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Abstract The famous modernist architect Richard Neutra argued that movement through,
and understanding of a building could be choreographed by controlling the visual stimuli that
is available to a person. These claims are tested by quantifying the lines of sight and intelligi-
bility of five of Neutra’s residential designs. A computational method, weighted axial line anal-
ysis, is used to investigate lines of sight and movement in five of Neutra’s house designs. The
cumulative lengths of axial lines required to reach public and private spaces are compared,
and centrality measures are calculated for each design that are weighted with line length
data. Intelligibility metrics are calculated from these centrality measures. The first hypothe-
sis, that visual stimuli in Neutra’s architecture is greater when accessing public rather than pri-
vate spaces is supported by the results. The second hypothesis, that Neutra’s architecture is
highly intelligible, is not supported by the results. This research tests two theories used to
explain the works of a famous architect and it develops a new variation of well-known Space
Syntax technique, to account for axial line lengths.
ª 2022 Higher Education Press Limited Company. Publishing services by Elsevier B.V. on behalf
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Richard Neutra (1892e1970) was an Austrian born, Amer-
ican architect, who spent much of his career working in
sw.edu.au (M.J. Dawes).
f Southeast University.
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California. Today his residential designs are regarded as
amongst the most iconic examples of mid-century
modernist architecture ever produced, however they owe
more to Neutra’s theories of ‘Biorealism’ than to the
functionalist ideology of European Modernism. Neutra
believed that spatio-phenomenological stimuli would elicit
a physiological response from the body, in a causal rela-
tionship that could be used to choreograph a person’s
services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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behaviour in a building. Specifically, Neutra claimed that
long sight lines would encourage movement into and
through a design, and that these long sight lines and
movement paths would provide occupants and visitors with
an efficient understanding of the configuration of a design.

As core components of Neutra’s theory, these two argu-
ments about vision, which leads to movement and under-
standing, tend to be repeated rather than tested
(Lamprecht, 2000). The only exception is a recent mathe-
matical investigation of five of Neutra’s houses using axial
line analysis e an accepted Space Syntax technique using
graph mathematics to measure predicted social, phenom-
enal and cognitive properties of spaces (Ostwald and Dawes,
2018). While that research found some evidence to support
the significance of sight lines, it provided only partial sup-
port for the notion that Neutra’s designs were highly intel-
ligible. The problem with conventional space syntax
techniques is that all lines are treated as equally important,
or equally accessible, regardless of their length and lack the
nuance to account for a core part of Neutra’s theory, the
importance of long lines of sight and movement.

In response to this limitation, this paper adopts the cen-
tralitymeasures of graph theory to account for line lengths in
a new variation of the axial line analysis method. Two hy-
potheses are tested using this new method. The first exam-
ines whether movement to public spaces provides greater
levels of visual stimuli than to private spaces. The second
examines whether Neutra’s designs possess high levels of
intelligibility. The results of this analysis support the first
hypothesis, but not the second. Through this process the
paper presents a new evaluation of Neutra’s famous concept
of ‘visual-excitation’ and a new method for this type of
computational analysis where spatial distance is significant.
This paper commenceswith abackground toNeutra’s theory,
before describing the methodological application and
formulating two hypotheses for testing. The new methodo-
logical variation is then described in detail, before the re-
sults of the study are reported and discussed.

