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Abstract
Clustering is widely used as a knowledge discovery method in scientific studies but 
is not often used in architectural research. This paper applies clustering to a dataset 
of 129 residential layouts, which were collected from contemporary architectural 
practices, to reveal underlying design patterns. To achieve this, this paper introduces 
a novel measure for the topological properties of layouts: ‘grating difference 
measure’. It was benchmarked against an alternative that measures geometrical 
properties and the advantages are explained. The grating difference measure 
indicates the extent of design differences, which is used in the clustering method to 
obtain the distance between datapoints. The results from clustering were grouped 
into design schematics and qualitatively assessed, showing a convincing separation 
of characteristics. The method demonstrated in this paper may be used to reveal 
topological patterns in datasets of existing designs for both academic and practical 
purposes.

Keywords  Grating representation · Topology · Mappings · Design analysis · 
Residential architecture · Algorithms

Introduction

Clustering is widely used as a knowledge discovery method, to organise objects in 
a dataset into groups, thereby revealing underlying patterns. In architectural design, 
this term was first referred to by Carter and Whitehead (1975) in the clustering 
of rooms according to their functional connections. Their research, however, was 
primarily concerned with the spatial clustering of architectural programmes. 
Recently, clustering has been used in the categorisation of architectural designs 
generated by algorithms. Rodrigues et  al. (2017) and Yousif and Yan (2019) 
addressed the problem of presenting large quantities of computer-generated layout 
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options to human users. They used geometry-based methods to measure similarities 
between layouts, then applied a clustering method to categorise the generated design 
options into groups, which made them easier to assess and apply. Deep learning 
techniques have also been used in architectural studies to cluster datapoints. For 
instance, algorithms to recognise architectural styles or authorship were trained 
with datasets that consisted of prelabelled photographs of buildings, demonstrating 
varying degrees of success (Obeso et al. 2017; Yoshimura et al. 2019). In Yoshimura 
et  al.’s research, an additional clustering step measured similarity between each 
architect’s work and identified clusters of architects whose works are stylistically 
similar. However, these methods are limited by the visual information that can be 
captured by a camera.

In contrast, this paper uses a clustering method to uncover topological patterns 
in layout designs. It gathers data from plan drawings collected from contemporary 
architectural practice and relies on a topological representation, grating, which is 
intrinsically linked to spatial organisation. Categorising designs in this way may 
be useful in both academic and practical settings. For example, researchers may be 
interested in the topological similarities and differences of designs that belong to 
a certain typology; using clustering to group similar designs may point to certain 
shared causes. In a professional setting, the idea of extracting patterns from designs 
produced in practice and reapplying them is similar to the idea advocated in 
Alexander et  al.’s A Pattern Language (Alexander et  al. 1977). An architect may 
want to compile a best practice design guide using existing designs, a format found 
in both professional publications (Levitt and McCafferty 2019) and architects’ 
offices. Clustering layouts systematically allows a designer to edit out repetitions of 
similar layouts, and to order and index such guides in a maximally coherent manner.

To achieve this aim, a novel grating difference measure has been developed. It 
allows for comparisons to be made between layouts via their gratings. This measure 
is benchmarked against a theoretical model based on a geometrical representation 
and is subsequently used in clustering 129 one-bedroom flat layouts. The outcome 
of this clustering is interpreted from an expert’s view, thereby demonstrating the 
extraction of patterns from existing designs for future applications.

A Brief History of Grating‑Based Methods

Grating is defined formally as a plane set of orthogonal grids bounded within a 
rectangular frame (Newman 1964). Such grids were applied in architectural research 
to describe rectilinear plans, the earliest examples of which can be found in research 
by Eastman (1970) and March (1972). Grating is a dimensionless layout, describing 
the topological relationships of its components without specifying their dimensions. 
During this period of research on grating, various schemes of representation 
were developed, including the original ‘grating’ (Eastman 1970), ‘polyominoes’ 
(Frew 1974) and ‘wall representation’ (Flemming 1978). Although later schemes 
adopted by different researchers may vary, it is possible to identify these grating-
based approaches by the central idea of separating topological relationships from 
dimensional information.
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From this early research on grating grew an interest in systematic studies of 
all possible grating layouts (Steadman 1983). ‘Rectangular arrangements’ are 
a subset of grating layouts, restricted to those that are composed of rectangles 
only. Researchers devised algorithms that can exhaustively generate all possible 
rectangular arrangements given a fixed number of rectangles (Earl 1977; Flemming 
1978; Bloch and Krishnamurti 1978). Many computer programmes followed, with 
the common goal of generating all possible rectangular arrangements, as each of the 
generated arrangements can then be dimensionally optimised according adjacency 
and size criteria. However, these efforts were limited by the combinatorial explosion 
in possible arrangements (Steadman 1983).

