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Abstract: The land-use mix index is a way to quantify the mixture of land-use patterns. Due to
practical limitations, few studies have highlighted the validity of land-use mix indices. This paper
aims to explore the potential characteristics of land-use mix indices using a three-step screening
method. The data precision of indices was concluded after the first-step screening. A total of 10 virtual
blocks and 217 blocks in Melbourne city center served as a case study and reflected the various land-
use structures. The randomized controlled comparative trial was incorporated into the second- and
third-screening to indicate the applicable condition and validity. The results illustrate that the value
Herfindahl-Hirschman index related to the diversity of land-use types. The results also confirmed
that Dissimilarity index-I was significantly associated with the balance status of the land-use mix.
Entropy index reflects the evenness but did not correlate to the diversity or balance of the land-use
mix. In addition, the study also provides a set of general recommendations for the application
conditions of land-use mix indices.
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1. Introduction

Land-use mix is a component which plays a pivotal role in planning and public
policymaking [1]. “Land use” is defined as the allocation of residential, commercial, office,
and industrial activities across space [2]. Mixing land use provides the possibility of locating
homes, jobs, shopping, and public services close together, which may help car owners
overcome dependency on vehicle use and promote nonmotorized transit mode sharing
(public transit, walking, and cycling) in neighborhoods [3-5]. Although there exists a
significant body of scholarship addressing land-use mix as a positive strategy in practice
and management of urban design philosophies, the analysis of data precision and validity
of land-use mix measures involving nine indices remain largely unexplored.

This paper aims to examine the hidden dimension of land-use mix indices. The
study applies a three-step screening method using a randomized controlled trial (RCT)
to test the data precision level of indices and their validity, and concludes with general
recommendations relating to the indices. We designed a three-step screening method to
explore the potential characteristics of land-use mix indices. Validity presents the accuracy
level of the results or values that correspond to the properties of land-use mix indices [6].
The diversity, balance of residential and nonresidential land, and job-housing balance were
the validities in this study. Study results confirmed the applicable scale, data precision, and
validity of each index. Data for the RCT study include a balance of mixture of land use
from 10 virtual blocks and land-use information of 217 blocks in the City of Melbourne’s
Central Business District from the 2018 Census of Land Use and Employment (CLUE) [7].
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The paper is structured as follows: Section 2 details the theoretical background of the
land-use mix; Section 3 outlines the design, research framework, and data collection of the
study; Section 4 discusses the results and findings, and Section 5 presents the conclusion,
general recommendations and areas for further research.

2. Literature Review

The knowledge base underpinning landscape structure and land-use mix design,
initiated by Jane Jacobs with her work on “The Death and Life of Great American Cities” [2],
is both broad and extensive and has been a crucial element in planning philosophies and
design principles from 1973 to 2005 with a shared aim of achieving greater sustainability in
city development. For example, the mix-use design is the major component in compact
cities [8,9], eco-cities [10], cycling-friendly cities [11], and car-free cities [12,13]. It has
been a critical component in urban planning philosophies such as new urbanism [14],
sustainable development [15], transit-oriented development (TOD) [16], smart growth [17],
and walkable urbanism [18] (see Figure 1).
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Figure 1. Land-use mix-related theories. This figure presents the introduction and chronological sequence of nine urban

planning philosophies and design principles relating to the land-use mix principle. The compact city was the first principle

to highlight the benefits of mix-use design. The latest urban planning philosophy related to the land-use mix is walkable

urbanism in 2005.
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There are several directions for the quantitation of land-use mix. One way is the
quantification of land-use mix degree and exploration of the correlation between the
built environment variables (e.g., urban density, distance, destination accessibility, and
the transportation network structure) and personal trips in cities [19-22]. Cervero and
Kockelman [19] discuss the relationship between density, travel demand, and land-use
diversity in their findings in the 1990s. The evidence they present on San Francisco indicates
that compact development has a substantial influence on personal business trips. Density,
diversity, and design (the 3Ds) affect travel demand and mode choice [19,21]. For instance,
the high level of land-use mix will promote the pedestrian mode choice of nonwork trips.
Lu et al. [22] questioned the relationship between commuting mode choice and density,
diversity, design, destination accessibility, distance to transit (the 5Ds) in 2018. The results
established that density and diversity of land-use affect mode choice and reduce the
individual mile travel (VMT) and station-based average travel distances (ATDs) [3,23].

