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Building renovation adopts mass customization
Configuring insulating envelopes

Andrés F. Barco1 · Élise Vareilles1 · Paul Gaborit1 ·
Michel Aldanondo1

Abstract This work is motivated by an industrial need of manufacturing façades insulating
envelopes in order to reduce energy consumption in residential buildings. An insulating
envelope is a configuration of a set of rectangular panels that respects a set of limitations.
Due to the number of façades to be renovated and the number of possible configurations for
a single façade, the envelope configuration is both a mass customization problem as well
as a combinatorial one. The paper then introduces a decision support system based on the
framework of constraint satisfaction, as it fits neatly the constrained nature of the problem.
Two configuration tasks have been identified as prerequisite to envelopes configurations:
(1) the configuration of a questionnaire for information inputs and (2) the configuration of
a constraint satisfaction problem for each one of the façades to be renovated. The system
architecture promotes maintenance, modularity and efficiency as different configuration
tasks are divided into web-services. Conception and implementation of the massive building
thermal renovation are then supported.

Keywords Building thermal renovation · Massive product configuration · Decision
support system · Constraint satisfaction · Web-service architecture

1 Introduction

Product configuration and mass customization, i.e., the art of building products guided by
customer needs under mass production conditions (Soininen et al. 1998; Yang et al. 2008),

This research is supported by the French agency ADEME - Agence de l’Environnement et de la Maı̂
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are tasks that have been increasingly supported by intelligent systems as they have been
identified as highly complex (Blecker and Abdelkafi 2006; Soininen et al. 2000). Solving a
mass customization problem is complex in such an extend that specialized techniques from
Artificial Intelligence (AI) and Operation Research (OR) have been used, often extended, to
handle these ubiquitous industrial problems (Felfernig et al. 2014). AI and OR applications
to mass customization found their roots in automotive industry and computer industries
(see surveys of MacCarthy et al. 2003 or Fogliattoa et al. 2012) but quickly spread towards
engineering to order systems as for example: railways interlocking systems (Falkner and
Schreiner 2014), equipment and services on cement and minerals industries (Hȯfling 2014),
sales and marketing (Hȯfling 2014) or mobile networks (Nica et al. 2014).

A particular scenario of mass customization arises from the context of building thermal
renovation as an effort to reduce current energetic consumption levels of buildings (Cen-
ter TEC 2011; Council UGB 2013; Pérez-Lombard et al. 2008). Here, the problem lies in
the configuration of rectangular parameterizable panels, and their attaching devices called
fasteners, that must be allocated over the façade area in order to provide an insulating enve-
lope (also referred to as layout plan) (Jelle 2011; Aldanondo et al. 2014). An insulating
envelope is composed of a set of insulating panels without any holes. Each of the panels is
configurable in the sense that:

– Its size (width and height) must be assigned respecting manufacturing, transportation
and installation limitations.

– If the panel covers frames (windows or doors), the position of each frame w.r.t. the
panel must be determined for its manufacturing and installation.

– Its position over the façade must be accurately set for its installation. Panels must be
attached over specific areas strong enough to support their weight.

– The position and number of attaching devices, called fasteners, must be determined for
its installation.

Panels are configured at design time, then manufactured, shipped and installed on the
working site. The configuration of panels is limited by a set of conditions, such as man-
ufacturing and environmental conditions, that begin with design and go through all the
renovation process until panels’ installation. These limitations make the configuration of
insulating envelopes a complex and error prune task. By now, hand-made methods need to
be replaced by an industrialized process and supported by computer-based solutions.

Computer support for this thermal renovation process, and its conception by means of
decision support system, is motivated by the following facts. First, the diversity of existing
façades is very large as a result of history, building’s technical aspects, or locations. Second
the expectations of the architects or building owners about the façade style to renovate are
also numerous. These two points lead to an extreme diversity of façade renovation problems.
Traditional methods of course are able to handle them but for a high cost. The challenge is
to be able to achieve the façade renovation problem with all its diversity at a much lower
cost within industrialized approaches and methods. Thus, the façade renovation problem
inherits the key particularities of mass customization: allows tailored or specific façade
renovation at the cost of a mass produced one. Furthermore, façades diversity and renovation
expectations diversity are associated with solution diversity, meaning that for a given façade
and given expectations many solutions can be identified, each of them with a given thermal
performance and a given cost (an illustration is presented in Fig. 1). It is because of these
three diversities that the envelopes configuration is a complex combinatorial problem. The
computer support of the renovation process allows (1) to efficiently introduce the renovation
specifications (geometrical, structural, etc), (2) to generate different valid configuration of
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Fig. 1 Façade and layout configuration examples

panels and envelopes, (3) to rank the different solutions based on several criteria and (4)
to present them to the person in charge of the renovation, such as an architect, also called
“user” in the rest of the paper.

The aim of this article is to present a decision support system for the configuration
of panels-made envelopes in the context of building thermal renovation. The knowledge
extracted from different stakeholders (building owner, architect, panels’ manufacturers, etc)
have been stated as requirements and then mapped into the mathematical framework of con-
straint satisfaction problems (CSPs). Constraint satisfaction is used because its declarative
model allows a straightforward and clear knowledge representation, and it is well-suited
for configuration problems (Junker 2006). Also, the development of a prototype is greatly
enhanced by the state-of-the-art constraint-based tools. Finally, the monotonic properties of
CSP make it possible to add requirements (constraints) from every stage of the renovation
process to create a complete and sound model of the problem.

The support system here introduced is a web-oriented application where a web-service
architecture allows to solve all configuration tasks within a five-step renovation process,
presented in Fig. 2:

– The first two steps supports the configuration of a questionnaire relating to the renova-
tion model needed in the renovation process and used to determine limits for panels’
size and weight for each façade.

Fig. 2 Configuration process overview



– The two following steps support the configuration of a constraint satisfaction prob-
lem for each of the façades to be renovated with specific parameters coming from the
previous steps.

– The fifth step supports the configuration of façades insulating envelopes.

