants in the housing design, production and operation processes and the differences in 
their goals contribute to the difficulty in arriving at the best possible solution. Each participant’s 
idea of “best” varies from “best for me” to “best for the stockholders” to “best for society as a 
whole” or “best for my retirement.” Each participant has their own set of objectives for achieving 
their “best” goal. These individual goals and objectives frequently conflict in whole or in part 
with goals and objectives of other participants.  
 
It is here, in the face of an impossible (N-hard) problem that the Leopold interaction matrix 
could be used to initially limit the possible number of alternatives and make the problem more 
manageable as a first stage of our suggested method for tackling the whole house design 
problem.  Dr. Luna Leopold with the U.S.G.S. developed this method of assessing environmental 
impacts associated with construction projects in 1971. (Leopold et. al. 1971) The Leopold matrix 
lists possible actions horizontally and environmental factors vertically. Each interaction between 
an environmental quality and a construction related action is individually considered in the first 
pass through the matrix. Hollick (1993) documents Leopolds proposition that if 100 construction 
actions were listed horizontally, and 88 environmental impacts listed vertically, that, when 
carefully considered, a typical project would only have 25 to 50 interactions between them, a 
significant reduction from the possible 8,800 interactions in the matrix. (Hollick 1993) 
 
A Leopold interaction matrix for the whole house question would list the subsystems vertically 
and the potential impacts of the system behavior horizontally. Careful consideration of the 



293 

possible interactions between the subsystems and system behavior would likely effect a 
significant reduction in the number of interactions to be subsequently considered and would 
identify those subsystems forming the physical and performance boundary layers between 
subsystems. 
 
The second pass through the Leopold matrix is a scoring pass. The interaction is ranked from –
10 to 10 for its positive (benefit) or negative (cost) effect. A third pass through the matrix scores 
the weighting factor for each interaction. Environmental professionals who have used the 
Leopold matrix offer two cautions. First, that the user be on guard to prevent double counting of 
nested effects, and second that each design alternative requires it’s own matrix. Given this, the 
scores and weighting factors resulting from the matrix evaluation would set the order for the next 
step in the whole house process, multi-objective analysis. 
 
With the number of possible combinations reduced, Multi-objective analysis seems to be the next 
promising tool to further reduce the number of possible alternatives. Multi-objective analysis 
inherently seeks a balanced solution, one that is closest to the defined goals and objectives.  In 
practice it is fundamentally different than optimization in that it is an iterative process allowing 
apparently competing goals or stakeholders to find compromise solutions that best meet their 
objectives. (de Neufville 1990) Multi-Objective analysis is valuable to the whole house methods 
question in that rather than seeking the ultimate solution, it seeks to further delimit the range of 
possible solutions, which de Neufville calls “noninferior solutions,” and in the process, eliminate 
clearly inferior alternatives. 
 
Noninferior solutions appear as regions along and below plots of the characteristic behavior of a 
n alternative across two objectives-axes.  
 
Seven objectives are proposed for the whole house question. 
 Least time to build (T) 
 Lowest Sales cost (Sc) 
 Least negative impact on other systems (Li) 
 Highest operating performance (Hop) 

Lowest Operating cost (Oc) 
Highest durability (Hd) 

 Greatest occupant health and comfort (Ghc) 
 
The behavior or attainment of each system alternative would be plotted on these axis. When all 
design alternatives have been graphed in the context of all the objectives, a scoring profile may 
be constructed by arraying the scored graphs around a vertical axis.  
 
Figure 1, below shows the attainment of five possible methods for placing subslab utilities 
graphed against their performance in terms of the objectives of being completed in the shortest 
possible time Y1 versus their placement with the utmost precision Y2. 
 
The point closest to the origin is the theoretical performance of a method that takes very little 
time, but also results in very low precision. The next point at the top left of the curve would 
represent the performance of a method that took more time than the first, but resulted in high 
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performance. The lowest point on the curve represents a process that takes a longer period of 
time, but results in a lower level of precision. Each interested stakeholder, maybe the installer of 
panelized walls for the precision objective, and maybe the plumber or electrician for the time 
objective can observe that the best compromise lies somewhere between what is optimum for 
either. Thus alternatives falling on or below upper portion of the curve plot the upper region of 
noninferior solutions, while the alternatives falling on or above the lower curve, plot the lower 
region of noninferior solutions. Alternatives falling outside this noninferior region are not 
considered viable alternatives. We anticipate building regulations and accepted practices will 
substantially form this bottom edge of the noninferior region. 
 

 
Figure 1 Region of Acceptability below transition curve between feasibility and non-feasibility 

 
As system alternatives and more objects are overlaid, the noninferior region becomes more 
difficult to perceive. (Figure 2) The region of acceptable solutions becomes more difficult to plot 
when performance across all objectives are plotted simultaneously.      

 
Because of the difficulty of visualizing the noninferior solution region across multiple objective 
sets, it is proposed that each alternative for each system for all objective pairs be plotted 
discretely. Each discrete plot would be arrayed around a vertical axis using each resulting 
noninferior region as a “spar” describing single spline of a 3 dimensional surface, allowing the 
overall whole house “profile” to be viewed. (Figure 3) 
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Figure 2 Attainment scoring for design alternatives (system 1, 2, 3) across seven objectives. 