The benefit of mixed land-use is the ability to locate multiple types of function (resi-
dential, commercial, institutional, and recreational) within a walkable or cycling-friendly
distance [14]. First, land-use policies highlighted that mix-use design is an effective way to
promote nonautomobile travel modes [24-26]. Gehrke [4] suggested that mixed land use, as
a strategy, has a significant relationship with walking at the microlevel. Furthermore, other
studies mentioned a positive association of active commuting, accessibility, and walkability
through mixed land use [27-29]. In addition, the study by Heinen et al. [30] indicates
that a greater level of land-use mix was associated with cycling commuting. Heinen et al.
and Yang et al. [30,31] stated that mixed land use is a factor contributing to shortening
travel distances and has a positive effect on cycling. Yang et al. [31] also considered the
impact of terrain slope and the availability of cycling paths on cycling behaviors with
respect to land-use mix. Finally, the land-use mix has also been related to neighborhood
satisfaction [32,33], neighborhood crime [34], and housing price [35].

This paper has reviewed a significant cross-section of research papers and reports
with respect to land-use mix [19-58]. However, while the Sankey diagram in Figure 2
illustrates the flows of land-use mix and relevant research fields, the available literature
and research do not explain the applicable conditions, validity, or the quantitative process
of land-use mix measures. Furthermore, neither has the diversity of land-use types been
accounted for or presented by the land-use mix degree by indices. Therefore, in order to
fill this research gap, our paper presents an analysis which determines the validity and
applicable conditions of indices based on the definition of land-use diversity, evenness,
and balance (see Figure 2).
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Figure 2. Research flows of relevant land-use studies. This figure illustrates key planning studies relevant to land-use mix,
and charts their previous research flows with respect to the range of land-use mix quantitation methods (land-use mix
index) derived from the literature review. The figure also presents the gap linked to the aim and objectives of the research.

3. Methodology
3.1. Study Design

This study aims to explore the hidden dimension of land-use mix indices. The correla-
tion of land-use mix degree, land-use diversity, and the land-use balance is the objective
of this research and was tested through a randomized control trial (RCT) using 10 virtual
blocks, selected as the experimental group with a balanced mix of land uses, against a
control group of 217 blocks from the City of Melbourne’s Central Business District. The
benefit of the RCT is that the research decides randomly as to which urban city blocks
in the trial are being tested, while the control group aims to comprise or reference the
randomized group [59].

We propose a three-step screening research method to integrate the analytics processes
of the comparative trial, along with a correlation analysis (see Figure 3). The RCT was used
to test the efficacy of the indices being correlated.

The three-step screening process comprises the research framework of our study (see
Figure 3). The first selection relies on the filtration conditions (research, applicable scale,
and data precision) and discusses various aspects of the nine indices being considered. The
Entropy index (ENT), Herfindahl-Hirschman index (HHI), and Dissimilarity index-II (DIS-
II) comprise the second screening with respect to spatial features and land-use classification.
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In the third screening layer, an in-depth discussion and conclusion illustrate the inherent
characteristics of the Balance index (BAL), ENT, HHI, and Dissimilarity index-I (DIS-I).
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Figure 3. Three-step screening method framework developed for the study.

3.2. Research Method

The first screening involves nine frequently used indices. In the first step, the applica-
ble research scale and data precision were identified based on the structure of measures.
Indices were categorized into independent and complex indices. The RCT was applied
to the second and third screenings. In the second and third screenings, the result of Pear-
son correlation’s coefficient illustrates the correlation between mix-use degree, diversity,
evenness, and balance.