The article focuses only on the first four steps supporting two configuration tasks: ques-
tionnaire and CSP model. The system couples two constraint-based technological tools,
CoFiADe (Vareilles et al. 2012) and Choco (Prud’homme and Fages 2013), to gain
efficiency and modularity.1

The article is divided as follows. In Section 2, some related work on constraint sat-
isfaction and product configuration are presented. In Section 3, the context, the problem
description and the renovation process are discussed in detail. Then, in Section 4, the con-
figuration tasks needed to support this massive renovation of buildings is introduced. Details
of the underlying services in charge of the questionnaire configuration and of CSP instances
configuration for each façade are presented in Section 5. In Section 6, the benefits of the
support system, under the constraint satisfaction framework, are discussed. Finally, conclu-
sions are drawn in Section 7. Relevant screen-shots of the support system interfaces have
been chosen for illustrative purpose.

2 Related work

The framework of constraint satisfaction is used as it suits the constrained nature of product
configuration (Junker 2006). On one hand, the knowledge (constraints) that restricts possi-
ble configuration of elements (variables) is easily modeled under the declarative framework
of constraint satisfaction problems (Smith 2006). On the other hand, constraint-based con-
figurators are able to present different solutions to users, often optimal, even when they
do not provide all configuration parameters leaving their preferences unknown. Actually,
CSP have been used in product configuration problems in such an extend that there is an
entire chapter to product configuration in the Handbook of Constraint Programming (Junker
2006). The framework is known to solve efficiently packing problems (Beldiceanu et al.
2011) having, among other abstractions, the geometrical constraint GEOST (Beldiceanu
et al. 2007). However, as we only deal with rectangular shapes, the constraint GEOST seems
too complex for our need and would bring an unnecessary risk from a software mainte-
nance point of view. In this section we present here a brief overview of the use of CSP for
configuration problems, as well as some related support systems.

2.1 Constraint satisfaction & configuration

Despite the fact that CSP modeling is actually very simple and intuitive, product con-
figuration problems involve a complexity that sometimes exceeds the capabilities of CSP
framework. Thus, it was argued that CSP paradigm as original conceived was not well suited
for addressing most of the configuration problems, due to the lack of mechanisms to handle
variables that in some cases are relevant and in other cases are not. Mittal et al. in their sem-
inal work, enhanced CSP with a dynamic view (Mittal and Falkenhainer 1990): constraint
variables may be either activated or deactivated. In the first case variables take part of the

1A preliminary work on the system architecture has been presented in Barco et al. (2015b)



problem and hence in the solving process. The work started a cascade effect of research
on product configuration and CSP. For instance, in Sabin and Freuder (1996), the authors
developed Composite CSP, incorporating into CSP the possibility to model complex con-
figuration relations such as whole-part, is-a and part-of. Thus, if a sub-problem variable
is activated, all the problem is dynamically changed to handle all information in the prob-
lem and sub-problem. Among the same lines of work is Gelle and Weigel (1996) in which
CSP is enhanced with the manipulation of continuous variables in order to address a wide
range of real-life configuration problems. Studies for treating constraints as formulae and
computable procedures using a constraint modeling tool (Xie et al. 2005) and to handled
advanced structural relationships (Yang et al. 2012), are also found in the literature.

Along with these configuration capabilities, researchers have developed robust tech-
niques on supply chain management thus improving the support for processes industri-
alization. For instance, CSP techniques are used in the elaboration of the planning and
scheduling of the assembly process (Barták et al. 2010). It has been proved that assembly
process for mass production is effectively and efficiently addressed by CSP given that most
of the precedence relations can be expressed as constraints (e.g. first order formulae such
as startX > startY + 20) (Topaloglu et al. 2012; Peng et al. 2014). Also, there is a
diverse set of CSP software (OpenRules, Inc 2013) implementing scheduling constraints
(Gent and Walsh 1999) that deal with time slots and resources.

Given the efforts commented above, CSPs is now a mature technique to address combina-
torial problems including configuration problems. More extensions and applications of CSP
to product configuration have been proposed and are proposed constantly. However, regard-
less the considerable body of literature on configuration and constraint satisfaction, no
generic solution is capable of addressing all configuration problems that rise in the industry.
It is necessary, then, to develop a dedicated computer-based solution for the configuration
problem of insulating envelopes.

2.2 Computer-based support

Regarding dedicated computer-based solutions for these kinds of industrial problems, there
is no general approach to solve them all. Here we name a few tools implemented with
different underlying models tackling similar problems. Most of these works are found in
the field of Space Planning (also known as Layout Synthesis). Observe that these works,
although supporting architects design of two-dimensional entities, do not pay attention to
configuration or customization but rather to space planning problems.

In Shikder et al. (2010), authors present a prototype for the interactive layout configu-
ration of apartment buildings including design information and an iterative design process.
In Baykan and Fox (1992) is introduced Wright, a constraint-based layout generation
system that exploits disjunctions of constraints to manage the possibilities on positioning
two-dimensional objects in a two-dimensional space. Another system, Loos (Flemming
1990), is able to configure spaces using rectangles that cannot be overlapped but that may
have holes. It uses test rules applied by steps to the rectangles in order to reach a good con-
figuration based on its orientation and relation with other rectangles. The same authors have
developed Seed (Flemming and Woodbury 1995): a system based on Loos used for early
stages on architectural design. The system Hegel (for Heuristic Generation of Layouts) is
yet another space planning tool that simulates human design based on experimental cases
(Akin et al. 1992). Finally, Medjdoub et al. present the system Archiplan which inte-
grates geometrical and topological constraints to apartment layout planning (Medjdoub and
Yannou 2000). These tools, however, are not well conceived for the massive configuration



of insulating envelopes. In fact, despite the great body of literature on configuration, works
focusing on façades using any kind of configurable entity is scarce. Works relating façades
and their configuration focus over predefined solutions and not in the actual composition or
structure of the façade. For instance, in Teboul et al. (2010) authors use shape grammars and
supervised classification to generate a segmentation of the façades in order to model build-
ings and understand patterns as part of urban planning. Among the same line of research we
find in Wu et al. (2014) an approach based on inverse modeling to built knowledge on how
façade configuration is generated and how elements are related. Also, research has been
done using the available partial structure of some buildings to determine the total config-
uration of façades and thus enable image capturing software and automatic configuration
design to capture urban reconstruction (Fan et al. 2014). None of these works intent to cus-
tomize insulating envelopes w.r.t. the façade and thus we consider them interesting from the
architectural point of view but unsuitable for the problem at hand.

