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This paper analyses the location of industries in two metropolitan cities to investigate how firms
are spatially distributed, and identify the trends in firm location choice. By defining a “Region
Index” metric, we show how industries have concentrated in or diffused from regions-of-interest
over time. We apply this metric to the Central Area (CA) of Singapore and the London region
to decipher the relative tendency of industries to locate at CA as well as London. To analyse
spatial co-location of industries, we constructed a community network, which reveal subtle spatial
relationships between firms. Extending this approach temporally to create a co-change network, we
deduce the occurrences of industries in Singapore and London that move into or out of a spatial
region synchronously. Based on this approach, we elucidate firm-types that not only co-change but
also co-occur in space and stick to a region-of-interest. Overall, we observe certain common and
contrasting patterns of industry movements in the context of Singapore and London through the
analysis. “Other activities auxiliary to financial serivices” is found to have the consistent tendency of
diffusing out of the CA and London throughout the period of study. Conversely, opposite movement
patterns are observed where we see the proclivity of IT and digital service firms to locate in London
but relocate out of the CA, while the media, financial services, and life insurance sub-sectors tend
to diffuse out of London but concentrate in the CA of Singapore.

I. INTRODUCTION

The location preference of firms are affected by a number of factors. This includes access to skilled labor and
specialized supplier, the cost of real estate, the level of regulation and tax, and the availability of connected businesses
that give rise to economies of scale [1–7]. Because these factors are more optimal within certain geographical regions,
there are tendencies for firms and industries to situate in these regions. A case in point is Silicon Valley which is a
hub for technological firms. By being a nexus of innovation activities that include research and development efforts
between firms and universities, Silicon Valley has become a site where tech companies spatially agglomerate to reap
the gains of knowledge and information spillover. Another geographical region of choice is the urban centre [8–15].
Firms that set up businesses in this central area (CA) may enjoy grants and stimulus that incentivize their economic
activities. The dynamism in this area together with the benefits of the aforementioned factors have served to enhance
the economic productivity of firms located there [16–18].

While firms may concentrate in these economic zones, certain firms may diffuse out of it due to other economic
reasons [19]. For example, a set of firms may be galvanized to move into another region-of-interest to gain the
economic advantage that the government had instituted into these regions in their land-use planning. Another reason
for firms to shift their place of operation results from a change in their business strategy [20]. In fact, firms are known
to spatially co-occur to exploit the benefits accrued from the agglomeration economy, and when opportunities arise,
they may change their location in sync with other firms that are commercially synergistic with them. Such spatial
relocation is expected to enhance the efficiency of their business operations.

With the availability of data on the temporal location of firms, we can probe the location choice of firms and their
migratory patterns empirically [21]. In this respect, we shall focus our study on the localization behavior of firms
within a city or a metropolitan area of interest. For this purpose, we have built tools and methods to identify the
tendency of firms to stick to a certain geographical region, to co-locate with each other, or to co-move into another
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region of space. This involves the development of three indices which we termed the co-occurrence index, the co-change
index, and the region index, to draw out these spatial morphological features and behaviors of firms. In addition, we
have employed concepts and methods from statistical physics and the field of complexity science such as the approach
of complex networks to decipher the behavioral relationship between firm types when they co-locate or co-move with
respect to each other. Our studies encompass a data size of the order of 5 hundred thousand firms in Singapore, and
7 million firms in the UK.

II. DATA AND METHODOLOGY

A. Data

Our study uses the Standard Industrial Classification (SIC) to organize and classify the firms based on their business
activities.

Data for Singapore businesses is provided by the Accounting and Corporate Regulatory Authority (ACRA) [26].
ACRA collects business information (e.g. business name, registered office address, entity type, etc) when firms register
and/or make statutory filings with the authority. We analyze the number of firms in 55 planning areas in 2009, 2013
and 2019 with the use of the Singapore Standard Industrial Classification (SSIC) to classify their business activities.

On the other hand, the data for UK firms is provided by the Office for National Statistics (ONS) [27]. In the dataset,
UK businesses are broken down by legal status, industry, region, employment, and turnover size bands. We analyze
the number of firms in 12 regions (i.e. North East, North West, Yorkshire and The Humber, East Midlands, West
Midlands, East, London, South East, South West, Wales, Scotland, Northern Ireland) of UK according to their SIC
from 2015 to 2021. In this dataset, we do not have the exact location of each firm. Hence, analysis on co-occurrence
and co-change for this dataset is more coarse-grained compared to the analysis on the Singapore dataset.