In the third screening, the validity variables among diversity, evenness, and balance
were based on different measures. “n” is the number of land-use types of the blocks and
presents the diversity directly. The balance status was calculated by the ratio of residential to
nonresidential land use and accommodation to job land use. The Alatalo index is a widely
used method to measure the evenness of species in previous studies and has therefore been
adopted in this study [60,61]. The Alatalo evenness index is shown as follows:

_ D
ALT = e 1)
()

ZP x In p; 3)



Sustainability 2021, 13, 1898

6 of 19

ALT is the Alatalo evenness index of the given area; D is the Menhinnick evenness
index; H' is Shannon-Wiener evenness index; P; is the percentage of each type of land-use
in zone i; S is the number of land-use types.

Collectively, the correlation analysis was based on the IBM SPSS 26.0. The results
show the correlation between mix-use degree, diversity, evenness, and balance.

3.3. Land-Use Mix Index

From the review of research papers and reports focusing on land use, most of the
studies considered the ENT, DIS-I, and HHI as the effective methods to quantify the land-
use mix. In this paper, we utilized the latest indices for an overall discussion of land-use
mix indices. In this study, we defined nine indices into two categories. First, independent
indices were used to describe those indices which only required land-use information
in the calculating process. According to the review of model structure, the independent
indices included: the BAL, ENT, HHI, DIS-I, and DIS-II.

Entropy index: the ENT has been used in previous studies to measure the land-use
mix status. The term ENT highlights the mixture of multiple types of land use in the given
area [62,63]. The equation of the ENT is shown as follows:

[Zi‘{:l Pil”(Pi)]
ENT= -——+«F———+ 4
In(k) @
where P! is the percentage of each type of land use in zone i; k is the number of land-use
types in zone i, and k > 2.
Herfindahl-Hirschman Index: the term HHI has been applied to the situation of
market concentration in economics and refers to land-use mixed status [64,65]. The HHI is

shown as follows: )

HHI = Z(lOO x Pi)z ®)
i=1

P! is the percentage of land use i in the given area; k is the number of land-use types
in zone i.

Dissimilarity index-I: scholars believed that DIS-I is a way to measure the balance
status of land-use mix in the given area [62]. DIS-I developed by Duncan [66] is shown
as follows:

n
DIS-I=05) |r; — s (6)
i=1
where r; is the percentage of residential land use in district i; s; is the percentage of
nonresidential land in district i; n is the number of districts in the area.

Dissimilarity index-1I: Cervero and Kockelman [19] present a “Dissimilarity index’
to discuss the land-use diversity around the central parcel in the San Francisco study and
classify land-use type as residential, commercial, office, industrial, institutional, park, and
recreation (Figure 4). In this study, Dissimilarity index by Cervero and Kockelman [19] was
labelled as DIS-II. DIS-II is shown as follows:

DIS-II = L’K Zli(}él)]

7

@)

where K is the total area of surrounding parcels around the central point; X; is the number
of parcels with different land-use type/types with the central parcel; [ is the type of land
use in the central area.
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Figure 4. The quantification samples of Dissimilarity index-II (DIS-II). This sample illustrates the calculation steps of DIS-II.

For example, the central parcel of sample region A is residential land, and the X; of this neighborhood is 4 due to the 4

surrounding parcels being commercial and public facilities.

Complex indices require more information in the quantification process (spatial loca-
tion, adjust factor, and number of trips in blocks) as the component structure of complex
indices is more intricate than independent indices. For example, some measures were
weighted with an economic factor to the land-use measures such as the Clustering index
(CLTS) and Gini index (GINI).