3 Building renovation industrialization

The challenge of renovating buildings is currently been tackled in a French project called
C.R.I.B.A, for its acronym in French of Construction and Renovation in Industrialized
Wood Steel (Vareilles et al. 2013; Aldanondo et al. 2014): a joint effort between academics at
École des Mines d’Albi - Carmaux and several French companies. Here, whereas academics
work on the envelopes configuration problem and its performance impact, companies work
on how to extract and formalize the information on buildings (gathered in a Building Infor-
mation Model), how to design panels, how to manufacture them, how to transport them
to the working site, how to install them on the façade and how to manage the renovation
projects well. In this section we provided details of the renovation industrialization.

3.1 Renovation industrialization process

To get a clear understanding about the limitations and constraints imposed on configuration
by the renovation industrialization process, a global view of it is needed. The following six
stages describe the renovation industrialization process.

Stage 1. Information collection. In this stage range-finder devices, along with patter
recognition software, is used to create a building information model (BIM) describing
the building geometry (Aldanondo et al. 2014). In essence, the BIM includes the size
of each façade on the building, the accurate size and position of frames (windows and
doors) and any other element visually accessible to the devices.

Stage 2. Semantic enrichment. Once the BIM has been built, crucial information has to be
added with at least, the position and strength (load bearing capabilities) of specific areas



Fig. 3 Façade: frames and load bearing areas

where panels can be attached and the frames to be removed from or added to the façade,
as illustrated in Fig. 3.

Stage 3. Envelope configuration. Using the enriched BIM (geometry and load capabili-
ties), the configuration of insulating envelopes is executed, as presented in Fig. 2 with a
result example shown in Fig. 4. In this stage, each one of the façades to be renovated is

Fig. 4 Façade: one insulating envelope configuration



synthesized using cutting and packing algorithms (Barco et al. 2014) and (Barco et al.
2015a).

Stage 4. Manufacturing. Once the insulating envelope has been configured, the panels are
manufactured in the factories with respect to their specific size, frames, and with every
detail for their allocations.

Stage 5. In this stage panels are shipped to the working site for their installation. Addition-
ally, support for installing the panels is decided. This support include cranes, harnesses
and any additional machinery needed by workers.

Stage 6. On-site installation. The final stage is the installation of panels on each of the
façades.

The aforementioned stages describe the global process of the renovation. All these limi-
tations are concentrated in a single information system that allows to conserve consistency
among the different stages. From a configuration viewpoint, limitation on each stage has
an impact on the limits for panels’ size and weight. The paper focuses on Stage 3 of the
renovation industrialization process, presented in Section 3.1: envelope configuration.

3.2 Façades & hierarchy

Although the core elements of the renovation are façades, panels and fasteners, all spatial
entities are important for the configuration of panels, their manufacturing, shipment and
installation. In this section how spatial entities, for instance a building, impose limitations
over the configurable components, i.e., panels is described. This set of limitations generated
by spatial entities is defined in the Stage 1 and Stage 2 of the renovation industrialization
process, presented in Section 3.1. We begin with the definition of façades.



3.2.1 Façade

A façade is represented by a 2D coordinate plane, with origin of coordinates (0,0) at the
bottom-left corner of the façade, containing rectangular zones defining:

– Perimeter of façade with its dimensions (height and width in meters).
– Frames. Windows and doors over the façade play an important role as they are meant

to be completely overlapped by panels. Frames are defined by:

– Origin point with respect to the origin of a façade.
– Width and height (in meters).
– Constraint over position w.r.t. façade. To renovate the entire façade, frames

borders should maintain a minimal distance to the façade borders.
– Constraint over position w.r.t. panels. Given panels’ internal structure, frames

borders must keep a minimal distance to panels’ borders.

– Supporting areas. As the layout problem must deal with a perpendicular space plan,
gravity must be considered. It turns out that some areas over the façade have load
bearing capabilities that allow panels to be attached. There may be any number of sup-
porting areas each one of them providing (possibly different) load bearing capabilities.
Supporting areas have well-defined:

– Origin point with respect to the origin of a façade.
– Width and height (in meters).
– Load bearing capability (in kg/m2).
– Constraint over positions of supporting areas. Façades are meant to be

surrounded by supporting areas in order to be able to attach panels.

3.2.2 Façades habitats

Façades are not isolated structures. Spatial entities always belong to another bigger entity: a
building to a block, a block to a neighborhood, a neighborhood to a city, a city to a country,
etc. This part-of relation may be described as a hierarchical relation, the smaller part being
lower in the hierarchy. This holds true in the renovation process for its spatial entities and is
crucial for defining panels’ limits. The hierarchy of the renovation is as follows. A façade
is part-of a building, a building is part-of a block, a block is part-of a working site. An
instance of such hierarchical structure is presented in Fig. 5.

Now, each node in Fig. 5 is described by environmental properties. These environmental
properties, for now assumed to be independent between nodes, impose some limitations on
the size and weight of panels. These environmental properties are mainly related to spatial
entities accessibility and weather conditions.

The accessibility conditions refer to the surroundings circumstances that allow to get in
and out of a spatial entity. For instance, a working site may have wide streets and gates,
railways and even a seaport. The more possibilities and the more easy to access the spatial
entity the less limitations it imposes over the panels. Let us consider two buildings A and B

belonging to the working site W with the following accessibility conditions. The building
A has big dual carriageway whereas the building B has a small one-way road. In addition,
A has no trees in its surroundings whereas B has one garden filled with many centuries-old
trees in its proximity. Clearly, the building B is restricted in the size and number of trucks
that can access it as well as the kind of supporting machinery to attach panels. As expected,
the smaller the trucks the smaller the panels.