Concurrently, graph theory was applied to study small architectural plans (Levin 
1964) and graphs were introduced to represent spatial connectivity in plans. The 
link from plan graphs to rectangular arrangements was established by Grason with 
a view to automating design (Grason 1970). In Grason’s dual graph representation, 
a connectivity graph is embedded in a grating plan formed of predefined 
rectangular modules; adjacency requirements were first translated into a graph and 
subsequently used to exhaustively generate rectangular arrangements that meet those 
requirements.

Research into grating-based methods had a strong emphasis on design generation. 
Of these approaches, some created tree-like structures in which every rectangular 
arrangement is obtained by manipulating a simpler one (Earl 1977; Flemming 
1978). However, in such approaches each arrangement is treated as a discrete 
category and the inherent relationships between categories were not explored. In 
contrast, graph-based methods were applied to understanding spatial connectivity 
patterns in archaeological studies, and to reveal sociological and anthropological 
structures. Comparison methods for plans quickly developed using graphs (Ostwald 
2011). This was most notably so in Hillier and Hanson (1984), which heralded the 
well-known space-syntax approach. The divergence of research interests between 
grating-based and graph-based approaches is curious and points to a lost opportunity 
in grating-based approaches. The remainder of this paper explores this opportunity.

Comparing Layouts Using a Grating‑Based Representation

Polyomino‑Based Gratings

Polyominoes, introduced by Frew (1974), are formed by square cells joined together 
along their edges. The simplest polyomino is a square. Rectilinear plans may be 
represented using polyominoes as a grating-based layout (Steadman 1983). This 
method captures the dimensionless polyomino types (e.g. rectangular, L-shape, 
T-shape, etc.) of internal spaces as well as adjacency relationships. This paper 
adopts polyominoes from amongst other alternatives as the representation scheme. 
This is because it lends itself to the sampling method used in this paper, which will 
be explained in detail in a later section. Hereafter in this paper ‘gratings’ refers to 
‘polyomino-based gratings’.
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A grating that represents the topology of a layout can be easily derived from an 
existing design. For example, Fig. 1 shows a flat plan and the grating derived from 
it. It also shows the polyominoes that represent each room in isolation. These room 
polyominoes are grouped by type, in this case one rectangular and one L-shape. 
Although the number of cells in the room polyominoes do not hold any meaning 
in isolation, as they are dimensionless, the types do convey information about the 
topological shape of the rooms.

Gratings are always presented in such a way that the rows and columns of 
the cells are parallel to cartesian axes. It is worth noting that they do not contain 
information about the orientations in the ‘construction world’ (Mitchell 1990). 
Isometries obtained from rotating a grating are treated as identical to the original, 
as rotation does not affect the grating’s topological structure. To achieve a higher 
degree of generality, this paper also treats isometries obtained from reflecting a 
grating as identical to the original. It is possible, however, to choose to differentiate 
isometries when orientation and handedness are important goals. This can be done 
by adding referential instruments to relate the ‘design world’ to the ‘construction 
world’ (Mitchell 1990).

For computational purposes, dummy cells are used to ‘patch’ a non-rectangular 
grating into the shape of a rectangle, thereby ensuring that all columns have the 
same number of cells and all rows have the same number of cells. Figure 2 shows 
the grating in Fig. 1 as a patched rectangle with a dummy cell at the top right corner. 

Fig. 1   Plan layout of a residential flat (top left), the functional mapping (top right), the polyomino-based 
grating (middle right) derived from the layout and polyominos that represent the rooms (bottom right) 
arranged by type
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It also shows all its isometries obtained from rotation and reflection. Using the 
above representation scheme, the next paragraphs will introduce a novel method of 
comparing gratings.