B. Co-occurrence Index

The co-occurrence index measures the tendency of co-location between firms of two different types. It is based on
pairwise correlation between spatially distributed data points [22]. To compute the index, we first partition the data
points by R two-dimensional spatial regions. We then obtain the probability of data points of type i within region r
as Pir. Consolidating this set of probabilities over all r yield a one-dimensional vector Pi with its r-th element given
by Pir. The co-occurrence index between firms of type i and j is then quantified by the correlation between Pi and
Pj as follows:

Coij =

∑R
r=1(Pir − 1/R)(Pjr − 1/R)√∑R

r=1(Pir − 1/R)2
√∑R

r=1(Pjr − 1/R)2
, (1)

where −1 ≤ Coij ≤ 1.
When Pi = Pj , firms of type i co-locate perfectly with firms of type j and we have Coij = 1. In this case, the

probability of finding an i-type and j-type firm in each region r is exactly the same. Conversely, if the presence of an
i-type firm implies the absence of a j-type firm and vice versa, with the difference being uniform across all regions
r, we have Coij = −1. Thus, a positive Coij implies that if an i-type firm is present in a certain region, there is
a positive chance that a j-type firm is also present in the same region. On the other hand, if Coij is negative, the
presence of an i-type firm is likely to indicate the absence of a j-type firm in the same spatial region. When the
presence of an i-type firm is neutral to the presence of a j-type firm in the specified region, we have Coij = 0.

C. Co-change Index

The manner of calculating co-change is similar to co-occurrence except that the evaluation is done in time instead
of space. Again, we consider R spatial regions, with Qir being the change in the number of firms of type i in region
r within a specified interval of time. Because the change in number can be an increase or a decrease, the value of
Qir is either positive or negative correspondingly. If the number of firms remain the same, Qir = 0. By putting the
set of Qir over all the different r together into a vector, we form Qi whose r-th element is Qir. The co-change index
between firms of type i and j is then quantified by the Pearson correlation between the two trade categories of interest
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as follows:

Ccij =

∑R
r=1(Qir − 1/R)(Qjr − 1/R)√∑R

r=1(Qir − 1/R)2
√∑R

r=1(Qjr − 1/R)2
. (2)

FIG. 1: Conceptual illustration of co-change. Here, the number shown in each cell in the rightmost grid gives the difference of
the number of firms found in the corresponding cell in the grid from year 2009 to year 2013. Ci and Cj are the flatten vectors
of the two-dimensional changes. corr(Ci, Cj) denotes the correlation between Ci and Cj .

The purpose of the co-change index is to quantify the statistical tendency of trade categories making similar changes
in location choice. Its definition is analogous to that of the co-occurrence index, with the quantity in each spatial
region now capturing the change from an initial year to a final year. This is illustrated in Fig. 1 where the initial
year is 2009 and the final year is 2013. Note that the co-change index captures the correlated spatial changes of the
two categories and its values span −1 ≤ Ccij ≤ 1. If Ccij = 1, the spatial changes of firm count of the two categories
are exactly similar. If Ccij = −1, an increase in firm count in one trade is exactly match by a decrease of the same
magnitude of firm count of the other trade. An index of Ccij = 0 then means the changes in firm count of the two
trades are neutral of each other.

D. Region index

To evaluate how trades are sticky to a region of space, we define a region index to measure the stickiness of a trade
to a certain region. Basically, the index measures the relative abundance of a trade in a specified region relative to that
of all trades in the same region. In this paper, the region-of-interest is the central business district of Singapore, which
is the central area of Singapore. Hence, we shall name this region index as the central-area index (i.e., CA-index)
subsequently.

The idea of the region index originates from the D-index [23] which is defined as follows:

D =
∑
r

pir ln

(
pir
p0r

)
. (3)
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Note that pir denotes the probability of a randomly sampled firm of type i locate in region r, while p0r gives the
probability of a randomly selected firm (of any type) locate in the same region r. Region index is defined by taking
only the log-likelihood ratio part of the D-index, i.e.,

R− index = ln

(
fA
f0

)
, (4)

with fA being the fraction of A-type firms locate in a specified region R, while f0 is the fraction of all firms locate in
the same region R.