Fig. 5 Hierarchical view of renovation

At the other end of the spectrum are the weather conditions. These conditions refer to the
climatological circumstances in which the whole renovation takes part. From these circum-
stances the wind and the season are taken into account. On the one hand, if a given working
site is subject to strong wind then either panels must be specially attached or their size must
be further limited (reduced) due to the installation process. In this particular renovation the
panels’ size are limited. Conversely, if the season in which the on-site work takes place is
winter, then it is physically harder for working, as well as technically harder, to move and
install bigger panels than small ones. Moreover, the cost of the renovation may increase
because more workforce is needed or because non-working days may come up.

3.2.3 Cascade effect

Spatial entities inherit environmental conditions of spatial entities on superior levels of the
hierarchy. This fact is decisive for setting the panels’ limits for a given façade, which is at
the bottom of the hierarchy.

Let us consider the same buildings A and B as in Section 3.2.2. Suppose three acces-
sibility conditions levels (easy, medium, hard), three types of trucks (big, medium, small)
and three types of panels’ size (big, medium, small). Now let us instantiate the accessibil-
ity of the working site W to medium. This valuation implies that only medium and small
trucks carrying medium and small panels can access the working site W . As the access to
the buildings A and B is conditioned by the access to W as they are part-of W , their types
of trucks and panels’ sizes are therefore limited to medium and small for trucks and medium
and small for panels. This property of inheritance is a monotonic operation, i.e., it can only
reduced the possibilities.

Then, the accessibility of the building A and building B can be specified. Let us instanti-
ate the accessibility of A to easy, meaning that focusing only on the building, every type of
trucks carrying every size of panels are allowed. This valuation has no impact on the type of
trucks neither panels’ sizes available for A, still medium and small for trucks and medium
and small for panels. However, if the accessibility of B is valuated to hard, this valuation
implies that only small trucks carrying small panels can access it. This is a rather logical
consequence that is straightforward modeled by CSP under entailment relations.

3.3 Configurable components

3.3.1 Rectangular panels

Panels are rectangular, of varying sizes and may include different equipment (frames, shut-
ters, solar modules, etc.). These panels are designed one at a time in the process of layout



configuration, Stage 3 of the renovation industrialization process presented in Section 3.1,
and manufactured in the factory prior to shipment and installation on the building site. These
panels have a well-defined:

– Size (height ph and width pw in meters).
– Constraint over height ph and width pw by mathematical formulae in order to express

manufacturing limits.
– Constraint over dimensions by given lower and upper bounds consequence of environ-

mental and installation limitations.
– Orientation: if the ratio pw

ph
is less than one, the panel is vertical, otherwise it is

horizontal.
– Thickness and insulation type chosen for the whole renovation.
– Set of frames with accurate size and position with respect to the bottom-left corner of

the panel.
– Constraint over frames borders. Given internal structure of rectangular panels, frames

must respect a minimum distance w.r.t. panels’ borders.
– Weight pwe (in kg) depending on several factors: size (pw, ph), thickness, insulation

type and frames. Up-to-now, we compute a panel’s weight with

pwe = (pw × ph) × α (1)

where α (kg.m−2) is the weight of 1m2 of panels taking into account panels’ material,
internal structure, chosen insulation thickness and type, and frames.

– Cost (in e) depending mainly on size (pw, ph) and frames. The cost pc of a given panel
p is computed with the next formula

pc = (pw × ph) ∗ β (2)

where β (e.m−2) is the cost of 1m2 of panels taking into account panels’ material,
internal structure, chosen thickness and insulation type and frames.

– Thermal performance (in w.m−2.k−1) depending on size (pw, ph), thickness (pt ) and
insulation type (pis).

In the remaining of the article it is assumed a constant panels’ thickness and a unique
type of insulation. Considering that all panels belonging to the same façade-layout plan have
the same thickness and insulation type, and in order to have a good thermal insulation, the
less panels’ junctions the better: it is at panels’ junctions that it exists thermal transfers. In
consequence, façades should wear the minimum number of panels, each one of them as large
as possible while respecting the architectural constraints, supporting areas, manufacturing,
installation and accessibility limitations. Well configured panels meet the following criteria:

a) Cover the greatest possible area given the geometric position of frames and supporting
areas,

b) no overlapping with any other panel and no holes allowed,
c) no interference with the definition and placement of other panels.

3.3.2 Fasteners

Fasteners are metallic devices used to attach panels over the façade. These elements consist
of two parts: one fixed directly onto the façade (support bracket) and one installed on the
panel at the factory (panel’s bracket). At the level of the panels, fasteners are fixed on three
possible locations: along the bottom edge of the panel, along the top edge of the panel or



along the lateral edges of the panel. The position is determined with respect to panels’ size
and weight (e.g. if a panel’s height is bigger than its width then more stability is achieved
attaching the panel along the lateral edges). Ergo, defining in which of these edges panels
are attached, as well as the number of fasteners, is an output of the configuration.

4 Support system configuration tasks

The main configuration need of the industrial case is the configuration of insulating
envelopes, last step of Stage 3 of the renovation industrialization process, presented in
Section 3.1: envelope configuration. To achieve façades configuration, two prerequisite con-
figuration tasks must be performed: (1) the configuration of a questionnaire to be filled by
the user and (2) the configuration of a constraint satisfaction model for each façade to be
renovated. In this section we discuss these two prerequisite tasks. To do so, a description of
the user-system interaction is presented.

4.1 Configuration process (Stage 3)

Information about spatial entities is acquired by the support system by means of an input
file describing all geometrical and structural properties, and by means of a web-based ques-
tionnaire for each spatial entity in the input file. After questionnaire completion, the lower
bound and upper bound of panels’ size and weight are deduced. Also, given that several
instances of façades have to be solved once the questioning stage over, the systems creates a
constraint satisfaction model for each façade using the information in the input file and the
deduced limits for panels’ size and weight. Here, each constraint satisfaction model instance
is parameterized according to the façade information (e.g. environmental conditions) and
the particular deduced panels’ limits.