Clustering index: the model structure of the CLTS not only involves the areas of
residential land and nonresidential land but also considers the spatial distances between
the centroids of pairs of districts [62,67]:

n n —dj; Y v n ,—d;
CLST — i=1 Sl Zi* Yl X e~ it — nZ =1 Zi* e Yii* 8
Ty S.yn 7. —dix Y yon 0 —dox ( )
i=1 lzz*:l pxe n2 ~i=1 Zz* e

Y is the area of nonresidential land; S; is the percentage of nonresidential land in
district i; Z; is the area of district i; Y; is the area of nonresidential land of district i; d;;« is
the distance between distance i and the center of district i*; n is the total area of the district.

Gini index: the GINI, developed by Corrado Gini [68], applies measures such as
economic inequality and urban studies [68]:

n

1—) (o141 +0719) (0511 — 05;)
i-1

GINI = )

r; is the proportion of residential land in district i; s; is the proportion of nonresidential
land in district 7; o is the adjust parameter.

The activity-related complementarity (ARC) model was used to describe the land-use
mixed pattern [20]. The ARC model integrates the proportion of multiple types of land use
and the number of trips generated by a single type of land use into one model:

(n57)

n
ARC=1-)"
i=1

[P —F

Pix 4 —F (10)
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n is the number of land-use types; P; is the percentage of land-use type i in a given
area; F; is an activity adjust factor and reflects number of trips generated by a single type of
land use.

Mix degree index: the complex index takes spatial features into account in the quanti-
tative process. For example, Tian et al. proposed a mix degree index (MDI) to measure the
mixture of residential and industrial lands in the peri-urban areas in China [1]. Tian et al. [1]
also categorized the land-use types as residential. Each type of land use was assigned a
value from 0 to 3, and the spatial and land-use types influenced the value of MDI (Figure 5).
The MDI is expressed as follows:

n
MDI = )
i=1

nj
—_— 11
(n x 25) (1)
where n is the number of grids cover by residential landscape in a given area; n; is the
mixed degree of a residential patch i in the given area; 25 is the maximum assigned value
of mixed degree of sample region (see Figure 5).

Sample region-A
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Figure 5. Schematic diagram of mix degree index (MDI). This figure illustrates the quantification
steps of MDI. The base value of central parcel is 1 in sample regions A and B. In sample region A, n;
is1,nis 9, and MDI is 1/255. The MDI of sample region B is 3/255.

3.4. Data Collection

Melbourne is the capital city of the state of Victoria, Australia. The road network and
the street blocks in the Central Business District are formed according to a Hoddle street
grid (see Figure 6). Sidewalk Labs [69] points out that the benefits of a regular street grid
include: (i) the ease of of building or rebuilding; (ii) ease of navigation, especially for new
people coming to visit or live in the city; (iii) traffic being able to be rerouted during street
closures or peak traffic conditions.

Furthermore, the grid-like streets divide the city into similarly shaped blocks of similar
sizes, facilitating same-scale quantifiable land-use information collected for each block
from the Census of Land Use and Employment (CLUE).

In this study, land-use information of 217 blocks in the CLUE only covers the percent-
ages of each type of land use. The spatial locations of different land-use types were not
given in the CLUE. We designed 10 virtual block groups (see Figure 7), all with balanced
land-use mixes in order to isolate balance and evenness as constants. In addition, the
random locations of the different land-use tests and the diversity of the type of land-uses
were independent variables. The designs of 10 virtual blocks are shown in Figure 7. Blocks
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EG-01 to EG-10 have a balanced proportion of different types of land uses. The indepen-
dent variables of block EG-01 to EG-10 are the number of land-use types and the spatial
locations of each type of land use. For example, the subgroup (named EG-04(a)) had the
same proportion of land-use types, but all of them had different spatial features. The
results of the analysis of 10 virtual blocks identified the influence level of spatial features in
land-use mix quantitation and provided further exploration of data precision.

N
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- North Melbourne
Carlton
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Figure 6. The location of 217 blocks in the city of Melbourne. The land-use information of 217 blocks
is available on: https:/ /data.melbourne.vic.gov.au/Business/Floor-space-by-block-by-ANZSIC /a9
sc-9jxz, accessed on 6 October 2020.