R-index measures the affinity of an A-type firm situating in R relative to that of the baseline of all firms. For a
R-index of zero, the affinity of A-type firms locating in R is the same as that of the baseline, and we say that A-type
firms are neutral towards situating in R. However, when R-index is positive, it implies that A-type firms have a
greater preference to locate in R relative to baseline, and A-type firms are attracted to R. On the other hand, if
R-index is negative, we would observe a tendency of A-type firms to not locate in R relative to baseline, and it could
imply that A-type firms are not attracted towards situating themselves in R.

III. RESULTS

A. Background

The aim of our study here is to decipher the preference or non-preference of industrial subsectors in concentrating
at a particular spatial region, which we refer to respectively as being “sticky” or “nonsticky” to the space concerned.
For our analysis, the central area (CA) of Singapore is taken as the spatial region of interest which leads us to define
the CA-index. The timeframe of our analysis is from 2009 to 2019. In addition to exploring the stickiness to space
of subsectors, we also investigate into the spatial co-location of sub-sectors through the co-occurrence network. After
which, we deduce the occurrences of subsectors that change together in moving in or out of a spatial region, leading
to a co-change network. We then investigate the possible presence of a set of subsectors that not only co-change but
also co-occur in space in a region-of-interest.

B. CA-Index

We have computed the region index of all industrial sectors at the central area of Singapore, which we display in
Fig. 2. Because the region-of-interest is at the central area (CA), we term the region index as the CA-index. Figure
2 shows that businesses in sections J , K, L and M (see Table I) of the CA of Singapore possesses a high CA-Index
relative to other sections. This has led us to focus on these sections in our subsequent analysis since firms within
these categories are stickier to CA. Note that Singapore’s central area include 11 planning areas, i.e. Downtown Core,
Marina East, Marina South, Museum, Newton, Orchard, Outram, River Valley, Rochor, Singapore river, and Straits
View.

To understand the migratory behaviour of firms with respect to CA, we have evaluated the consistent increase or
decrease of CA-index across the years. The results highlighted two distinct patterns: a concentration of firms into CA,
and a diffusion of firms out of CA. Figure 3 shows a set of firms whose CA-index consistently increase from 2009-2019
in Singapore which illustrate their preference to concentrate in CA over the time frame of our study. Note that the
nomenclature of the firms whose SSIC are indicated in Fig. 3 is given in Table II. In particular, we observe that
firms in the “Banking, Finance, Life Insurance, and Real Estate” industry as well as those from the “Media (Motion
Picture, Video, TV, Satcomm)” industry have a higher prevalence to consistently congregate in CA over the decade
which suggest the attractiveness of CA to these industries. This is exemplified by firms from the Wholesale Banks
which consistently site their operations in CA within a decade (from 2009 to 2019, see Figs. 4a and 4b). Another
example is given by Carbon consultancy services, whose firms initially scatter about Singapore in the year 2009, but
increasingly concentrate in the CA by 2019 (see Figs. 4c and 4d).

On the other hand, there are industrial sectors that have begun to site their operations away from the CA. Figure
5 displays such a set of industrial sectors whose CA-index consistently decrease from 2009 to 2019 in Singapore (see
Table III on the nomenclature of the firms associated with the SSIC in Fig. 5). Interestingly, we observe that firms
from the following group of industries show a consistent decline in their CA-index: “IT Development”, “Media (Motion
Picture, Video, TV) production”, “Accounting and Auditing”, “Auxiliary financial services”, “Venture capital”, and
“Research and Development in Biotech, Life and Medical Science”. While these industrial sectors continue to have
a preference to locate in the CA of Singapore, their propensity to locate in CA is found to be waning. As the
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Section Sector

A Agricultural and Fishing
B Mining and Quarrying
C Manufacturing
D Electricity, Gas, Steam and Air-Conditioning Supply
E Water Supply; Sewerage, Waste Management and Remediation Activity
F Construction
G Wholesale and Retail Trade
H Transport and Storage
I Accommodation and Food Service Activities
J Information and Communications
K Financial and Insurance Activities
L Real Estate Activities
M Professional, Scientific and Technical Activities
N Administrative and Support Service Activities
O Public Administration and Defence
P Education
Q Health and Social Services
R Arts, Entertainment and Recreation
S Other Service Activities
T Activities of Households as Employers of Domestic Personnel
U Activities of Extra-Territorial Organizations and Bodies

TABLE I: Description of the Section Categories referenced in this paper.