2. Neutra and Biorealism

Richard Neutra’s architecture is often cited among the
canonical works of Modernism, expressing a functionalist
zeitgeist through the use of new materials and technologies
(Boesiger, 1964; Hines, 2009; Sack, 1992). These similarities
are, however, largely superficial because the basis of
Neutra’s architecture is found in his idiosyncratic theory of
human-environment interaction, which he called Bio-
realism (Lamprecht, 2000; Lavin, 2004). As outlined in his
book Life and Human Habitat (Neutra, 1956), the primary
objectives of Neutra’s theory are threefold; (i) enabling the
human body to reconnect with nature, (ii) eliminating
chaotic environments serving as mental distractions, and
(iii) supporting the body’s sensory needs. Neutra’s training
at Vienna’s Technische Hochschule, coupled with his time in
an Austrian architecture culture dominated by Adolph Loos
and Otto Wagner, contributed to the development of this
theory. However, Neutra identifies the single greatest
source of his design philosophy as the work of the experi-
mental psychologist Wilhelm Max Wundt (Lamprecht, 2000;
Marlin, 1989).
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Wundt’s nineteenth century research uncovered a series
of relationships between human perception and reaction
including the finding that “the reflex to the muscles that
move the eyeball is connected. with the contraction of
the corresponding muscles for the movement of the head”
(Wundt, 1897, p. 294) p.294. Neutra’s fascination with this
discovery led to his claim that “we ‘see not merely to see’
but see in order to act upon vision” (Neutra, 1956) p.13,
and his belief that visual stimuli activates “a person’s lo-
comotor urges” (Neutra, 1956) p.14. Thus, Neutra believed
that by controlling visual stimuli the architect could
choreograph the physiological responses of an inhabitant,
including the way they move through and learn about their
environment, because behaviour is a “consequence of
shape, of the shapes which surround us” (Neutra, 1956)
p.20. Neutra’s residential designs provided opportunities to
develop and test the choreography of sensory response. He
believed that the home is the only place on “the surface of
the globe which we get to know intimately” (Neutra, 1956)
p.21 and that the home also contains many mental dis-
tractions of “optical litter” and “visual conflicts” that un-
dermine the body’s sensory needs and connection to
nature. In this context, the role of the architect is to
minimise mental distractions via a limited palette of forms
and materials, while creating long vistas to capture an in-
habitant’s gaze and induce their movement through the
design.

Neutra’s strategies to achieve his goal of drawing the
eye, and subsequently the body, through space include
using large expanses of glass without mullions and contin-
uous ceiling-eaves to establish strong indoor-outdoor con-
nections. He also used “spider legs” (exposed, external
columns and beams) that extend the roof structure into the
environment surrounding the house, and these are often
combined with reflecting pools of water. Additionally,
Neutra would protect the eye from potential distractions by
painting items that intruded into key sightlines a neutral
silver to “dematerialise” them (Lamprecht, 2000). Neutra’s
theory of Biorealism was often presented as an explanation
for his domestic architecture, but it could also be applied
at a scale larger and may bear similarities to concepts in
biophilia and share a similar goal to Christopher Alexander’s
writings on the concept of wholeness. The focus of the
current paper is, however, limited to analysing sightlines in
five of Neutra’s designs.

3. Distance and space syntax

Bill Hillier and Julienne Hanson (1984) developed Space
Syntax to examine underlying social and spatial structures by
abstracting architectural designs into a mathematical
structure known as a graph. A graph is an abstract repre-
sentation in which objects (spaces or paths) are represented
as graph nodes and a relationship, or connections (doorways
or intersections) are represented by a graph edge. Mathe-
matical analyses of Space Syntax graphs has revealed strong
correlations to observed social phenomena such as pedes-
trian co-presence in office spaces (Ermal and Peponis, 2008)
and spatial cognition and navigation (Conroy, 2001; Haq and
Girotto, 2003; Haq and Zimring, 2003; Montello, 2007). In
axial line analysis, a plan is abstracted into the fewest and



M.J. Dawes, J. Lee and M.J. Ostwald
longest lines of sight needed to fully surveil a design and has
been utilised to investigate the properties of large scale
urban environments (Agael & Özer, 2017) in addition to po-
tential pedestrian movement and walkability (Ali et al.,
2018). This makes axial line analysis ideal for simulta-
neously investigating visual stimuli and movement paths.

One criticism of Space Syntax centres on its apparent
inability to account for factors such as distance, scale and
sinuosity (Pafka et al., 2018; Ratti, 2004a, 2004b). Pro-
ponents of Space Syntax argue that the processes of
abstraction effectively embed environmental geometry
into the analysis (Hillier, 1999; Hillier and Penn, 2004).
However, traversing a long path running the entire length of
a house offers a vastly different spatial experience to
traversing a short path within a bathroom, yet it is possible
for very long and short lines to possess similar mathemat-
ical attributes in classic Space Syntax analyses.