 
 

 
 
 

Figure 3, Constraint maps for objectives pairs arrayed around a center. 
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Each of the nine subsystems identified would comprise a quadrant region of the array. For 
example structural and nonstructural framing methods would be constraint-mapped according to 
the objectives articulated for structural performance. Those objective pairings most likely to 
influence or be influenced by other systems would be mapped at the edges of the quadrant so that 
the constraint mapping at system interfaces would include a number of overlapping objectives 
paired to plot the alternative methods behavior across system objectives. This would be the 
primary means of blurring the boundaries between subsystems, insuring the integrity of the 
greater whole. 
 
This representation of the “score” of the whole house is scalable, allowing one system quadrant 
to be comprised of perhaps a dozen or more constraint maps, while another quadrant might only 
be made up of a few constraint maps. Surface tessellation of the whole house profile is a function 
of the number of constraint maps, which are limited in number only by the research available for 
each alternative in terms of an objective pairing. 
 
It is likely that each set of alternatives will need to be represented in multiple concentric profiles. 
An outer crust comprised of the gross or coarse behavior of the design characteristics with the 
objectives, an inner “mantle” of more specific design characteristics of subsystem part 
characteristics, and an inner core of the minimum acceptable characteristics of each objective 
overall, similar to the concentric layers of the earth. 
 
An alternative approach would be to construct an n-dimensional feasible region for a multi-
objective optimization problem where the n-dimensions are measures of performance and the 
multiple objectives are optimizing different performance levels. It would then be possible to 
weight the different objectives. Constraints would be provided by minimum levels of subsystem 
capacity, maximum levels of subsystem capacity and by results of subsystem interactions on 
total system performance. In an ideal world, this would be the way of proceeding, however the 
body of knowledge of housing systems research does not yet contain the understanding and 
knowledge to construct these relationships, hence the two stage method suggested. 
 
Future Research Directions 
 
The Leopold matrix reduces the large (3.9 20)  number of possible interactions between systems 
and behvior to focus the multi-objective analysis process on key interactions between subsystems 
and system behavior. Iteration through the multi-objective analysis process will narrow the range 
of alternatives to a smaller noninferior set. This process for considering the house as a physical, 
performance and operational whole is dependent upon research within the subsystems and 
objectives, as well as research focused at the interface between systems. 
 
The existing body of knowledge appears to have established some depth in structural and energy 
systems for residential construction. There is an emerging depth in mold, moisture and indoor air 
quality, but relatively little depth in system interactions, objectives of system stakeholders, 
systems interactions with production or operations practices or the impact of the architectural 
design characteristics of the house on system performance. 
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We propose that two tiers of system objectives be developed. Those based on coarse or “gross” 
systems interactions from currently available research findings to fuel the current efforts at 
whole house design and a finer grain, contributing to a future research agenda possibly 
including: 

?? Delineation of physical alternatives for each system and their associated behavioral 
and performance characteristics. 

?? Identification of system impact / interaction with each other. 
?? Description of typology and design characteristics on whole house behavior: 

?? Attached garages and increased levels of benzene in indoor air 
?? “Soft” stories and seismic / wind related collapse 
?? The nature of error in residential design and construction 
?? Frequency of error in residential design and construction 
?? Taxpayer cost and stakeholder values, how big is the “whole”? 
?? Variability of work crews and whole house performance 
?? Air quality and airtight ductwork 
?? Production quality, energy efficiency of ductwork in unconditioned spaces 
?? Durability and vented crawl spaces 
?? Housewrap, condensation and durability 
?? Drainable wall assemblies and durability 
?? Flashing, housewraps, nailing flanges and window leaks 
?? Expanded polystyrene ICF’s and indoor air quality 
?? Dual vapor barriers and indoor air quality 
?? Reduction of moisture absorbing material use in exterior walls and indoor air 

quality 
?? Reduction of synthetic fiber quantities and indoor air quality 
?? Precision enhancement technologies and whole house performance 
?? Large component envelope systems and production quality 
?? Large component envelope systems and severe conditions performance 
?? Large component envelope systems and mechanical systems prefabrication 
?? Interior finish accumulation, vapor control, durability and indoor air quality 
?? Dual vapor retarders and durability 
?? Dedicated ventilation systems and indoor air quality 
?? Dedicated ventilation systems and energy consumption 
?? Panelized construction and seismic / wind performance 
?? Panelized construction and air infiltration 
?? Disaster-proof technologies, owner remodeling and durability 
?? Disaster-proof technologies and Search and Rescue 
?? Whole house design and whole health design 
?? Subdivision design and thermal performance of houses 
?? Subdivision design and water utilization of houses 
?? Subdivision design and whole health housing 

 
In the near term, the whole house design methodology could support the designer’s process of 
matching architectural design characteristics to physical behavior and performance of specific 
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subsystem pieces. At the same time it could support the builder’s process of managing discrete 
suppliers subcontractors to insure practices at the workface enhance the whole, and ultimately 
may drive a buyer-initiated production/selection method matching their needs, and means to a 
specific house. 
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