size of these diffusing industries expanded over time from 2009 to 2019, firms in these industries chose to locate
in alternative locations outside of CA. This re-localization behavior is illustrated by firms of the “Other activities
Auxiliary to Financial Service Activities NEC (eg Mortgage Advisory Firms)” and “Development of Software for
Interactive Digital Media (except Games)” industrial sectors (see Fig. 6). For the latter, we observe a tendency of
firms to concentrate in the Geylang and Bedok area as they migrate away from CA.
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FIG. 2: Region Index of the Central Area of Singapore in 2019. Business activities are further grouped into a broad industry
group structure consisting of 21 sections (i.e. A to U). Remarkably, most businesses in sections J , K, L and M are found to
position themselves preferably in the country center with positive CA-index in Singapore.
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FIG. 3: CA-index for industries in Singapore in 2009, 2013 and 2019. The industries shown here are from sections J (red), K
(cyan), L (grey) and M (pink) with CA-index increases consistently throughout the period under study. Only industries with
significant increase in CA-index (≥ 0.2) are shown here.

SSIC Industry SSIC Industry

59139 Motion picture, video and television programme 64922 Credit card services
distribution activities nec

59132 Distribution of dramas, variety shows and 64995 Treasury centres
documentaries (including television programme)

61013 Satellite telecommunications activities 65110 Life insurance
58131 Publishing of newspapers 64991 Factoring companies
60100 Radio programme production and broadcasting 64994 Remittance services
62023 Computer facilities management activities 66122 Foreign exchange brokers and dealers
58120 Publishing of directories and mailing lists 64925 Pawnbrokerage
64992 Representative offices of foreign banks 64921 Thrift and loan societies and credit associations
64130 Wholesale banks 64201 Bank/Financial holding companies
65122 Captive insurance 68102 Operating of serviced apartments
66291 Representative offices of foreign insurers 68204 Commercial and industrial

real estate management
64110 Central bank 68209 Real estate activities on a fee or

contract basis nec
64160 Finance companies (with deposit taking functions) 74905 Carbon consultancy services
66195 Transaction/Payment processing services 74113 Furniture design services

TABLE II: Description of SSIC shown in Fig. 3.
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(c) Carbon consultancy services (2009)

Total count: 4 firms
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(b) Wholesale banks (2019)

Total count: 72 firms
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(d) Carbon consultancy services (2019)

Total count: 54 firms
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FIG. 4: Distribution of firms in the 55 planning areas of Singapore for wholesale banks ((a) and (b)) and carbon consultancy
services ((c) and (d)). Wholesale banks exemplified a sector which possessed high preference to locate at the central area
consistently throughout the period under study. On the other hand, carbon consultancy services was a sector which had a
lower preference to locate at the central area in 2009 but became more sticky to the central area in 2019. Note that “Total
count” in the figure indicates the number of firms in CA.
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FIG. 5: CA-index for industries in Singapore in 2009, 2013 and 2019. The industries shown here are from sections J (red), K
(cyan), L (grey) and M (pink) with CA-index decreases consistently throughout the period under study. Only industries with
significant decrease in CA-index (≤ −0.2) are shown here.
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SSIC Industry SSIC Industry

63112 Data entry services 64923 Mutual benefits organisations
62013 Development of software for interactive digital 68106 Management of self-owned strata titled property

media (except games) (i.e. Management Corporation Strata Title)
59119 Motion picture, video and television programme 68103 Letting and operating of self-owned real estate

production activities nec except hotels, lodging and boarding houses
62012 Development of computer games 72101 Research and experimental development on

biotechnology, life and medical science
62011 Development of e-commerce applications 74906 Agents for artistes, athletes, models and

other performers
66305 Venture capital activities 69201 Accounting and auditing services

(including taxation advisory services)
66199 Other activities auxiliary to financial service

activities nec (eg mortgage advisory firms)

TABLE III: Description of SSIC shown in Fig. 5.
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(c) Development of software (2009)

Total count: 71 firms
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(b) Other activities auxiliary (2019)

Total count: 574 firms
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(d) Development of software (2019)

Total count: 1788 firms
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FIG. 6: Distribution of firms in the 55 planning areas of Singapore for other activities auxiliary to financial service activities
nec (e.g. mortgage advisory firms) ((a) and (b)) and development of software for interactive digital media (except games) ((c)
and (d)).