In order to rigorously test Neutra’s theory there must be a
way to incorporate line length into the axial line method.
This is because longer axial lines have a greater potential to
fulfil two aspects of Biorealism. The first is providing a
reconnection with nature because many of the longest
sightlines in Neutra’s designs run through the house and out
into the surrounding landscaping. Secondly, longer lines have
a greater potential to fulfil the visitor’s sensory needs by
giving access to a greater number and variety of spaces, and
secondary views. While notable attempts to incorporate
geometric information such as distances or angles of line
intersections exist, the majority of applications of axial line
analysis follow conventional procedures (Batty, 2004a;
Conroy-Dalton, 2001). Furthermore, the application of
weighted and directed edges to the axial line analysis differs
from previous attempts to undertake more nuanced Space
Syntax analyses (Dawes et al., 2021; Lee and Ostwald, 2020).

4. Weighted graphs and their measures

Conventional Space Syntax analytical methods can be un-
derstood as a subset of graph theory that utilises only
simple relationships between nodes (Fig. 1a). In addition to
simple relationships, however, graph theory also utilises
directed edges, weighted edges, and multiple edges,
including any combination of these properties. In a
weighted graph the edges are mathematically weighted to
represent the significance of a connection such as metric
distances (Fig. 1b). In a directed graph the edges are mono-
directional and can be used to represent architectural
features such as emergency exits or one-way streets
(Fig. 1c). In a multi-graph it is possible for more than one
edge to exist between a pair of graph nodes, which can
represent two adjacent rooms that share more than one
connecting doorway. This paper adopts the use of weighted
and directed edges (Fig. 1d) to incorporate distance in axial
line analysis, as detailed hereafter.

Analysing weighted axial lines requires the use of graph
theory in place of conventional Space Syntax analysis.
While initially utilised to analyse social networks (Borgatti,
2005; Freeman, 1978), centrality analyses have been
extensively applied to graphs including representations of
architectural environments such as street networks
(Crucitti et al., 2006).
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In a graph with simple relationships, the degree cen-
trality (CD) of an axial line is simply the number of other
lines it intersects and is equivalent to Connectivity in
conventional Space Syntax. Subsequently, the CD of node i
is given by

CDðiÞZ
X

wij ð1Þ
where wij is the weighted edge(s) connecting i and j.
Comparing graphs of different sizes requires normalising
this calculation to account for the number of nodes in a
graph:

CD
0ðiÞZ

P
wij

ðn� 1Þ ð2Þ

where n is the number of nodes in the graph. However, the
calculation of degree centrality accounts for the weighting
and directionality of edges, by calculating the indegree and
outdegree of each node. The indegree (CD

in) of a node is the
sum of the edge weights pointing toward a node, and the
outdegree (CD

out) is the sum of edge weights pointing away
from a node. Thus the indegree and outdegree of node B in
Fig. 1d is 7 and 4 respectively.

Integration is one of the most widely reported Space
Syntax measures and is based on determining the shortest
distance from a particular graph node to every other graph
node, where the distance is counted as the minimum
number of edges that must be traversed. Integration is
calculated as:

iZ
1

RA
Z

ðk� 2Þ
2ðMD� 1Þ ð3Þ

where k is the number of nodes in the graph, and MD is the
mean distance of the node to every other graph node. In a
graph with simple relationships the closeness centrality
(CC) measure records the shortest distance from one node
to every other node, and captures a property that is similar
to integration. Thus, the CC of node i is given by:

CCðiÞZ 1P
isjdði; jÞ

ð4Þ

where d(i, j ) is the is the sum of the edge weights between
node i and j. In different sized graphs a normalised version
of CC should be used:

CC
0ðiÞZ ðn� 1ÞP

isjdði; jÞ
ð5Þ

where n is the number of nodes in the graph. In graphs with
specialised edges it is common to calculate both the
incloseness (CC

in) and outcloseness (CC
out) of each node in

order to account for the directionality and weighting of
edges. Outcloseness is the sum of the least weighted edges
from a node to all other graph nodes, meanwhile inclose-
ness is the sum of the least weighted edges required to
travel from every other node to the node for which the
measure is being calculated.