Difference Measure for Polyomino‑Based Gratings

Grating research in the past focused primarily on generating new designs and 
much of the effort was dedicated to ensuring that the generative algorithms did not 
produce duplicates. This focus on new designs perhaps inhibited the realisation 
of the potential of grating for analysing existing layouts. Intuitively, one may 
consider two layouts as similar when their room adjacencies are similar. Such 
topological insight can be found in their gratings as well. To systematically analyse 
the topological similarities, or to the same effect differences, a grating difference 
measure is introduced. This measure lays the foundation for comparing layouts via 
their gratings.

A naïve method of measuring the difference between two gratings A and B 
might compare each cell of each row one at a time. If the cell in A is of a different 
function to the corresponding cell in B , it is added to a count of different cells: 

Fig. 2   A polyomino-based grating (top left), its patched rectangular version (top right), and the 
isometries obtained from reflection and rotations of the patched version (below)
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cdiff (A,B) . Patching gratings with empty cells to form rectangles ensures all rows 
are equal in length.

When all cells have been compared, cdiff (A,B) is divided by the total number of 
cells ctotal(A,B) to obtain a difference measure (represented as dN):

Of course, this naïve method does not consider the isometries of gratings. To 
compare A and B fully, one must consider each of these isometries. As shown in 
Fig. 2, each grating has four rotations—0 , �∕2 , � and 3�∕2rad clockwise—and a 
mirror inversion set—which also has four rotations. One only needs to compare 
A with all isometries of B using the naïve method to cover all possible outcomes 
of dN . If rotations of B are named Br,Brr,Brrr at �∕2 , � and 3�∕2rad clockwise 
respectively, and the mirror inversion of B named B′ , then the difference measure 
d(A,B) is defined as the minimum value of all dN:

A worked example is shown in Fig. 3.
However, the naïve method would not be applicable to A and B if they had 

different numbers of rows or columns because the cells in A would not neatly 
correspond to those in B . As gratings are used to encode existing designs, such a 
situation is likely to happen when comparing layouts via grating. Transformations 
are thus performed on the gratings so that they have the same number of rows and 
columns before being compared. The exact transformation method is explained in 
the following example.

Grating C in Fig. 4 has two rows and five columns. To shorten the expression, 
one may say that C has the shape 2 × 5 . Meanwhile, D has the shape 3 × 4 . Taking 
the largest numbers of rows and columns from both, one obtains the smallest 
common shape of these two gratings: 3 × 5 . A transformation can then be 
executed which will duplicate rows and/or columns of each layout to achieve this 
smallest common shape. Consequently, C needs to expand by one row and D by 
one column. This results in gratings which are expansions of the originals.

For C , there are two possible ways to reach shape 3 × 5 : the first is to duplicate 
row 1 and the second is to duplicate row 2. The expanded gratings obtained 
are named CD�x , x ∈ {1, 2} . Similarly, for D , one can obtain expanded gratings 
DC�y, y ∈ {1, 2, 3, 4} by duplicating each of the four columns. However, an 
arbitrary result would be produced if one chooses a specific pair of CD�x,DC�y to 
be compared. Instead, all CD�x and DC�y have the same shape, so one may compare 
all possible combinations of CD�x and DC�y directly using the naïve method. 
Then, from the set of 

{
dN

(
CD�x,DC�y

)}
 containing results of all comparisons, the 

minimum value is taken as the difference measure d�(C,D):

dN(A,B) =
cdiff (A,B)

ctotal(A,B)
.

d(A,B) = min

⎧
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Fig. 3   A naïve comparison of grating A (left) and grating B includes all grating B ’s isometries (middle) 
with each comparison result showing non-matching cells (right); the second row (highlighted) is the 
minimum value amongst all results
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The comparison of C and D is not yet complete as a full comparison will need to 
include all isometries; Fig. 4 only shows the gratings that are compared in order to 
obtain value d�(C,D) . In order to calculate d(C,D), one must compare all expanded 
layouts obtained from the grating pairs formed by C and each of the isometries of D . 
This can be written thusly:

The complete comparison details are omitted here for brevity. The final calculated 
result using the method described above is d(C,D) = 2

15
≈ 13.3%.