C. Spatial Co-occurrence

Certain trades tend to locate in proximity with each other and these trades can be uncovered through our measure
of spatial co-occurrence. We compute this tendency of firms of two different sub-sectors co-locate together using our
co-occurrence index. We perform such an evaluation over all pairs of industrial sub-sectors. By first representing each
sub-sector as a node, we form a link between two nodes if the sub-sectors that correspond to them have a co-occurrence
index greater or equal to a threshold of 0.85. (Note that in this paper the threshold is set at a level that gives about
50 network nodes such that visual analysis is tractable.) The outcome of this link formation process over the set of
sub-sector nodes is a co-occurrence network which is illustrated in Fig. 7. This co-occurrence network displays the set
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of trades that tends to co-occur together for the year 2009. Note that we have represented nodes in the same section
in the same colour in the network with node size being proportional to the number of connections the node has.

We observe a separation of the co-occurrence network into two major sub-networks. A common feature that we
uncovered in these sub-networks is the co-occurrence of sub-sectors in the same section. This is revealed through a
community of sub-sectors from the same sections within the sub-network. For example, we noticed a small cluster of
trades in the Transportation and Storage sector (section H) which co-occur together. Within this same sub-network,
we found a large cluster of trades in the Financial and Insurance Activities sector (section K) that also co-locate with
each other. In the other sub-network, we have detected spatial co-occurrence among a small cluster of sub-sectors in
the Construction sector (section F ). Interestingly, spatial co-occurrence can also happen across sections here, which is
manifested among trades in the Wholesale and Retail Trade sector (section G), the Information and Communications
sector (section J), and the Professional, Scientific and Technical Activities sector (section M).
We next construct the co-occurrence network for the year 2019 under the same threshold condition. Here, we see an

expansion of the network with a larger number of nodes (see Fig. 8). There is still two major sub-networks separated
from each other as observed in 2009 but is now larger. And we again observe spatial co-occurrence of sub-sectors in the
same section as before. The main difference is the spatial co-occurrence across sections which now possesses a greater
variety of sub-sectors, with addition from Wholesale and Retail Trade (section G), Information and Communications
(section J), Finance and Insurance Activities (section K), Real Estate Activities (section L), Administrative and
Support Service Activities (section N), and Other Service Activities (section S). Finally, the triage of sub-sectors:
“Restaurants”, “Cafes and Coffee Houses” and “Food Court, Coffee Shops”, whose co-location is expected due to the
nature of their business, continues to exist in the sub-network of 2019 as they have in 2009.

Installation of industrial...

Building construction n.e.c.

General contractors (build...

Electrical works

Renovation contractors

General wholesale trade (i...

Plumbing heating (non-elec...

Wholesale on a fee or cont...

Wholesale of wearing appar...

Real estate developers

Business and management co...

General cleaning services ...

Other business support ser...

Other personal service act...

Shipping lines

Chartering of ships barges...

Shipping agencies (freight)

Ship management services
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Real Estate Activities (L)
Professional, Scientific and Technical Activities (M)
Administrative and Support Service Activities (N)
Arts, Entertainment and Recreation (R)
Other Service Activities (S)

FIG. 7: Co-occurrence network of Singapore’s industries in 2009. Only industries with more than 10 firms are included. Here, a
threshold of Coij ≥ 0.85 is used to determine whether two nodes are linked. Sub-sectors in the same section are shown as nodes
of the same color. Note that the legend gives the name of the section with its category in bracket. Node size is proportional to
node degree.
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FIG. 8: Co-occurrence network of Singapore’s industries in 2019. Only industries with more than 10 firms are included. Here, a
threshold of Coij ≥ 0.85 is used to determine whether two nodes are linked. Sub-sectors in the same section are shown as nodes
of the same color. Note that the legend gives the name of the section with its category in bracket. Node size is proportional to
node degree.

D. Co-Change

Next, we compute the tendency of sub-sectors that make correlated change in time between 2009 to 2019. The
evaluation is performed between each pair of sub-sectors, and if the calculated co-change index between the pair is
greater or equal to the threshold of 0.85, we place a link between the nodes of the two respective sub-sectors. The
result of the process is a co-change network which is shown in Fig 9.

In the obtained co-change network, we observe the predominant co-change of two sectors: Finance and Insurance
Activities sector (section K) and Information and Communications sector (section J). The expansion of the economy
from 2009 to 2019 seems to have driven concerted changes in these two sectors. In this respect, it is interesting to note
also the co-change of sub-sector “Retail sale via internet” with a set of other miscellaneous sub-sectors. We perceive
that the synchronized changes of all these sub-sectors are indicative of a shift towards the digital economy.