Intelligibility is a standard Space Syntax measure that
documents how efficiently an occupant can gain an un-
derstanding of the configuration of a design by traversing its
component parts (Haq and Girotto, 2003; Hillier, 1996;
Peponis et al., 1990). Intelligibility is calculated as the
correlation of connectivity, a local measure of significance,
and integration, a global measure of significance. In the



Fig. 1 (a) A conventional space syntax graph representation, and ones with (b) weighted edges, (c) directed edges, and (d)
weighted and directed edges (Image by authors).
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analysis of a directed and weighted axial map, degree
centrality (the average if CD

in and CD
out) and closeness cen-

trality (the average of CC
in and CC

out) can be used as sub-
stitutes for connectivity and integration.

5. Hypotheses

5.1. Hypothesis 1

The first hypothesis states that the public spaces in Neu-
tra’s architecture contain greater visual stimuli than the
private spaces (Table 1). A central concept in Neutra’s
theory of Biorealism is that an architect can choreograph
the movement of an occupant through the careful control
of visual stimuli, leading a person to move through the most
important spaces in the plan. If this is true, then within the
optimal network of spaces and paths in Neutra’s architec-
ture (its axial line map), the movement of occupants to-
ward public areas should be encouraged, while discouraging
movement toward private areas. This can be tested,
because the likelihood of a person walking along or pausing
on a particular path in a house can be quantified with a
global measure of significance such as closeness centrality,
with higher global significance measures expected in public
spaces and lower in private spaces. Furthermore, unlike the
standard application of this method, if a weighted axial
map which considers length is used, it should be able to
capture the potential visual stimuli of sightlines in terms of
global significance.
Table 1 The hypotheses, methods used for evaluation, and co

Hypothesis Method

1 The public spaces in Neutra’s
architecture contain greater visual
stimuli compared to private spaces.

Calculate the p
significance of a
centre of the liv
public space) an
(representing th
space).

2 Sightlines in Neutra’s architecture are
configured in a way that makes
his designs easy
to understand.

Calculate the in
each design as t
normalised degr
closeness.
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5.2. Hypothesis 2

The second hypothesis maintains that sightlines in Neutra’s
architecture are configured in a way that makes his designs
easy to understand, reducing instances of ‘chaotic envi-
ronments’ and ‘visual conflicts’ (Table 1). Neutra’s theory
of Biorealism maintains that movement induced from visual
stimuli would provide an efficient understanding of a de-
sign’s spatial configuration. The ability to gain an efficient
understanding of the spatial configuration of a building
through the experience of its rooms and spaces can be
measured using Intelligibility which produces results
ranging from 0.00 through 1.00. This research considers
results of 0.60e0.80 to indicate high intelligibility and
0.80e1.00 to be excellent Intelligibility, whereas values of
0.00e0.20, 0.20e0.40 and 0.40e0.60 are respectively
considered to be negligible, low and moderate. While not
directly comparable due to different methodologies and
environments, a conventional Space Syntax analysis of 75
urban areas found an average Intelligibility rating of 0.68
and in this context an Intelligibility rating exceeding 0.60
can be argued to be high (Hillier et al., 1987).

6. Methodology

The set of Neutra’s designs chosen to test his two related
theories is a deliberative sample, which replicates that of
the first computational examination of these theories
(Ostwald and Dawes 2018). The set comprises five of
nfirming conditions.

Confirming conditions

otential visual
xial lines in the
ing room (the most
d main bedroom
e most private

The closeness centrality measure of
the axial line in the centre of the
living room will be higher than that of
the main bedroom in at least four of
the tested designs.

telligibility of
he correlation of
ee and normalised

Each house will have an intelligibility
value of, or greater than, 0.60.
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Neutra’s most famous domestic designs (Table 2). These
designs are not only ones which Neutra presented as ex-
emplars of his theory, but they have been documented and
debated by historians and critics, providing a connection
between the results of qualitative and quantitative studies.
Axial maps for each design, also replicate the approach
taken in the previous study, but thereafter a new method,
which incorporates line length, is used to analyse the maps.
This will create more accurate and useful results for testing
this particular theory.