It should be noted that for C and D , duplicating a single row or column is 
enough to reach the smallest common shape. However, when multiple duplicated 

d�(C,D) = min
{
dN

(
CD�x,DC�y

)
, x ∈ {1, 2}, y ∈ {1, 2, 3, 4}

}
.

d(C,D) = min
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�
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Fig. 4   Gratings C (top left) and D (top right), and their expanded gratings (below)
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rows or columns are needed, the duplications can be of the same row or column. 
An example is shown in Fig. 5. If C had to be expanded into a shape 4 × 5 to be 
compared with a certain grating G that has the shape 4 × 4 , then there would have to 
be three expanded gratings: CG�x.

It might be concluded from the naïve comparison that the smaller the difference 
measure, the smaller the difference between two gratings. If the difference between 
two gratings M and N is formally defined as the percentage of cells whose functional 
label must be changed in order to transform M into N , then the naïve comparison, 
dN(M,N) =

cdiff (M,N)

ctotal(M,N)
 displays the case where M and N have the same shape. 

However, in the expanded case, one needs to examine the expanded gratings closely 
to explain how this measure remains consistent.

A concept of equivalent grating is offered here. An equivalent grating describes 
the same polyomino types and adjacency relations as its original. Take the example 
in Fig.  5. The expanded gratings CG�x have the same adjacencies between rooms 
as in C . Although the number of cells in the polyominoes has changed in the 
transformation, the types (e.g. rectangular, L-shape, etc.) have stayed the same. As 
grating is a dimensionless descriptor, the number of cells does not matter. Therefore, 
comparing any two gratings M and N can be done through comparing their 
equivalent gratings MN and NM which have the same shape. The minimum value is 
taken so that the difference is always the smallest transformation of M to N via the 
smallest shape of MN and NM , or vice versa. From this definition, one may conclude 
that for any two gratings, M and N , their difference measure is d(M,N) ∈ [0, 1] . The 
smaller the difference measure, the more similar two gratings are.

Grating Difference Measure in Relation to Layout Difference

The previous section provided a comprehensive algorithm to calculate the difference 
between any two gratings. This novel grating difference measure reflects topological 
differences between layouts, from which the gratings are derived. This section 

Fig. 5   Grating C (top) and its expanded gratings with two additional rows (below)
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extends the use of the method to reflect layout difference in a general sense. However, 
a grating is a dimensionless representation, it contains no dimensional information 
as to the width and height of each cell. Therefore, the difference measure disregards 
dimensional differences that exist in the original layouts. To understand how this 
lost information impacts on the proposed extension of its use, this section introduces 
a benchmark measure and compares the results obtained from these two measures. 
The following worked example introduces this benchmark measure.

As shown in Fig.  6, floor plans are used to derive gratings C and D that were 
analysed in the previous section. The relative locations of rooms are present in 
the gratings, e.g. the bathroom and bedroom are adjacent and located on one side, 
the living space is located on the other side, etc. The grating difference measure is 
also reflected in the difference in the polyomino types of the rooms, e.g. C has an 

Fig. 6   Gratings C and D (top), the functional mapping Ĉ and D̂ (middle), and the flat layouts C and D 
from which they derived (below)
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L-shaped kitchen-living-dining space whereas D has a rectangular one. The grating 
difference measure obtained is 13.3% , which reflects these differences. What this 
measure fails to capture is the proportional relationships and the overall scaling of 
the layout, both of which are determined by dimensional information. As uniform 
scaling can be determined by simple metrics, such as the overall area, it can be 
easily compensated for. But proportional relations cannot be determined by a single 
metric and therefore require further investigation. It is important to understand the 
effect of disregarding this information when comparing layouts by their gratings. To 
do so, another difference measure of the layouts can be introduced.

In this new measure, the ‘mapped layout difference’ dm , proportional relationships 
are retained and can be compared. It is derived directly from the functional mappings 
Ĉ and D̂ in Fig.  6. Put simply, to calculate dm

(
Ĉ, D̂

)
 is to measure the extent of 

changes one must make in order to transform Ĉ into D̂ . The first step is to scale Ĉ 
along horizontal and vertical axes to produce ĈD̂ , so that the overall rectangular 
bounding box C  of Ĉ will completely overlap with D  of D̂ . In this process 
uniform scaling will not be accounted for, as previously mentioned. However, when 
the original aspect ratios of bounding boxes are not the same, scaling will be non-
uniform along the two axes. To account for this non-uniform transformation, an 
aspect difference dm−aspect