E. Co-Change, Co-locate and Stick or Un-Stick to CA

Urban planners are interested to understand the spatial morphological changes of industrial firms in both time and
space for their planning purposes. This includes how firms decentralize from the Central Business District (CBD),
or how urban resurgence occurs as firms re-consolidate back into the CBD [24]. They are also interested to identify
the locale where unique economic district, such as the Recreational Business District, could potentially emerge [25].
The tools developed in this paper provide techniques that not only help urban planners decipher these morphological
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FIG. 9: Co-change network of Singapore’s industries from 2009 to 2019. Only industries with more than 10 firms are included.
Here, a threshold of Ccij ≥ 0.85 is used to determine whether two nodes are linked. Sub-sectors in the same section are shown
as nodes of the same color. Note that the legend gives the name of the section with its category in bracket. Node size is
proportional to node degree.

changes, they can also elucidate the co-movement of industrial firms as well as their tendency to co-locate and to stick
to a certain region of space. By combining the use of our developed indices, we are able to probe not only movement
and spatial preference of individual firms, but also the spatial and temporal propensity of a collection of firms in
their location choice. The insights gained from the observed collective behaviour of the firms could serve to validate
the planning intent of the urban planners and to guide their decisions towards planning schemes that yield optimal
economic benefits.

In this section, we shall demonstrate the combined use of the co-change, co-occurrence, and CA indices to uncover
sub-sectors that co-change, co-occur, and stick or unstick, to CA. To achieve this, we first apply the co-change index
to construct the co-change network before employing the co-occurrence index to filter out sub-sectors that do not
spatially co-locate with each other. The outcome is a co-change cum co-occur network that reduces from the co-change
network. CA index is then applied to the sub-sectors in this co-change cum co-occur network to elucidate sub-sectors
that are sticky or unsticky to CA.

Our analysis found that among the industries, “Wholesale Banks” and “General Reinsurance” have similar location
preference. The two sub-sectors predominantly located together in CA in 2009, and remained in CA between 2009−
2019, with an increase of count that happened mainly in CA (≈ 90%). In other words, these two sub-sectors are not
only sticky to each other, they are also sticky to CA (see Fig. 10). For these two industries, efforts to decentralize
them out of CA would be challenging. In contrast, firms in the sub-sectors “Other Activities Auxiliary to Financial
Services” and “Other Financial Service Activities Except Insurance” would be more amenable to the decentralization
effort. These two sub-sectors are sticky to each other but not as sticky to CA. The two sub-sectors were predominantly
located together in CA in 2009, but shifted in a similar pattern between 2009–2019 (see Fig. 11). Although their
preference to locate in the CA remains strong, we start to see an increase of firms in other areas like Bedok, Tampines,
Kallang, and Geylang. Another pair of sub-sectors, “Development of e-commerce applications” and “Accounting and
auditing services” are also found sticky with each other. A substantial number of firms in these two sub-sectors located
together in CA in 2009. However, they are much less sticky to CA subsequently and were observed to co-locate in
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alternative locations instead of the CA when their industries expanded between 2009–2019 (See Fig. 12).
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(a) Wholesale banks (2009)

Total count: 56 firms

(b) General reinsurance (2009)

Total count: 57 firms

(c) Wholesale banks (2009 to 2019)

Total increment: 16 firms

(d) General reinsurance (2009 to 2019)

Total increment: 20 firms
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FIG. 10: Distribution of firms ((a) and (b)) and distribution of change of firm count ((c) and (d)) in the 55 planning areas of
Singapore for “Wholesale Banks” and “General Reinsurance”.

F. UK and the London Region

We have performed equivalent analysis on UK by applying our developed indices and also the approach of complex
networks. First, we compute the region index of the London region to uncover which category of industry is sticky to
the region concerned. Fig. 13 shows the region index of the London region where we again observe that businesses
in section J , K, L and M prefer to locate in the region-of-interest just like the CA of Singapore. Interestingly, we
also found common sticky industries to that of the CA of Singapore. These are the Information and Communication
Industry, the Financial and Insurance Activities industry, the Real Estate Activities industry, and the Professional,
Scientific and Technical Activities industry since trades within these industry tend to have positive region index.
However, the set of sub-sectors that consistently concentrates in the London region or consistently diffuses out of it
from 2015-2021 (see Fig. 14 and 15) seem to follow opposite trends compared to that of Singapore CA. For London,
we observe a concentration of a set of IT and digital service firms into the area, but certain trades in this same
category are found to diffuse away from Singapore CA. On the other hand, we notice a diffusion of firms in the media,
financial services, and life insurance sub-sectors out of the London region, while firms in these same sub-sectors are
observed to concentrate in the CA of Singapore. Nonetheless, we observe the interesting phenomenon that firms in
the sub-sector “Other activities auxiliary to financial services” show a consistent decline in both London as well as
the CA of Singapore.