Let us consider the information flow from the user perspective, accompanied by relevant
GUI screen-shots.

Step 1:- The user uploads a file containing the geometry and structural specification of
spatial entities. This file comes from Stage 1 and Stage 2 of the renovation
industrialization process, presented in Section 3.1. Information is stored in a data
base.

Step 2:- The first service builds and presents a questionnaire to the user for each of the
spatial entities in the input file.

Step 3:- The user answers the questions as much as possible (leaving blanks for the
questions he cannot answer).

Step 4:- Using the information about spatial entities (database) and their manufactur-
ing/installation/environmental conditions (user answers), the system deduces
panels’ lower and upper bounds for width, height and weight for each façade
(parametrization of each CSP). The user has the possibility to overwrite these
bounds within the deduced limits.

Step 5:- The user invokes the second service for insulating envelopes configuration.

Manual. The user draws each panel one at a time on the client GUI. Each panel
is assured to be consistent with the problem requirements and CSP model by
sending its information to validate into the service.

Semi-automatic. The user draws some well defined panels and then invokes
the service to finish the configuration.



Fig. 6 Questionnaire: working site questions

Automatic. The user invokes the service to provide compliant insulating
envelopes respecting all stakeholders requirements.

4.2 Questionnaire configuration

Once the input file has been processed by the support system, it can proceed by configuring
a set of questions for each spatial entity in the file, Step 2 of the configuration process
presented in Section 4.1 and illustrated in Fig. 6. Then, after the user has completed the
questionnaires (end of Step 3), the system configures, i.e., deduces, the limits of panels’ size
and weight for each façade. The questionnaire inquires the following information.

Working site. This is the bigger spatial entity of the renovation.

1. Values provided by the user are:

– Is the working site in a windy region? {yes, no}
– When does the on-site work take place? {summer, fall, winter, spring}
– What is the cost target ? Euros.
– What is the performance target ? w.m−2.k−1

– Is there some obstacles ? {yes, no}
– How is the accessibility ? {easy, medium, hard}

2. Parameters deduced by the first filtering service which can be overwritten by the
user:

– Panels’ width (wws) and height (hws) lower bound.
– Panels’ width (wws) and height (hws) upper bound.
– Panels’ maximum weight (wews)

Block. A block is a set of buildings which are usually attached by a common wall.

1. Values provided by the user are:

– Is there some obstacles ? {yes, no}
– How is the accessibility ? {easy, medium, hard}

2. Parameters deduced by the first filtering service which can be overwritten by the
user:



– Panels’ width (wbl) and height (hbl) lower bound.
wbl ∈ [wws,wws] and hbl ∈ [hws, hws]

– Panels’ width (wbl) and height (hbl) upper bound.
wbl ∈ [wws,wws] and hbl ∈ [hws, hws]

– Panels’ maximum weight (webl)
webl ≤ wews

Building. A building is the spatial entity where apartments are arranged and is the host of
several façades.

1. Values provided by the user are:

– Is there some obstacles ? {yes, no}
– How is the accessibility ? {easy, medium, hard}

2. Parameters deduced by the first filtering service which can be overwritten by the
user:

– Panels’ width (wbg) and height (hbg) lower bound.

wbg ∈ [wbl, wbl] and hbg ∈ [hbl, hbl]
– Panels’ width (wbg) and height (hbg) upper bound.

wbg ∈ [wbl, wbl] and hbg ∈ [hbl, hbl]
– Panels’ maximum weight (webg)

webg ≤ webl

Façade. A façade is a composition of apartments along with frames.

1. Values provided by the user are:

– Is there some obstacles ? {yes, no}
– How is the accessibility ? {easy, medium, hard}

2. Parameters deduced by the first filtering service which can be overwritten by the
user:

– Panels’ width (wf c) and height (hf c) lower bound.

wf c ∈ [wbg,wbg] and hf c ∈ [hbg, hbg]
– Panels’ width (wf c) and height (hf c) upper bound.

wf c ∈ [wbg,wbg] and hf c ∈ [hbg, hbg]
– Panels’ maximum weight (wef c)

wef c ≤ webg

This information collection has two specific goals: (1) to provide details about renovation
aspects, such as the performance target, that are needed in the configuration process and (2)
to provide upper bound for panels’ size and weight for each level of spatial entities.

4.3 One Façade, one CSP-based configuration problem

One critical aspect of the support system is the ability to configure a constraint satisfaction
model for each façade to renovate. Each façade has (potentially) different size, number of
windows, supporting areas, etc. It is important from the point of view of the configuration
to assign valid values to panels, for instance, possible positions for panels must lie between



Fig. 7 Downwards consistency among entities

zero and the façade width and height. Simply put, each façade has its own configuration
parameters used in the constraint satisfaction model and in the envelope configuration pro-
cess. Also, each façade may have different accessibility conditions, obstacles or even user
preferences.

When configuring these CSP instances (Step 4 of the configuration process presented in
Section 4.1), it is important to conserve downwards consistency. Downwards consistency
refers to the fact that information on higher level of the spatial entities hierarchy is propa-
gated to the inferior levels, i.e., working site → blocks → buildings → façades, but it cannot
be propagated upwards. As an example consider only accessibility conditions, obstacles
presence and panels’ size limits, for the specification in Fig. 7.

Note that lower spatial entities on the hierarchy inherit values from upper levels. In Fig. 7,
for instance, façade 1 has an accessibility condition valuated to hard and thus the upper
bound for panels’ size is reduced to a given Z. This upper bound is not propagated upwards
to the building 1; it conserves its inherited value X. Consequently, façade P inherits the value
of X from the building 1 as no further reduction is needed for their panels’ configuration.
Naturally, it is the case that Z < X < U . Using this information a CSP is configured
for each façade to be renovated. Note that monotonic properties of constraint satisfaction
framework make transparent this configuration process.

