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Abstract: This paper presents an ongoing research to define the framework of a computational
design approach based on the idea of spatial analysis and spatial synthesis to implement multi-cri-
teria evaluations and provide evidence of the performance of the design alternatives in the specific
case of home adaptation for healthcare at home. The European health systems place among the pri-
ority objectives the strengthening of the provision of healthcare at home to guarantee the aging in
place of elderly people and to limit, at the same time, the unnecessary use of resources. Therefore,
existing homes must provide adequate safety, comfort, and accessibility features to ensure a high
quality of life for the care receivers and facilitate the caregivers' tasks. To address the complexity of
the requirements to be met, we propose a spatial decision support system (SDSS) to implement
multi-criteria assessments to ergonomic design problems at a spatial scale of apartment homes. The
system is intended to streamline and assist designers and homeowners in planning interventions for
home adaptations for healthcare. Such design problems can be formulated as decision problems
with costs and benefits modeled within constraints of validity and quality criteria/objectives. Con-
cerning the specific field of study, the system evaluates the degree of compliance with the accessi-
bility and visibility quality criteria of each design alternative. The reiteration of the evaluation mech-
anism allows for the classification and supports the selection of satisfactory technical solutions iden-
tified with an in-formed and well-balanced trade-off between the relevant quality criteria.

Keywords: healthcare at home; home adaptation; human-centered design; evidence-based design;
multi-criteria decision-making.

1. Introduction

This paper describes the intermediate results of an ongoing research that intends to
contribute to the strategies for the adaptation of the built environment in response to the
new health needs of the elderly population (according to the 11th Sustainable Development
Goal SDG11 of UN 2030 Agenda for Sustainable Development and aligned with the United
Nations Decade of Healthy Ageing 2021-2030). Observing the demographic trends ex-
pected for the next decades, in 2050 the percentage of people over 65 will reach 24.4% of
the European population (Eurostat, 2020). This will also lead to an increase in the demand
for long-term care for the treatment of chronic diseases, which mainly affect the older
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population. Since, as we age, we are generally witnessing a reduction in autonomy and
mobility, there are many European health systems that, according to the 18th Pillar of Eu-
ropean Pillars of Social Rights, promote the strengthening of home care services within
the territorial care network (European Union, 2017). This is encouraging, in many coun-
tries, the development of new housing models for assisted living, and, at the same time,
the implementation of adaptation strategies to make existing homes more accessible, safe,
and suitable for the aging in place of inhabitants, to save resources and land consumption.
The introduction of nursing activities (personal care, medication, etc.), rehabilitation, and
assistance in daily life tasks (toileting, dressing, feeding, etc.) requires the home environ-
ment to meet several requirements through an adequate configuration and physical char-
acterization of the architectural components (Ferrante & Cellucci, 2021). Adapting hous-
ing to accommodate care at home means simultaneously considering multiple technical,
economic, psychological, etc. aspects, which often make it challenging to identify a unique
solution. This multi-dimensional complexity (Azadi & Nourian, 2021) makes it necessary
to apply tools and methods to implement multi-criteria assessments from the early-stage
design to support the technical choices of intervention in response to the specific needs of
all involved users.

The generative formulation of the project can be considered a chain of discrete
choices that can be supported and informed by evaluation procedures utilizing computa-
tional simulations and analyses. Starting from the definition of a spatial model, it is pos-
sible to associate a home renovation plan with a layout problem where the goal is to find
the configuration (in terms of spaces, objects, and architectural elements) that meet sev-
eral predetermined quality criteria. As shown in Figure 1, domestic indoor space can be
abstracted as a coherent overlay of a geometrical model and a topological model. The ge-
ometrical model represents spaces, furniture, and architectural components in terms of
their boundary shapes; the topological model describes their relation in a multi-layered
graph where elements are nodes and edges express their functional or physical connec-
tions.
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Figure 1. Scheme of the spatial data model.

In compliance with what has been mentioned, the research aims to define a spatial
decision support system (SDSS) capable of analyzing the ergonomic characteristics at a
spatial scale of a given configuration of spaces and objects represented by a spatial data
model containing topological and geometrical information. In the following sessions, we
describe the definition of several analyses to establish a multicriteria evaluation mecha-
nism to support selecting technical intervention choices in the specific field of adaptation
of housing for home care.