Figs. 16 and 17 illustrate the co-occurrence networks of UK for the year 2015 and 2021 respectively, which are
both of relatively the same size. In the two years, there occurs one large sub-network and a few small subnetworks.
The large sub-network displays a diversity of trades across sections without forming co-occurrence of sub-sectors in
the same section like that of Singapore. Nonetheless, we observe co-occurrence of the sub-sector “Construction” in
the small network of UK, where we note that spatial co-occurrence of construction firms is also observed to happen
in Singapore (see Figs. 7 and 8). Compared to Singapore, larger spatial co-occurrence across sections is observed. In
addition, strong co-occurrence between sub-sectors in the Finance and Insurance Activities sector is absent. We believe
this to result from our use of the region level of UK which is a coarse-grained analysis. If a smaller geographical scale
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(a) Other financial service activities (2009)

Total count: 226 firms

(b) Other activities auxiliary to (2009)

Total count: 38 firms

(c) Other financial service activities (2009-2019)

Total increment: 405 firms

(d) Other activities auxiliary to (2009-2019)

Total increment: 536 firms
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FIG. 11: Distribution of firms ((a) and (b)) and distribution of change of firm count ((c) and (d)) in the 55 planning areas of
Singapore for “Other Financial Service Activities Except Insurance” and “Other Activities Auxiliary to Financial Services”.
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(a) Development of e-commerce applications 
(2009)

Total count: 1032 firms

(b) Accounting and auditing services (2009)

Total count: 979 firms

(c) Development of e-commerce applications 
(2009-2019)

Total increment: 1672 firms

(d) Accounting and auditing services 
(2009-2019)

Total increment: 950 firms
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FIG. 12: Distribution of firms ((a) and (b)) and distribution of change of firm count ((c) and (d)) in the 55 planning areas of
Singapore for “Development of e-commerce applications” and “Accounting and auditing services”.
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is applied, co-occurrence between sub-sectors in the Finance and Insurance Activities sector should become evident.
In the same vein, we expect strong preference of firms to co-locate in the prime areas of a city instead of co-locating
at the region or state level. It is interesting, however, to highlight the counter-example of the construction sector,
whose co-occurrence behavior appears to be scale-invariant. We detect spatial co-occurrence among a small cluster
of sub-sectors in this industry, which may suggests an operational need for these sub-sectors to co-locate.

Fig. 18 shows the co-change network of UK from 2015 − 2021. Synchronized changes happen mainly in the
Construction, Real Estate Activities, and Professional, Scientific and Technical Activities sections. It is noteworthy
that the construction sub-sector demonstrates a strong tendency to co-change and co-occur in UK, which is different
from that of Singapore where we observe a tendency of this industry to co-occur but not co-change. Finally, we
notice that the sub-sectors “Real estate agencies” and “Management of real estate on a fee or contract basis” has a
propensity to co-occur and co-change. Although they are also sticky to the London region, we have detected their
gradual movement out of this region-of-interest.
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FIG. 13: Region index of the London region of United Kingdom in 2019. Business activities are further grouped into a broad
industry group structure consisting of 21 sections (i.e. A to U). Interestingly, most businesses in sections J , K, L and M
are found to position themselves preferably in the London region, similar to how businesses in these sections possess positive
CA-index in Singapore.

SIC Industry SIC Industry

5821 Publishing of computer games 6512 Non-life insurance
5829 Other software publishing 6612 Security and commodity contracts brokerage
6209 Other information technology and computer 6622 Activities of insurance agents and brokers

service activities
6311 Data processing; hosting and related activities 7010 Activities of head offices
6312 Web portals

TABLE IV: Description of SSIC shown in Fig. 14.

IV. DISCUSSION AND CONCLUSION

In this paper, we have developed three indices to decipher the spatial-temporal patterns and dynamics of firm
location choice. The first index is the region index, which serves to ascertain the level of attractiveness of a region-
of-interest to business activities over time. Our second index measures the proclivity of firms to locate in spatial
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FIG. 14: London-index for industries in the United Kingdom from 2015 to 2021. The industries indicated here are from sections
J (red), K (cyan), L (grey) and M (pink), with London-index increases consistently throughout the period under study (i.e.,
correlation greater than 0.75).