The analytical procedure consists of three stages. The
first involves determining the physical and topological
properties of each axial map. The maps used in this
research are identical to those used in the conventional
analysis of Neutra’s architecture (Dawes and Ostwald,
2012) which are created following a rigorous and repeat-
able procedure that guarantees consistency in map crea-
tion (Ostwald and Dawes, 2011). This stage assigns each line
an identifying number, the intersections of each line are
recorded, and the length of each line measured and
rounded to the nearest 500 mm, which approximates the
distance that an adult travels in one stride.

The second stage produces a graph from each axial map.
This process, however, presents several challenges for a
conventional Space Syntax approach as reported in previous
attempts to analyse weighted axial maps (Batty, 2004). In a
conventional Space Syntax approach, each axial line be-
comes a graph node and each intersection of two axial lines
becomes a graph edge. A length-based weighting of axial
lines (Fig. 2a) becomes problematic because the weightings
correspond to graph nodes and the mathematical analysis
of a graph accounts for weighted edges. Thus, a procedure
is required to transfer the length-based weighting of graph
nodes to graph edges. This presents a further complication,
because each graph edge represents the intersection of two
axial lines it must represent two different data points
(Fig. 2b). The solution adopted in the current research is to
represent each intersection of axial lines with two directed
edges, representing the weighting that each axial line can
bestow upon the lines it intersects (Fig. 2c). A final
complication in this procedure arises from the nature of the
calculation of measures of graph centrality and this paper’s
interest in Neutra’s architectural theories wherein the
longest sightlines offer the greatest potential for visual
stimuli. The focus of these measures is to find the lowest
cost for traversing a graph which places an emphasis on
identifying the shortest or least weighted paths, which
emphases short axial lines, the inverse of the focus of the
current research. However, precedents exist for inverting
the weighting of graph edges in order to place emphasis on
Table 2 The name, location and construction date of the
houses analysed.

House Location Date

Kaufman House Palm Springs, California, USA 1947
Tremaine House Montecito, California, USA 1948
Moore House Ojai, California, USA 1952
Kramer House Norco, California, USA 1953
Oxley House La Jolla, California, USA 1958
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the objects with the highest weighting (Dawes et al., 2021;
Lee and Ostwald, 2020). Therefore, the final step in
creating the graph from the weighted axial map is inverting
the weighting of the graph edges to focus the analysis on
the longest sightlines (Fig. 2d).

The final stage involves analysing the graph for evidence
relating to the two hypotheses. The first hypothesis con-
siders closeness centrality of the line through the centre of
the living room, and the line through the centre of the main
bedroom (lines marked in red in the axial line maps in this
paper). The main bedroom is labelled ‘Bedroom 1’ on
Neutra’s plans, and the living space is labelled ‘living’ (or
occasionally ‘social quarters’, Neutra’s term for the most
‘public’ living area). The room’s centre is the intersection
of diagonal guidelines between opposite corners of the
space, and the axial line closest to this guideline intersec-
tion is considered to be the line through its centre.

7. Results

7.1. Kaufman House

In the Kaufman House (Fig. 3) the average closeness of the
living room (8.8816) is significantly greater than that of the
main bedroom (3.2096) which supports the first hypothesis
(Table 3). In this house the centre of the living room is
accessed by a long line that commences in a secondary
bedroom and terminates near the pool and bisects the line
through the main entrance (Fig. 4). In contrast, the main
bedroom is accessible from the main entrance only by
traversing two intermediary lines, making this the most
topologically secluded bedroom in the analysed plans.

The intelligibility of the Kaufman House is 0.3176,
which is well below the threshold of 0.60 required to sup-
port the second hypothesis (Fig. 4). One sightline that de-
parts significantly from the trend of the group (Fig. 4, 1) is
located in the garage and connects to only two other lines,
which explains the low normalised degree, however the
garage sightline is connected to the main entrance line
(Fig. 4, 2) that runs through the centre of the house and
gives the garage sightline a moderate normalised closeness,
despite being physically distant from the house. The
sightline with the highest normalised degree and closeness
is the line through the centre of the living room (Fig. 4, 3),
while the centre of the bedroom (Fig. 4, 4) provides mod-
erate normalised degree due to connections with four other
lines but resides near the periphery of the graph and has
low closeness.