2. Theories and Methods

As a preliminary step, following a human-centered design approach, we have identi-
fied and categorized into a set of requirements that the domestic space must guarantee to
be supportive and therapeutic for the care receiver and facilitate the caregivers' tasks. This
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phase has been conducted through direct observation, semi-structured interviews with
caregivers, and based on a study of literature sources such as Wright et al. (2017) and Pi-
atkowski et al. (2019). To reduce the field of investigation, we considered the case of high-
intensity home care for totally dependent people. Although the extreme variability of spe-
cific cases (due to each individual's particular functional and pathological state) makes it
impossible (and not so valuable) to establish the prioritized spatial requirements for all
exhaustively, some recurring aspects can be observed. In particular, some layout features
such as the proximity of the assisted room to a toilet or storage area of medicines are valid
for most cases. In addition, some features of physical accessibility of the spaces are neces-
sary to allow the performance of all the activities of care and assisted walking within the
living space. Finally, some visibility features are also fundamental, such as the daylight
availability that helps the correct alternation of sleeping and waking cycles, and visual ac-
cess to preferential views that psychologically support the care receiver to bear the symp-
toms (Ulrich, 1984).

In our approach, the selected requirements represent the quality criteria to be pur-
sued with the home adaptation project. As shown in Table 1, they were divided into three
macro-categories: layout proximity (spaces closeness), accessibility, and visibility criteria.

Table 2. Summary of quality criteria

Quality criteria

‘@ Criterion 1.a: The storage area for equipment and medicines must be close to the care-receiver’s bed-

room.

Layout
(closeness

Criterion 1.b: The care-receiver’s bedroom must be close to a toilet.

Criterion 2.a: The width of passages should never be less than 80 cm, or 120 in the case of assisted walk-
ing.

Criterion 2.b: There must be a free space with a diameter of 150 cm in the care-receiver’s bedroom and
bathroom.

Criterion 2.c: It must be possible to approach the care-receiver's bed on three sides, ensuring a 120 cm
wide band on at least one long side.

Criterion 3.a: A daylight factor greater than 3% (or at least 2%) must be guaranteed in the care-receiver's
bedroom.

Criterion 3.b: The care-receiver must be able to see out the window from the bed.

Visibility  Accessibility

Then, the key features of an ideal SDSS for our purpose have been defined as follows:

1) The tool has to verify the respondence of a given spatial configuration model to the
set of quality criteria. Therefore, each criterion needs to be formally defined as an aggre-
gation of the results of a spatial analysis. To this end, a series of spatial quality functions
need to be defined to measure the degree of satisfaction of the requirement set.

2) The evaluation mechanism has to consider the logistical and functional constraints
of existing housing that influence the convenience of the intervention alternatives. Since
the subject of the study concerns the adaptation of existing dwellings, these factors involve
some characteristics that must remain unchanged (i.e., the perimeter of the floor plan, the
windows' location, the main entrance location, the drains' location, etc.) and others that,
although modifiable, represent a burden for the owners (i.e., walls rebuilding, floors ren-
ovation, etc.).

3) The tool has to be designer-friendly to make the decision-making process partici-
patory and customizable according to user preferences. Therefore, the evaluation mecha-
nism should be transparent and flexible in defining different priorities for each quality
criterion (which can be established on a case-by-case basis) and allow real-time interac-
tion with the design team.

According to these required features, we explored some computer-aided tools appli-
cable in the residential environment by studying recent systematic reviews such as
(Nisztuk & Myszkowski, 2018) (Zhang et al., 2019). This phase led to the identification of
previous approaches mainly based on two research areas that have deepened the potential
of Computational Design to solve "spatial allocation problems" experienced for video
games and applicable to housing architectural design. The first area concerns the "archi-
tectural floorplan optimization" (Merrell et al., 2010) (Veloso et al., 2018) (Keshavarzi et
al., 2021), while the second relates to "automated furniture arrangement” (Merrell et al.,
2011) (Yeh et al., 2012) (Yu et al., 2011) (Kan & Kaufmann, 2017).
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Many of the observed techniques adopt the approach proposed by Merrell et al. (2011)
in which ergonomic and functional requirements derived from design guidelines are mod-
eled as terms of a cost function associated with a configuration of spaces and furnishings.
Each term of the function is multiplied by a factor that defines its priority concerning the
whole set of considered criteria. However, existing tools are aimed primarily to design new
buildings within a predefined perimeter and with known context conditions (Sénmez,
2018). To date, according to the authors' knowledge, none of the available tools can sup-
port the decision-making process in the case of the renovation of existing housing to max-
imize accessibility and visual comfort features. This specific field of study presents partic-
ular complexities, due not to the size in terms of the extent of the intervention to be carried
out, but to the heterogeneity of the ergonomic, functional, and technical requirements to
meet and the specificity of the contextual constraints (structural, plant, economic, etc.) to
comply (National Research Council, 2011) together with the subjective preferences of us-
ers for the customization of their living space.