(
C , D

)
 is defined as the angular difference between the 

diagonal vectors �����⃗C  and 
⇀

D  from the lower left vertex to upper right vertex of the 
bounding boxes:

When C  and D  have the same aspect ratio, dm−aspect
(
C , D

)
= 0 . The more 

different the aspect ratios are, the larger this measure will be. Furthermore, because 
the vectors are always in the first quadrant, one may conclude that 
dm−aspect

(
C , D

)
∈ [0, 1]):

Once D̂ is transformed into D̂Ĉ , which has the same overall rectangular bounding 
box of D̂ , the functional difference dm−func

(
�C, D̂Ĉ

)
 is calculated as the non-

overlapping functional area divided by the overall area of the bounding box. The 
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�
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�
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same procedures for comparing isometries as were used in calculating grating 
difference still apply here.

Because the transformation is proportional in both horizontal and vertical axes, 
one also obtains:

Finally, dm−func and dm−aspect are combined into a single function that calculate the 
overall mapped layout difference:

This comparison method is summarised in Fig. 7. From the above definition, one 
can also conclude that:

It is difficult to define what ‘ground truth’ is when considering differences in 
layout designs. As the consideration may vary under different circumstances, it is 
a fundamentally subjective matter whose criteria must be decided by the architects 
involved in each case. Previous research has used crowd-sourced expert opinion to 
establish a standard of layout difference for computer-generated designs (Rodrigues 
et al. 2017). A perceptual approach such as this is limited by sampling issues.

The mapped layout difference introduced previously offers an alternative 
benchmark based on a theoretical model. This model, of course, has its limitations. 
For example, the combination of dm−aspect and dm−func is non-trivial, as the weighting 
of each aspect of the difference is unknown. Despite its limitations, dm offers a 
base case, inclusive of dimensional information and available for grating difference 
measure d to be examined against. In the next section, such an examination is 
conducted using a dataset containing functionally similar flat layouts.

Applying Difference Measures in a Dataset of Residential Flats

The dataset has been collected partly from an industry partner and partly from 
British architectural publications. It contains 129 one-bedroom flat layouts produced 
by 16 architects’ offices. Each layout is sampled using a grid and manually labelled 
to obtain the functional mapping. This functional mapping grid is then used to 
derive gratings by eliminating repeating rows and columns. In data collection, the 
grid spacing was set at 600  mm, a dimension that is small enough to capture all 
functional zones in the layout. Figure  8 shows a summary of the data collection 
method. A small percentage of layouts is non-orthogonal. In these situations, the 
layouts were approximated to orthogonal layouts by eye.

Every possible layout pair is drawn from the database and compared using 
their derived functional mappings and gratings, giving difference values dm and d 

dm−func
(
ĈD̂, D̂

)
= dm−func

(
D̂Ĉ, Ĉ

)
.

dm
(
Ĉ, D̂

)
=

√
d2m−aspect

(
C , D

)
+ d2

m−func

(
ĈD̂, D̂

)
.

dm
(
Ĉ, D̂

)
= dm

(
D̂, Ĉ

)
.
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Fig. 7   Overview of the functional mapping comparison method: obtaining aspect difference (top) and 
obtaining functional difference (below)
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respectively. Figure 9 illustrates all 8256 pairwise comparisons on a scatter plot, which 
shows a clear correlation between dm and d . Of course, this correlation does not come 
as a surprise, as grating is derived from functional mapping and contains part of its 
information. The graph also shows a regression line, which is calculated using a linear 
model:

The square of the grating difference d2 is included in this regression model because 
the functional mapping difference dm , which includes the dimensional information, 
can increase in both horizontal and vertical axes. The strength of the correlation 
suggests that the grating difference measure can be used as a surrogate measure 
of layout difference. That is, grating difference reflects layout design difference. 
Because the grating difference measure can achieve a higher level of generality and 
drastically reduce calculation complexity by disregarding dimensional information, 
there is additional benefit of using it in some analytical tasks. However, the residual 
graph below the main graph shows a noticeable spread as d increases, pointing to 
heteroscedasticity in the data. This means that, although the correlation is significant 

dm = ad2 + bd + c.