SIC Industry SIC Industry

5911 Motion picture; video and television programme 6619 Other activities auxiliary to financial services;
production activities except insurance and pension funding

5912 Motion picture; video and television programme 6630 Fund management activities
post-production activities

5913 Motion picture; video and television programme 6810 Buying and selling of own real estate
distribution activities

6010 Radio broadcasting 6831 Real estate agencies
6020 Television programming and broadcasting 6832 Management of real estate on a fee or contract

activities basis
6190 Other telecommunications activities 6910 Legal activities
6419 Other monetary intermediation 6920 Accounting; bookkeeping and auditing activities;

tax consultancy
6420 Activities of holding companies 7111 Architectural activities
6499 Other financial service activities; except insurance 7312 Media representation

and pension funding n.e.c.
6511 Life insurance 7420 Photographic activities
6611 Administration of financial markets 7430 Translation and interpretation activities

TABLE V: Description of SSIC shown in Fig. 15.

proximity with each other, and we term it the co-occurrence index. The third index captures the tendency of firms
making synchronous temporal change to their location choice, and we call it the co-change index. We showed that
the single and combined use of these indices enabled the deciphering of various spatial and morphological behaviour
of firm-types against time. This includes the concentration or diffusion behavior of firms, as well as the co-movement
and co-location of a set of firms into or out of a certain region of space in a city.

Specifically, we employed the indices to the study of the set of industrial firms in Singapore and UK. Interestingly,
we observe certain common firm location choice patterns between the two countries through our analysis. We found
that the sectors: “Information and Communication”, “Financial and Insurance Activities”, “Real Estate Activities”,
and “Professional, Scientific and Technical Activities”, are spatially sticky to the Central Area of Singapore as well as
the London region, while the sub-sector “Other activities auxiliary to financial servcies” displays a consistent tendency
to diffuse out of CA and London. There are also opposite movement trends, with a proclivity of IT and digital service
firms to concentrate in London but diffuse out of CA, while the media, financial services, and life insurance firms to
diffuse out of London but concentrate in CA. In the case of spatial co-occurrence, Singapore sub-sectors demonstrate
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FIG. 15: London-index for industries in the United Kingdom from 2015 to 2021. The industries indicated here are from sections
J (red), K (cyan), L (grey) and M (pink), with London-index decreases consistently throughout the period under study (i.e.,
correlation smaller than -0.75).

an inclination to co-occur within the same section, while UK firms shows more mixing of sub-sectors of the diverse
sections in the co-location pattern. Nonetheless, both countries share the common feature of co-location of sub-sectors
within the “Construction” section. Finally, our methods have also successfully uncovered sub-sectors that co-occur,
co-change, and spatially sticky to the CA of Singapore and the London region: “Wholesale bank” and “General
reinsurance” for Singapore; and “Real estate agencies” and “Management of real estate on a fee or contract basis”
for UK. The fruitful application of our approach to this comparative analysis of firms in Singapore and UK indicate
the applicability of our method to cities in general.

Through our analysis on the spatial-temporal dynamics of firms in this study, we have identified locations which
have become more or less attractive for specific sectors over time, and which types of firms are more or less space
agnostic. Collectively these insights may be useful to inform the formulation of polycentric strategies by identifying
business activities which may be location agnostic and open to moving out of CA. Furthermore, the analysis has
enabled us to understand how the locational preference or land use requirements of certain firms are changing over
time.

Our methods are useful as a first analysis to decipher potential location’s stickiness and co-occurrence behaviors
among sub-sectors. Further studies can then be proposed based on the findings to validate these behaviors through
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FIG. 16: Co-occurrence network of UK’s industries in 2015. Only industries with more than 5000 firms are included. Here, a
threshold of Coij ≥ 0.98 is used to determine whether two nodes are linked. Note that a higher threshold is used here because
of the course-grained’s nature of the dataset. Sub-sectors in the same section are shown as nodes of the same color. Note that
the legend gives the name of the section with its category in bracket. Node size is proportional to node degree.
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FIG. 18: Co-change network of UK’s industries from 2015 to 2021. Only industries with more than 5000 firms are included.
Here, a threshold of Ccij ≥ 0.95 is used to determine whether two nodes are linked. Note that a higher threshold is used here
because of the course-grained’s nature of the dataset. Sub-sectors in the same section are shown as nodes of the same color.
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