Therefore, a literature search has been undertaken focusing on specific computer-
aided methods based on the three main categories of defined quality criteria. The goal was
to identify the most appropriate techniques for modeling the quality criteria functions and
allowing an objective measurement of the performance provided by a given spatial config-
uration. The following subsections report the identified methods and techniques, particu-
larly those considered most promising for future implementation.

2.1 Layout (closeness) criteria

Criterion 1.a: The storage area for equipment and medicines must be close to the
patient’s bedroom.
Criterion 1.b: The patient’s bedroom must be close to a toilet.

Both criteria are associated with the shortest path problem between two points on a grid
generated by floorplan discretization. For our proposal, the most promising methods seem
to be the Dijkstra algorithm and its extension A*Algorithm, which have been used in many
previous applications (Goldstein et al., 2020) (Goel et al., 2017) and whose popularity has
been largely documented (Abd Algfoor et al., 2015) (Madkour et al., 2017) (Kumawat et
al., 2021). In the illustrative diagram in Figure 2, the necessary input data has been iso-
lated. The system overlays the spaces with a regular grid. Then, the shortest paths between
the relevant points are calculated in terms of the minimum number of touched nodes on
the network formed by the grid cells.
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Figure 2. Example of the calculation of the shortest paths between relevant points on a grid.

2.2 Accessibility Criteria

Criterion 2.a: The width of passages should never be less than 80 cm, or 120 in the
case of assisted walking.

Except as described for criteria 1.a and 1.b, the paths taken in the domestic space
during the care activities are too vague to establish for all the care activities the points of
departure and arrival. Moreover, the distance between the objects is not sufficient to de-
scribe the actual reachability for those who, for example, is in a wheelchair. For these rea-
sons, we preferred to evaluate other aspects relating to the accessibility characteristics of
the spaces, such as the maximum walkable surface within the spaces most involved in the
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care activities. Referring to studies proposed in the simulation of the flow of people along
navigation paths, (van Toll et al., 2018) (Ghosh et al., 2020) (Naderpour et al., 2019), we
chose to model free space with skeletonization techniques that capture the topological
skeleton of a bounded space through medial axis transformation technique (Lee, 1982).
All the feasible navigation paths are identified by searching for the topological skeleton (or
medial axis) of the mesh formed by the inner perimeter of the housing to which obstacles
(such as walls or furniture) are subtracted. Since the topological skeleton is the locus of
the centers of the circles inscribed within a given polygon, it is possible to select only the
circles with a diameter greater than 80 cm (or 120 cm) to calculate the walkable surface as
the union of the regions formed by all selected circles. (see Figure 3 (a)).

Criterion 2.b: Presence in the bedroom and in the bathroom of a free area with a
diameter of 150 cm.

In a similar way to what was done for criterion 2.a, we can calculate the area of the
region formed by the union of the circles inscribed inside the selected spaces with a diam-
eter greater than 150 ¢cm (see Figure 2 (b)).

Criterion 2.c: Possibility to approach on three sides of the bed, ensuring a band of
width 120 cm on at least one long side.
In this case a quality parameter is given by the free area near the bed, defined by the

120cm offset of the ground projection of the bed, minus the projection of the obstacles on
the ground, as shown in Figure 3 (c).
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Figure 3. (a): Calculation of the area formed by the union of the circles with a diameter greater
than 80 cm inscribed within the portion of the surface free from obstacles. (b): Calculation of the
area formed by the union of the circles with a diameter greater than 150 cm inscribed within the
portion of the surface of the bedroom free from obstacles. (c): Calculation of the area resulting
from the difference between the surface around the bed (within a perimeter of 120cm offset from
it), minus the area on the ground of the obstacles.

2.3 Visibility Criteria

Criterion 3.a: Ensure a daylight factor greater than 3% (or at least 2%) within the
care receiver's room.
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The percentage of daylight factor is calculated by adding to the model input data the
geographical location of the project, the height of the patient's bedroom, the position, the
size of the openings, the type of glass, and the chromatic characteristics of the internal
cladding surfaces. The calculation is performed through available open-source tools.

Criterion 3.b: Guarantee the possibility for the care receiver to view out of the win-
dow from the bed.