4.4 Personalization and recommendation

In order to improve the configuration capabilities of the system, it is useful to allow the
personalization of the insulating envelopes. In this section we present the personalization
(preferences) set by the user, the features that are crucial for the configuration and the fea-
tures that may be excluded or completed by the system (our analysis is based on Falkner



Fig. 8 Questionnaire: overwriting of panels’ limits

et al. 2011). Although more work in this sense has to be carried out (discussed as future
work), this section provides a glance of how the configuration system may be promoted into
a recommender system.

4.4.1 User preferences

As indicated in Section 3.1, in Stage 3 of the renovation industrialization process, the user
has the possibility to overwrite panels’ limits within those deduced by the system, as pre-
sented in Fig. 8. For instance, the user can enforce panels to be square (pw = ph) in order
to give the façade a specific look. This first feature for personalization allows the user to
generate more solution diversity (defined as different solutions Schreiber 2010).

The second feature for personalization of the configuration depends on panels’ orienta-
tion. Panels’ orientation is only a relation between panels’ width pw and height ph, being
horizontally oriented when pw > ph and vertically oriented otherwise. This is an impor-
tant personalization feature as it will affect the aesthetics properties of the envelopes.2

Nonetheless, the preferred panels’ orientation may be not respected due to conflicts in the
(constraint) knowledge model; it is therefore considered as a soft-constraint. When the pre-
ferred orientation cannot be satisfied, the system recommends to the user the solutions
composed of the maximum number of panels in the preferred orientation; an application of
the nearer-is-better similarity function (Falkner et al. 2011). Choosing a minimum number
of panels to be vertical (respectively horizontal) is a personalization feature considered as
future work (Section 7).

4.4.2 Features ranking and exclusion

To simplify the process from the user viewpoint, we have selected a set of key features to
the configuration as well as the optional ones which can be left to the system. The idea
behind this ranking is to avoid overwhelming the final user with the process (Tiihonen and
Felfernig 2010). Two of the features are key for the configuration, meaning that they are the
most highly ranked (Falkner et al. 2011):

2Aesthetics property is not considered in the model or process as this kind of knowledge is hard to formalize
and ergo it is out of scope of the present article.



– Orientation: it is important to achieve a pleasant aesthetic envelope. If this feature is not
set, the system recommends envelopes configured using only one panel’s orientation.
Then, it tries to configure envelopes using only vertically or only horizontally oriented
panels.

– Panels’ size bounds: the limits for the panels’ size are mandatory and have to take into
account all the renovation industrialization process limitations. Forgetting one of them
(manufacturing, shipping or installing limitations) leads to envelopes configuration
which cannot be either manufactured, shipped or installed onto the façades.

At the other end of the spectrum are the optional features which can be left in blank or
be filled by the support system. In the renovation process, these features concern mainly
information that has an impact on the configuration:

– Working site in windy region and season of on-site work: default values are no wind in
the region and summer for on-site work which have no impact on panels’ limits.

– Target cost and target performance: ideally, the configuration should respect the target
cost and performance. However, if no targets are set, the system generates solutions
with minimal number of panels which entail minimum cost and maximum thermal
performance.

– Obstacles presence and accessibility conditions: these properties are inherited from the
working site information and propagated downwards. If no information is available,
default values are no obstacles and easy access which have no impact on panels’ limits.

– Fasteners location: the location of fasteners (bottom, lateral edges, top) is another pref-
erence (soft constraint). This is however bypassed by the system if the size of panels
demands it. For instance, the system recommends bottom fasteners for horizontal panels
and lateral fasteners for vertical ones.

5 Implementing configuration tasks

As commented before, different configuration tasks are assigned to different web-services.
The information inputted into the questionnaire is processed by the first service called
Filtering Service. Once the first service has processed the information, the user invokes
the second one to provide compliant envelope configurations. The second service is then
called Solving Service. The architecture of the on-line support system is presented in
Fig. 9.

In order to give a clear understanding on how the system works, let us describe its
input and output in a formal way. For each of the services the input is a tuple of the form
⟨SPEC,V,D(V), C(V )⟩ with |V | = |D(V)| and

– SPEC = ⟨WS,BK,BG,FAC⟩; WS variables describing the working site, BK
variables describing blocks, BG variables describing buildings and FAC variables
describing façades.

– V = ⟨P,FA⟩; P variables describing (from the manufacturing viewpoint) a single
panel and FA variables describing a single fastener.

– D(V) = ⟨D(P),D(FA), ⟩; domain for each one of the variables in V .
– C(V) a set of constraints over variables in V .

Information in SPEC describes only properties of the spatial entities such as the num-
ber of façades, sizes, positions, etc. Variables in V and D(V) are manufacturer dependent
and include the initial panels’ domains which depends on the manufacturing process.



Fig. 9 Service-based architecture for on-line configurator

Constraint in C(V) are extracted from the problem domain by stakeholders and, as shown
in Sections 5.1 and 5.2, these constraints are different in each service.

5.1 Customization with a questionnaire

In this section, details of the filtering service in charge of the questionnaire configuration is
introduced. The filtering service exploits the filtering engine CoFiADe whose implementa-
tion is based on compatibility tables, i.e., constraints expressed by enumerating all possible
valid compatibility of values (these kinds of constraints can also be found, for instance, in
the finite domain constraint module of SWI-PrologWielemaker et al. 2010; Triska 2012).

5.1.1 Mapping

The filtering service is in charge of removing values from elements in D(V) that are not
allowed by the established constraints. Here, constraints C(V) describe valid combina-
tion among different arguments in SPEC and variables in D(V). We denote this set of
constraints Cf (V) to distinguish them from the ones used in the solving service. These
constraints are formalized as compatibility tables (presented in next section). Formally, the
filtering is a mapping M from variables and domains to domains

M(SPEC,V,D(V), Cf (V)) → D′(V) (3)

The result D′(V) contains the new domain for panels and fasteners, where D′(V) ⊆
D(V).