Fig. 8   Summary of data collection method: flat layout overlaid with a grid (top left), functional mapping 
obtained from sampling using the grid (top right), procedure of deleting repeating rows and columns 
from the mapping (below left), and the grating obtained from the procedure (below right)
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between dm and d , predicting the value of dm given d using the linear model is likely 
to give inconsistent errors. One can attribute this heteroscedasticity to dimensional 
variations that are disregarded but correlate to grating difference in some ways.

It is worth pointing out that this research does not guarantee that the same method 
would yield valid results in any dataset, as the data gathering process used in this 
paper was not designed for that purpose. Instead, it offers an examination which 
demonstrates that the two difference measures introduced in this paper are coherent 
in the typology of one-bedroom flat layouts, even though their relations cannot be 
reduced to a simple linear model. It also implies that similar datasets which are 
gathered to study a certain typology may be able to utilise the clustering method, 
explained in the next section, for the same purpose.

Clustering Residential Layouts Using Grating

Based on the grating difference measure introduced and benchmarked in previous 
sections, clustering architectural layouts can be performed. Using a grating 
difference measure as a distance, a clustering experiment was performed on the 
dataset introduced in the previous section. A hierarchical clustering function 
implemented in a SciPy module in Python was used (Virtanen et  al. 2020). This 
method is called ‘Unweighted Pair Group Method with Averaging’, or the UPGMA 
algorithm (Sokal and Michener 1958). By establishing how similar two layouts are, 

Fig. 9   A scatter plot with an OLS regression line (top) and residual value analysis derived therefrom 
(below); the y-axis shows mapped layout difference and residual values, respectively; both x-axes show 
grating difference
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the algorithm joins layouts together into branches; branches are subsequently joined 
depending on their distances. The result is a dendrogram that links all the layouts 
in the dataset into a tree-like diagram. However, the dendrogram does not decide 
how many clusters there are in the dataset. A distance to ‘cut’ the dendrogram into 
clusters must be manually selected. Figure 10 shows the dendrogram produced from 
the clustering algorithm where the cutting line is set at 0.3, from which the clusters 
of layouts are obtained. 46 layouts are not joined with any other after the cut at 0.3, 
meaning they have not been assigned a cluster using the cutting line; these are linked 
with a grey line. The rest of the layouts are joined at least with one other layout.

Even though there are 129 flat layouts in the dataset, the combinatorial design 
possibilities for one-bedroom flats is vast and it is interesting that so many clusters 
emerge. Clear design similarities can be identified within the clusters with the 

Fig. 10   Dendrogram of clusters, cutting line and four clusters selected for analysis
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human eye and significant divergence is also seen between the clusters. Four main 
clusters—which each contain more than four layouts—are shown in Fig. 11a, b. For 
each cluster, the original plans are shown as thumbnails composed of functional 

Fig. 11   a Layout design clusters identified using the grating difference measure: diagrams summarising 
the design idea of each cluster (left) and clusters of flat layouts represented by thumbnails of functional 
mappings (right). b Layout design clusters identified using the grating difference measure: diagrams 
summarising the design idea of each cluster (left) and clusters of flat layouts represented by thumbnails 
of functional mappings (right) (continued)
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zones for the purposes of clarity. A separate diagram is offered as an expert’s 
interpretive summary of the design ideas presented by each cluster. The diagrams 
identify the relative locations of three important functional spaces: the living-
kitchen-dining space (LKD), bedroom and bathroom. The dotted outline shows 
variations in the shape of the footprints.

Fig. 11   (continued)
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•	 Cluster A identifies a type of one-bedroom design that has a mostly L-shaped 
footprint. The bathroom and the living-kitchen-dining space are located on two 
sides of the plan. The living space protrudes from the main part of the plan, 
while the bedroom opens to an inset balcony.

•	 Cluster B identifies a type of design where the entrance is placed at the farthest 
corner away from both the LKD and the bedroom. It is also characterised by the 
bathroom sharing a partition wall with the kitchen area.

•	 Cluster C identifies another type of mainly L-shaped footprints but where, unlike 
type A, the bedroom protrudes from the main part of the plan whilst the living 
room opens to an inset balcony. The bathroom and the LKD are located on 
opposite sides of the plan.