To measure the performance against this requirement, we referenced an analysis of
the isovists property defined as the area (or volume) of space visible from a given point in
space (Benedikt, 1979). These represent a measurement of a spatial quality also taken from
the Space Syntax methodology (Hillier & Hanson, 1984) for the objective measure of the
visibility among each observation points. According to this methodology, several studies
have proposed tools for configurational analyses (including the isovists analysis) imple-
mented within VLP applications for CAD environments. In this case, the parameter that
describes the response to the quality criterion is the angle of the horizontal view that en-
closes the visual rays that intersect the window. A more sophisticated analysis could be
implemented through better structured open-source tools to verify compliance with day-
light availability requirements and "view out" quality, such as the one proposed by Brem-
billa et al. (2021).

(a)
: vy
9k
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Figure 4.(a): 2D Isovists analysis; (b) Daylight factor calculation.

2.4 Minimum Intervention Criteria

In the previous sessions, some possible ways to define the quality criteria functions
to assign a score to a given spatial configuration have been identified. Based on the analy-
sis results, the design team could hypothesize “n” alternative configurations to increase
the score. However, in the case of home modification, the decision-making process could
be heavily influenced by the cost and impact of the transformations on the building com-
ponents required to achieve the desired configuration. For this reason, the tool should be
able to compare the alternative configurations with respect to a starting one (assumed as
the existing state of the housing) and penalize the design alternatives that involve the
greatest intervention burden. Therefore, we consider the building transformations a
fourth quality criteria category that design alternatives should meet.

Criterion 4.1 Minimizing demolition

Criterion 4.2 Minimizing new construction

Criterion 4.3 Minimizing the refurbishment of flooring

Criterion 4.4 Minimizing the distance of bathroom fixtures from pre-existing drains

For that purpose, the system could calculate the demolished and new walls length
and the area of new paving needed, as well as the Euclidean distance between the old and
the new position of the bathroom fixtures.

3. Results

Based on the described methods and techniques tested in other fields of application,
the flowchart for the framework of a new spatial decision support system (SDSS) specific
to implement multi-criteria assessments of the different design alternatives in the case of
domestic adaptation for home care is illustrated in Figure 5. The system is designed to
measures the correspondence of a housing spatial model to a set of predefined quality cri-
teria that refer to requirements of proximity between specific spaces, accessibility, and
visibility. Each criterion is represented by a success indicator which give an objective
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measurement of the model’s performance, as summarized in Table 2. The weighted sum
of the success indicators define a function that establishes a score associated with a specific
configuration of spaces, objects and architectural components.

The system workflow includes the following steps:
e  Input and weights acquisition:

The designer defines the spatial model of the housing to analyze. This model shall
contain inputs necessary for the system to process the automated analyses. By assigning a
variable multiplier factor, the designer can decide the "weight" of the different criteria re-
garding the entire set.

e  First assessment and starting score:

Based on the inputs and weights entered, the system calculates the scoring function
and shows the overall and partial results for each criterion. The result of each measure-
ment will be normalized to a range between zero and one, according to high or low perfor-
mance. The weighted sum of the results of the functions will determine the score associ-
ated with a specific spatial configuration.

e  Implementation of n design alternatives:

The design alternatives are manually implemented by the designer.
e  Evaluation and classification of n design alternatives:

All alternative configurations are compared with the starting one (assumed as an ex-
isting state). The system re-evaluates the scoring function. This time, the system also eval-
uates the fourth category of minimum intervention criteria. The reiteration of the evalua-
tion mechanism provides a dynamic response to the variation of the assumed configura-
tion and facilitates the classification of design alternatives.

output:
. display of results

spatial data model / . evaluation of scoring .
(starting configuration) / : function :

designer with final users . tool contribution

« layout - closeness

Step 1 -+ accessibility
. « visibility
weight of each quality
criterion : :
spatial data model . evaluation of scoring .
./ (alternative configuration) : function
Step 2 . .
(for n : .
times) « layout - closeness

« accessibility
« Visibility
+ + minimum intervention

! interpretation of i
1 theresults !

Figure 5. Workflow of the proposed SSDS for home modification designs.

Table 2. Summary of quality criteria and success indicators.

Quality criteria Success indicators

Criterion 1.a: The storage area for equipment and
medicines must be close to the care-receiver’s
bedroom.

Length of shortest path between bed and stor-
age area.

Criterion 1.b: The care-receiver’s bedroom must

be close to a toilet. Length of shortest path between bed and toilet.