As stated previously in Step 4 of the configuration process presented in Section 4.1, the
goal of initial filtering is to set domains for configurable components using spatial entities
information and constraints to do so. In our on-line support system we use the filtering
engine CoFiADe (Vareilles et al. 2012) to perform this filtering. Several reasons support
our choice. First, the system is already on-line, making it usable in no time. Second, it
is well conceived for supporting decision-making processes. And third, it uses efficient
compatibility tables for domain pruning; applying a given compatibility table is made in
constant time O(1).

5.1.2 Compatibility knowledge

Configurable components of the renovation are panels and fasteners to attach panels. Panels
are configurable by fixing their width, height, weight and position over the façade. Fasteners
are configurable by determining their number and setting their type {bottom, top, lateral}.

The following material describes the compatibility tables, presented in Table 1, which
state the allowed combinations between the user’s input values and configurable compo-
nents values.

C1 Relation between environmental conditions of spatial entities and panels’ size, where
WWu and WHu are upper-bounds for panels’ width and height, respectively, when
constrained by environmental conditions

C2 Relation season that on-site work will take place and panels’ size, where SWu and
SHu are upper-bounds for panels’ width and height, respectively, when constrained by
the season.

C3 Relation between obstacles in spatial entities and panels’ size, where OWu and OHu

are upper-bounds for panels’ width and height, respectively, when constrained by the
presence of obstacles.

Table 1 Compatibility tables on filtering service



C4 Relation between accessibility of spatial entities and panels’ size, where AWu1 and
AHu1 are upper-bounds for panels’ width and height, respectively, when constrained
by medium level accessibility conditions, and AWu2 and AHu2 are upper-bounds for
panels’ width and height, respectively, when constrained by hard level accessibility
conditions.

C5 Relation between renovation cost and panels’ insulation: it reflects the fact that the
thickness of the insulation depends on the user budget.

C6 Relation between desired performance and panels’ insulation: it shows the fact that
the thickness of the insulation depends on the desired final energetic performance.

C7 Relation between panels’ weight and fasteners positions.
C8 Relation between fasteners position and number of fasteners.

5.2 Customization with a constraint solver

As stated in Step 5 of the configuration process presented in Section 4.1, the solving service
configures a CSP given the façade specifications and uses deduced panels’ limits to set
panels in valid domains. Afterwards, the configuration of envelopes is executed thanks to
cutting and packing algorithms. The solving process exploits the constraint solver Choco
whose implementation is based on propagators, i.e., dedicated filtering algorithms (these
kinds of constraints can be found, for instance, in the constraint programming environments
Gecode (Schulte et al. 2010) and ECLiPSe (Schimpf and Shen 2012)).

5.2.1 Envelopes configuration

The second service in the support system is in charge of layout-plans configuration. The
system uses several algorithms to generate layout plans in an automatic, manual or semi-
manual way.

Now, while information of SPEC and V are the same as the filtering services, it is not
the case for domains and constraints. To differentiate them let us call the input domains
Ds(V) and the constraints Cs(V). Intuitively, variable domains Ds(V) are provided by the
mapping of the filtering service, i.e.,

M(SPEC,V,D(V),Cf (V)) = D′(V) = Ds(V) (4)

where D(V) is the initial domain for panels’ size and weight. Constraints in Cs(V) are stated
as first order formulas and express, not compatibility among elements but, requirements for
valid layout plans (see next section for a description of these constraints). All resolution
approaches implemented in the solving service respect all constraints of the model.

The output of the solving service is a set of layout-plan solutions, each one characterized
by a cost and energetic performance. Formally, this service is a function of the form

F(SPEC,V,Ds(V), Cs(V),H) = ⟨PX ,PY,PDX ,PDY,FX ,FY⟩ (5)

where PX and PY represent the origin of coordinates, PDX and PDY the width and
height, respectively, for each panel in the solution, and FX and FY represent the posi-
tion for each fastener. Additionally, the function is parameterized by an heuristic H stating
which algorithm is meant to be used. Available algorithms are greedy (Barco et al. 2014),
and global constraints with backtrack search (Barco et al. 2015a) using Choco solver
(Prud’homme and Fages 2013).



5.2.2 Envelopes knowledge

Let F denote the set of frames and S the set of supporting areas. Let oe.d and le.d denote
the origin and length, respectively, of a given entity e in the dimension d, with d ∈ [1, 2].
For instance, of r.1 denotes the origin in the horizontal axis and lf r.1 denotes the width of
frame f r . Additionally, lbd and ubd denote the length lower bound and length upper bound,
respectively, in dimension d for all panels.

Each panel is described by its origin point w.r.t. the façade origin and its size. Let us
assume that P is the set of panels composing the layout-plan solution. Then, each p ∈ P is
defined by ⟨o, l⟩ where

– op.d ∈ [0, of ac.d ] is the origin of panel p in dimension d.
– lp.d ∈ [lbp.d , ubp.d ] is the length of panel p in dimension d.

The following six constraints express the relations that must respect a layout solution.

(a) Manufacturing and transportation limitations constrain panels’ size with a give upper
bound ub in one or both dimensions.

∀p ∈ P lp.d ≤ ubd

(b) (diffN) For two given panels p and q there is at least one dimension where their
projections do not overlap.

∀p ∈ P, ∀q ∈ P, p ̸= q, ∃d ∈ [1, 2]|op.d ≥ oq.d + lq.d ∨ oq.d ≥ op.d + lp.d

(c) A given panel p must either be at the façade edge or ensure that enough space is left
to fix another panel.

∀p ∈ Pop.d + lp.d ≤ lf ac.d − lbk ∨ op.d + lp.d = lf ac.d

(d) Each frame over the façade must be completely overlapped by one and only one panel.
Additionally, frames borders and panels’ borders must be separated by a minimum
distance denoted by ∆.

∀f ∈ F, ∃p ∈ P |op.d + ∆ ≤ of.d ∧ of.d + lf.d ≤ op.d + lp.d + ∆

(e) The entire façade surface must be covered with panels.
∑

i∈P

∏

d∈[1,2]
(oi.2 + li.2) =

∏

d∈[1,2]
lf ac.d

(f) Panels’ corners must be matched with supporting areas in order to be properly
attached onto the façade.