7.2. Tremaine House

The centre of the living space in the Tremaine House
(Fig. 5) is bisected by a line of moderate length that orig-
inates on the terrace and terminates in the front garden,
having a normalised average closeness value of 5.1095
(Table 3). The main bedroom contains a single axial line
with a normalised average closeness of 3.942 which sup-
ports the first hypothesis.

The Tremaine House has a negligible intelligibility rat-
ing of only 0.0120 (Fig. 6). The three points with the highest
normalised degree encompass significantly different spatial



Fig. 2 (a) Two axial lines with lengths of 3 and 6 m, (b) weighted nodes connected by a single undirected edge, and (c) weighted
and directed graph edges, (d) inverted edge weights. (Image by authors).

Fig. 3 Kaufman House perspective with (a) floor plan, and (b) axial map (Image by authors).
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experiences. A pair of lines with high degree and low
closeness (Fig. 6, 1) exist in the basement and intersect the
long line of the hallway. A particularly short line between
Table 3 Results for hypothesis 1 and hypothesis 2.

House Space Hypothesis 1 Hypothesis 2

Mean closeness
centrality

intelligibility

Kaufman Living 8.8816 0.3176
Bedroom 3.2096

Tremaine Living 5.1095 0.0120
Bedroom 3.9243

Moore Living 3.3553 0.1520
Bedroom 2.6039

Kramer Living 4.6841 0.1596
Bedroom 4.2368

Oxley Living 6.3818 0.1187
Bedroom 10.1618
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the entrance and adjacent library (Fig. 6, 2) has high de-
gree and moderate closeness and intersects six long lines,
while the line with high degree and centrality runs through
the main entrance to the main bedroom and has the highest
number (19) of intersections in the design (Fig. 6, 3).

7.3. Moore House

In the Moore House (Fig. 7), the line through the centre of
the living room (average closeness Z 3.3553) has a greater
visual significance than the line through the centre of the
main bedroom (average closeness Z 2.6039) (Table 3).
While the difference between the two is not substantial, it
still supports the first hypothesis. The Moore House is also
another design in which an occupant would struggle to gain
a holistic understanding of the spatial configuration by
experiencing its component parts. Its intelligibility mea-
sure of 0.1520 is very low, and does not support the second
hypothesis (Fig. 8). One obvious outlier vista in this design is
the line connecting the master bedroom (Fig. 8, 1) to the



Fig. 4 Kaufman House intelligibility chart, L Z Living room, B Z Main Bedroom (Image by authors).
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adjacent long hallway (Fig. 8, 2), the length of which boosts
the degree value of all lines it connects with, and is closest
to all other lines in the design. The two lines with the
lowest normalised degree and closeness values are in the
detached bedroom wing at the extreme periphery of the
graph (Fig. 8, 3).

7.4. Kramer House

The first hypothesis is supported by the Kramer House
(Fig. 9), in which the living room has a marginally higher
Fig. 5 Tremaine House perspective with (a) floo
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normalised average closeness than the main bedroom
(4.6841 > 4.2368) (Table 3). In this house both the main
bedroom and living room can be accessed via a line that
connects through the main entrance of the house, however
a second line is required to reach the centre of each
destination space, giving this house the second greatest
topological depth of a main bedroom from the entrance in
the works analysed.

The low intelligibility rating of the Kramer House
(0.1596) does not support the second hypothesis (Fig. 10).
Two of the most notable lines for understanding the plan
r plan, and (b) axial map (Image by authors).



Fig. 6 Tremaine House intelligibility chart, L Z Living room, B Z Main Bedroom (Image by authors).
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are in the main hallways in the design, with one running
from the main entrance through to the main bedroom
(Fig. 10, 1), and the other running from the garage, past the
main entrance and into the living room (Fig. 10, 2). One line
that significantly diverges from the trend for the house is
the approach path, which has the lowest normalised degree
value in the design, due primarily to having a single
connection to a relatively short line (Fig. 10, 3).