Layout
(closeness)

Criterion 2.a: The width of passages should never
*zbe less than 80 cm, or 120 in the case of assisted Walkable floor area.
walking.

c-
ces-
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Criterion 2.b: There must be a free space with a

diameter of 150 cm in the care-receiver’s bedroom

and bathroom.

Criterion 2.c: It must be possible to approach the

Area of inscribed disc with a diameter greater
than 150cm within free area of the room.

care-receiver's bed on three sides, ensuring a 120 Free area around the bed.

cm wide band on at least one long side.
Criterion 3.a: A daylight factor greater than 3%

.E’ (or at least 2%) must be guaranteed in the care- Percentage of daylight factor.
E receiver's bedroom.
z Criterion 3.b: The care-receiver must be ableto  Angle of the horizontal view that intersect the
- see out the window from the bed. window.
“ Criterion 4.1 Minimizing demolition Length of demolished partitions.
ES
E % Criterion 4.2 Minimizing new construction Length of new built partitions.
)
oy . . . .. .
g E Crlte}‘lon 4.3 Minimizing the refurbishment of Area of new flooring.
=z flooring
= Criterion 4.4 Minimizing the distance of bath- Euclidean distance between the old and the new

room fixtures from pre-existing drains bathroom fixtures location

4. Discussion

The proposed framework aims to provide designers with a new SSDS to support the
home adaptation project for healthcare at home. It is meant to be compatible with the
most used software for architectural design and able to base the decision-making process
on clear performance specifications to increase the effectiveness and quality of interven-
tions. Moreover, it attempts to offer a possible solution to bridge a gap in the available
CAD tools by assessing the building transformations impact (by modeling them as penalty
terms of the scoring function).

We believe that the complexity of constraints in home modifications makes it less
advantageous to let artificial intelligence propose feasible solutions. To maximize the ef-
fectiveness of human-computer interaction, we opt for a mechanism able to provide real-
time feedback on the compliance of the design choices manually implemented by the de-
signer. This quick response based on objective spatial analysis of a spatial model makes
the workflow more interactive and participatory, and supports selecting satisfactory tech-
nical solutions identified by an informed and balanced compromise between the relevant
quality criteria. The assessment mechanism's open structure allows a flexible and custom-
izable use according to the specificities of the individual cases. Moreover, its transparency
increases the ease of control of expected performance.

One of the limits identified is that, to date, we have been able to consider only a min-
imum number of requirements that do not constitute a faithful representation of the char-
acteristics that the home must possess in order to be suitable for home healthcare. At pre-
sent, the framework does not consider the characteristics of the technical elements (i.e.,
finishing materials, shading devices, windows' performances, etc.). However, since they
are not neutral qualitative factors, the subsequent developments will concern their mod-
eling by converting the expected performance in scores added to the criteria already de-
fined for the scoring function. This aims to increase the accuracy of the analyses and, con-
sequently, the evaluations carried out by the design team.

Some potential of our approach is that although it is proposed for a specific design
sector, the SDSS could be applied in similar contexts: renovations or new buildings for
assisted living, or other contexts in which it is necessary to maximize the project’s compli-
ance with ergonomic requirements in an inclusive, and for all way (Villani, 2013). Finally,
the objective measurement of the adaptability of pre-existing housing could orient the real
estate market by increasing the resources allocated to adapt the housing stock in an age-
friendly and care-friendly perspective.

5. Conclusions

Due to social and demographic trends, the demand for housing adaptation to enhance
the accessibility, safety, and comfort of spaces to allow home care will increase. This design
area will substantially impact the construction sector, and its multidimensional complex-
ity will require a more transparent and participatory decision-making process. Although
there are numerous tools derived from computerized design approaches that implement
multi-criteria evaluation techniques in the literature, there is still no one that can support
the selection of technical choices useful for the adaptation of housing for frail people. To
bridge this gap, the paper illustrates the structure of a spatial decision support system
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(SDSS) to implement multi-criteria analysis to support decision-making and project de-
sign in the specific field of home modification for healthcare at home. The tool is based on
modeling quality criteria in computable functions that define a scoring function that
measures the project’s compliance with the desired quality objectives, considering the im-
pact of the necessary transformations. The ultimate goal is to improve the quality of do-
mestic adaptation interventions by structuring a repeatable and flexible process, support-
ing technical choices, and allowing stakeholders to make informed and evidence-based
decisions.

Together with the actual implementation of the framework outlined, the limitations
highlighted in the discussion section will be the starting point for pursuing the next re-
search trajectories.
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