∀p ∈ P, ∃s ∈ S|os.d ≤ op.d ∨ op.d + lp.d ≤ os.d + ls.d

6 Discussion

6.1 Underlying handling

The division of configuration tasks and its handling by different services is supported by the
underlying declarative model of constraint satisfaction. Indeed, the monotonic properties
of constraint-based systems make it possible to collect the requirements from the problem
domain, state them as constraint and map them into constraint-based implementations in a
simple intuitive way. Additionally, as industrial problems tend to evolve, the monotonicity



of constraint satisfaction allows the adaptation of the model to new needs by the addition or
deletion of constraints.

Now, note that the user’s answers to the questionnaire are sent to the first service which
replies with the panels’ size bounds for a particular façade. This means that the clients’
browser is the one capturing the panels’ bounds. Then, upon user’s request, the system
sends the façades specifications and particular panels’ bounds to the solving service which
replies with different envelopes solutions. Therefore, there is no need for any intermediary
procedures to map information from one service to the other; only values (answer to ques-
tions) are sent to the filtering service and only values (panels’ bounds) are returned from it
whereas only values (façade specification and panels’ bounds) are sent to the solving ser-
vice and only values (bill of material) are returned from it. After uploading a working site
specification (steps 1–2), the configuration process is launched and all the information rel-
evant to the working site is taken into account, as shown in Fig. 10. Then, the user has to
answer a set of questions about the working site, each of its blocks, buildings and facades in
order to limit the panels’ size and weight bounds. The facade layout synthesis can now start,
as illustrated on Fig. 11. The user has now the possibility either to draw her/him-self the
facade layout by placinf panels one by one or to ask the system for an automatic solution,
as shown in Fig. 12.

6.2 Advantages

Benefits for configuration tasks division into web-services are rather simple. On the one
hand we apply the well-known principle Divide and conquer. In our on-line system this prin-
ciple allows us to add or remove variables, domains and questions in the filtering service,
i.e., by means of adding or removing compatibility tables. In addition, as we use CoFiADe,
we may mix different variable representations as integer domains, continuous domains
and symbolic domains whereas in most constraint systems mixing variable domains is not
allowed or is not efficient enough. For instance, given the reduced number of constraints for
continuous domains in Choco , the representation has to be changed to integer domains.

On the other hand, as a benefit of tasks division, we improve performance by
avoiding the use of binary equalities and binary inequalities constraints whose computa-
tional time is O(n ∗ m), where n and m are the number of values in the domain of the
two variables involved in the constraint. Thus, at the moment of finding solutions, the

Fig. 10 Decision support system screen-shots (part 1)



Fig. 11 Decision support system screen-shots (part 2)



Fig. 12 Decision support system screen-shots (part 3)

underlying constraint solver, in our case Choco , propagates and applies search using only
those constraints defining a layout plan.

Regarding the performance, the two configuration tasks must be studied separately. As
commented before, applying a given compatibility table in the filtering service is made in
constant time. Thus, the time involved in the filtering service depends on the questionnaire
and on the number of spatial entities (buildings, façades and so on). On the solving service,
by contrast, the performance depends on the underlying solving provided by each algorith-
mic solution. Execution over façades with size 40 × 10 meters, 50 × 12 meters and 60 × 15
meters lasts between one and two seconds. The use of a dedicated heuristic that exploits the
problem structure allows to reach such good performance.

7 Conclusions

The reduction of energy consumption in buildings is recognized as an international key issue
for the coming years. As the construction of new energy efficient buildings is not enough to
face the demand, the renovation of existing ones is a real need. In addition, conception and
implementation of such renovation must be supported by intelligent systems if efficiency
and harmony are desired.

This work is part of a project that investigates the possibility of automated building
renovation based on rectangular panels and assisted by a support system. The aim of this
article has been to introduce a constraint-based decision support system for the mass cus-
tomization of insulating envelopes. The automation of the industrial process is motivated



by the number of buildings to renovate, the number of possible insulating envelopes con-
figuration and the complexity of such configuration. All limitations from the industrial
scenario, extracted by stakeholders, are integrated into an on-line support system able to
support architects decision-making. In summary, for the case of building thermal renovation
we have:

1. Described the renovation process and its impact on the configuration.
2. Described the dependency between the spatial entities of the renovation and its impact

over the configuration.
3. Described the configuration process from the user perspective, highlighting the relation

between the user’s answers and the configuration.
4. Clearly stated two configuration tasks needed by the configuration of envelopes and

solved by the support system.
5. Discussed the current personalization and recommendation features of the system

(panels’ bound and orientation).
6. Clearly formalized the input of the system as well as each of its services: one formalized

as compatibility tables whereas the other one as first order formulas.
7. Shown that consistency and integrity of solutions are straightforward modeled and

implemented thanks to the monotonic properties of constraint satisfaction problems.
8. Shown that the underlying coupling and communication methods are transparent for

the user.

Perspectives of this work are as follow. Firstly, the inclusion of information about trans-
portation companies, workforce companies and supporting machinery suppliers into the
support system. Doing so the user can select the specific company to be hired in the renova-
tion process so the impact of their service over the configuration can be further automated.
Secondly, the support system must be able to configure additional equipment over the insu-
lating envelopes. This equipment refers to the type of new frames (e.g., transparent, opaque,
polarized), the option to add window shutters and solar modules. These possibilities would
have an impact on the configuration, cost and performance of the envelopes. Thirdly, the
inclusion of aesthetic preferences on the configuration process. This is a difficult challenge
as the modeling of subjective criteria is complex in many models and in particular in the
constraint satisfaction framework but is necessary for the final result of the renovated build-
ings. Finally, a deeper analysis of the industrial cases may give us hints on how to cope with
personalization and include recommendation features, not considered in the present work.
For instance, a user can ask for solutions with a specific ratio of vertical and horizontal
panels in order to play with the aesthetics of the envelopes.
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