7.5. Oxley House

Themain bedroom of theOxley house (Fig. 11) is surveyed by
a single long line that originates on the opposite side of the
plan and also crosses a dressing room, the dining room,
entrance hall and a secondary bedroom. This line has a
normalised average closeness centrality of 10.1618, whereas
Fig. 7 Moore House perspective with (a) floor
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the living room has a value of only 6.3818 (Table 3). Thus, the
results for the Oxley House do not support the first hypoth-
eses. With a low intelligibility of 0.1187 the planning of the
Oxley House also does not support the second hypothesis,
although there is one long vista which contributes in a
heightened way to understanding the design (Fig. 12). This is
a long vista running from the courtyard, through the hallway,
dining, living, and dressing rooms to the main bedroom (Fig
12, 1). It has significantly higher normalised closeness and
degree values than any other line in this house. Contrasting
this is the line with the lowest closeness value which exists
solely for access to the ensuite (Fig. 12, 2). Other lines that
diverge from the trend include the approach path to the
house which has very low degree and closeness (Fig. 12, 3),
and one of the two lines within the dressing room that has a
relatively high degree (Fig. 12, 4).
plan, and (b) axial map (Image by authors).



Fig. 8 Moore House intelligibility chart, L Z Living room, B Z Main Bedroom (Image by authors).

Fig. 9 Kramer House perspective with (a) floor plan, and (b) axial map (Image by authors).
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8. Discussion

The first hypothesis is that the public spaces in Neutra’s
architecture contain greater visual stimuli compared to
private spaces. This hypothesis is supported by the results
for the Kaufman, Tremaine, Moore and Kramer houses, in
which the centre of the living room has greater visual
prominence within the network of sightlines than the
centre of the main bedrooms (Table 3). It is important to
note, however, that this result does not confirm that the
visual stimuli in Neutra’s architecture will choreograph
biological responses that encourage occupants to move
toward the public spaces and discourage movement toward
private spaces. This research demonstrates that the
configuration of sightlines within four of the five analysed
designs places greater visual significance in public areas of
the houses, which when coupled with the extensive body of
Space Syntax literature on human movement observations,
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suggests that it is likely that occupants of the house would
behave in a manner that is consistent with this hypothesis.

The only design that does not support the first hypoth-
esis is the Oxley House in which the main bedroom is
located at one end of a long circulation line that traverses
the length of the house, including the entry hallway and the
edge of the living room. This is the single longest sightline
in the house which also connects with the greatest number
of other sightlines, and the methodology of weighting lines
according to their lengths only serves to enhance the visual
significance results for this line. The design of the Oxley
House also draws attention to Neutra’s planning strategies
in which the centre of the house is often occupied by a
linear circulation space. Therefore, in the Tremaine,
Moore, Kramer and Oxley houses, the sightline through the
centre of the living room is long, however the sightline
through the adjacent circulation space is longer. The length
of this line suggests that it will have the greatest visual



Fig. 10 Kramer House intelligibility chart, L Z Living room, B Z Main Bedroom (Image by authors).

Fig. 11 Oxley House perspective with (a) floor plan, and (b) axial map (Image by authors).
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significance in the design which initially appears to
contradict the first hypothesis. However, it is reasonable to
argue that as a means of choreographing movement
through his designs, Neutra would encourage the circula-
tion he desired by enhancing the visual significance of the
circulation spaces.

This is one situation in which further investigation
through the use of weighted and directed graphs may pro-
vide a deeper and more nuanced understanding of Neutra’s
architecture. For example, in addition to examining the
Mean closeness of a line, it is possible to investigate both
the incloseness and outclosensss of a line and it is possible
that ‘destination spaces’ such as living rooms may have
greater incloseness than outcloseness, encouraging occu-
pants to move toward these spaces and discouraging them
from leaving. Similarly, circulation spaces that act as
‘movement generators’ may have a greater outcloseness
1101
than incloseness, that encourages occupants to move to
other spaces and discourages them from lingering. While
this is a potentially valuable avenue of further investigation
it is beyond the scope of the current paper.