•	 Cluster D identifies a design in which LKD and the bedroom share a straight 
external wall, and the bathroom and LKD are located on opposite sides of the 
plan.

The result of this clustering demonstrates a notable robustness in the grating 
difference measure. The clusters are not influenced by the overall footprint, as 
the variations in each cluster demonstrate. Only one layout in the clusters shown 
contradicts the expert’s summary (this outlier layout in cluster D is highlighted 
with an asterisk and appears closer to cluster C). This error could be a side effect 
of the clustering algorithm. As each grating is assessed globally before assigning 
to a group, an expert may come to different conclusions when only the certain 
highlighted characteristics are assessed at a local level. In any case, the dendrogram 
does show a close link between clusters C and D. If the cutting line had been chosen 
at a lower point on the ‘tree’, clusters C and D would have been joined. Overall, 
clustering the layouts using the grating difference measure showed a convincing 
result that can be easily interpreted into design ideas.

Conclusion

While the dataset used in this paper is restricted to one architectural typology, the 
grating difference measure and clustering methods introduced are of direct relevance 
to architectural practice. Whereas traditionally, architects learn from instances of 
exemplary designs, the methods introduced here may be used to summarise generic 
patterns from a whole body of exemplary designs. Such patterns can be then 
critically assessed before being applied to future projects. This echoes Alexander 
et  al.’s (1977) idea that patterns in architecture arises as responses to reoccurring 
challenges arise in our environment, and that one should not be afraid to use these 
patterns. Conversely, as new challenges emerge, designers should not be afraid of 
developing new patterns.

Beyond this practical dimension, this paper furthers the understanding of 
grating representation by extending its use as an analytical tool, providing a 
helpful level of abstraction that compliments current methods. The flat layouts 
analysed belong to a typology that is highly homogenous in spatial connectivity. 
However, in such typologies a high level of diversity of design can still exist. 
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The structure of diverse ‘embeddings’ (Steadman 1983), which share almost 
identical connectivity graphs, would not have been revealed if graph-based 
methods were used; nor would visibility analysis, introduced as a supplement to 
graph-based methods (Turner et  al. 2001), offer much insight. This is because 
not all typologies are public spaces in which visibility plays an important role 
in wayfinding and social interaction. In contrast, grating as a topology-based 
representation has been proven to be highly effective.

This paper also showed that gratings are not discrete categories but are 
instead related to each other. This departs from previous grating-based analyses. 
For example, in a study of 74 small Cambridgeshire house plans, Dickens 
categorised plans according to their gratings and connectivity graphs, and 
statistically analysed the categories against historical periods (Dickens 1977). 
However, there has been no attempt to link the categories, even though some are 
conceptually more similar than others. In contrast, this paper’s introduction of a 
grating difference measure enabled linking between designs. In future studies, it 
may be used to reveal structures of topological similarities, which may suggest 
underlying practical, intellectual, societal or historical influences.

Clustering in this paper differs from that in precedents in two aspects. 
Firstly, as a knowledge discovery technique, it has demonstrated effectiveness 
in analysing real-world designs from multiple architects; this contrasts with 
alternative approaches, which were only demonstrated using highly homogenous 
computer-generated layouts produced by a single programme. Secondly, the 
introduction of a grating difference measure has addressed a key issue identified 
by Rodrigues et al. (2017), that geometry-based measures can only assess overall 
footprint shape without considering internal spatial organisation as well. It is 
also notable that gratings’ relations to each other are defined from an internal 
measure—the grating difference measure—rather than from an external metric, 
such as the Mean Depth or the Total Depth in space syntax theory. Therefore, the 
clustering result presented in this paper and the design patterns that emerged from 
it refer to a kind of relative structure, rather than a universal theoretical structure. 
The diversity of flat layout design is structured into generic schemes that may 
change depending on the dataset and the levels of generalisation. In the absence 
of a commonly accepted universal theory on design, building relative structures 
of design offers a pragmatic alternative.

Finally, apart from analytical tasks, the grating difference measure also points 
to future applications in machine learning. Although no direct comparison is 
made to current pixel-based model-free deep-learning research in architecture, 
grating as a coherent architectural formalism has the advantage of interpretability. 
The difference measure introduced in this paper serves as a complementary model 
to model-free approaches, which have certain theoretical limitations (Pearl 2018).
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