The second hypothesis maintains that sightlines in Neu-
tra’s architecture are configured in a way that makes his
designs easy to understand. None of the houses meet a
threshold of high intelligibility, therefore the evidence
collected in this paper does not support this hypothesis. The
previous conventional Space Syntax analysis of these five
houses reported intelligibility ratings ranging from 0.6204 to
0.8964. Both the current and the previous analyses utilised
identical axial maps of the same five houses, however the
present research weights these maps according to the
lengths of axial lines whereas in the previous research lines
were not weighted (Table 4). As intelligibility is the corre-
lation of local and global measures of significance, weighting



Fig. 12 Oxley House intelligibility chart, L Z Living room, B Z Main Bedroom (Image by authors).

Table 4 Comparison of intelligibility results from the
conventional and weighted axial line analyses.

House Conventional
method

Weighted
method

Difference

Kaufman 0.8764 0.3176 0.5588
Tremaine 0.6204 0.0120 0.6084
Moore 0.6783 0.1520 0.5263
Kramer 0.8964 0.1596 0.7368
Oxley 0.8858 0.1187 0.7671
Average 0.7195 0.1520 0.6395
Standard

Deviation
0.1176 0.0982 0.0960

M.J. Dawes, J. Lee and M.J. Ostwald
lines adds substantial complexity to the spatial network of
these houses, reducing their intelligibility to even lower
levels. Significantly, one aspect of the current methodology
that does not impact intelligibility ratings is the inversion of
axial line lengths because this impacts both normalised de-
gree and normalised closeness such that the correlation of
these results remains identical.

9. Conclusion

Despite Neutra’s designs having superficial stylistic simi-
larities with the works of other contemporary modernist
architects, they were driven by a personal theory of visual
excitation inspired by advances in experimental psychol-
ogy. The current research tests two hypotheses derived
from Neutra’s theory using a new variation of axial line
analysis that accounts for line lengths.

The first hypothesis proposed that the visual stimuli of
moving to the centre of the living room would be signifi-
cantly greater than that of moving to the centre of the main
bedroom, and four of Neutra’s designs support this hy-
pothesis. This finding is in contrast to a previous analysis
using conventional Space Syntax techniques in which only
the Kaufman and Tremaine houses supported a similar hy-
pothesis and suggests that weighted and directed graphs
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may serve to better document some facets of architecture.
This finding also highlights the need for a much broader
application of weighted and directed graphs in order to
better identify their strengths, weaknesses, and methodo-
logical considerations.

The second hypothesis examined whether Neutra
designed houses that facilitate an occupant gaining an un-
derstanding of the spatial configuration by experiencing its
component parts. The results show that four designs
possess negligible intelligibility, and only the Kaufman
House provides low intelligibility. When compared to
intelligibility results of a conventional Space Syntax anal-
ysis, it is likely that incorporating additional variables as
weighted edges will have a significant negative impact on
intelligibility. This observation signals the need for further
research into the impacts of weighted and directed graphs
on spatial understanding.

Finally, despite the mixed results of the current
research, this paper contributes to an understanding of the
ways distances can be incorporated into Space Syntax an-
alyses and thereby into mathematical assessments of
famous architectural works and theories. It is possible that
the modified methodology utilised here could provide
valuable insights into the designs of other architects, or act
as a basis for further modifications of conventional meth-
odologies to facilitate greater nuance in our understanding
of design. Furthermore, it is important to note that dis-
tance is not the only variable that could be used to weight
axial maps. One weakness of conventional Space Syntax
analysis is the binary nature of connections between
adjacent spaces. This raises challenges where social norms
might dictate that, for example, the door to a bathroom is
to be kept closed unless someone is entering or exiting that
space. In conventional space syntax analysis, the bathroom
would need to be either included or excluded from the
analysis. However, this culture might be more accurately
represented by applying a negative weighting to axial lines
within bathrooms, thereby reducing the importance of
these spaces in the analysis without having to exclude them
entirely.
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