The review of previous studies establishes several standards of land-use classification.
For example, for the land-use mix pattern by the ENT, Gan et al. [23] identified seven
categories of land-use information within the ENT including: administrative, business,
commercial, green space, industrial, residential and other. Shashank and Schuurman [70]
classified land-use data as commercial, residential, and office due to the moderate compati-
bility of the dataset. For the six-category index, institutional (or health care), entertainment,
and physical activities were extracted from the land-use classification. However, insti-
tutional health care was excluded from the five-category HHI index due to the lack of
available data.

The classification standards of land use depended on the research objectives, study
background, and the source of data. We classified the categorization of land based on the
Australian and New Zealand Standard Industrial Classification (ANZSIC) [71]. Beyond
this classification, we detailed and summarized subtype 1 and subtype 2 and applied the
respective data in the land-use balance analysis (Table 1). Moreover, the land-use details of
217 blocks are based on the CLUE database [7]. The data cover the period 2002 to 2018, and
we collected the data in 2018. A total of 217 blocks located in the suburbs of Kensington,
North Melbourne, Carlton, Melbourne, Southbank, and Docklands served as the primary
source of the control group to explore the potential characteristics of land-use mix indices.
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No. EG-01 EG-02 EG-03 EG-04(a) EG-04(b)
Pattern
LU-1: 50.00% LU-1:33.33% LU-1: 25.00% LU-2: 25.00%
Proportion LU-1: 100.00% LU-2:33.33%
LU-2: 50.00% LU-2: 33.33% LU-3: 25.00% LU-4: 25.00%
No. EG-05(a) EG-05(b) EG-06(a) EG-06(b) EG-06(c)
Pattern
LU-1:20.00% LU-2:20.00% LU-1:16.67% LU-2:16.67%
Proportion LU-3:20.00% LU-4: 20.00% LU-3:16.67% LU-4: 16.67%
LU-5:20.00% LU-5:16.67% LU-6: 16.67%
No. EG-07(a) EG-07(b) EG-08(a) EG-08(b) EG-08(c)
- .
LU-1: 14.20% LU-2: 14.20% LU-1: 12.50% LU-2: 12.50%
LU-3: 14.20% LU-4: 14.20% LU-3: 12.50% LU-4: 12.50%
Proportion
LU-5: 14.20% LU-6: 14.20% LU-5: 12.50% LU-6: 12.50%
LU-7: 14.20% LU-7: 12.50% LU-8: 12.50%
No. EG-09(a) EG-09(b) EG-10(a) EG-10(b) EG-10(c)
Pattern
LU-1: 11.11% LU-2:11.11% LU-1: 10.00% LU-2: 10.00%
LU-3:11.11% LU-4:11.11% LU-3: 10.00% LU-4: 10.00%
Proportion LU-5:11.11% LU-6: 11.11% LU-5:10.00% LU-6: 10.00%
LU-7: 11.11% LU-8:11.11% LU-7:10.00% LU-8: 10.00%
LU-9: 11.11% LU-9: 10.00% LU-10: 10.00%

Key | Landuse I(LU-1) [/ Land use 3(LU-3) [ Land use S(LU-5) [iLand use 7(LU-7) [IlLand use 9(LU-9)
| Land use 2(LU-2) I Land use 4(LU-4) [ Land use 6(LU-6) [IllLand use 8(LU-8) [ILand use 10(LU-10)

Figure 7. The pattern of virtual blocks.
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Table 1. The classification of land-use types by Australian and New Zealand Standard Industrial
Classification (ANZSIC).

Main Types Subtype 1 Subtype 2 Details
Residential Residential Residential Accommodation
Admin and support services, education
Administration and training, health care and social
Jobs and public service assistance, public administration and
Nonresidential safety.

Business services, finance and insurance,
information media and
Commercial and telecommunications; manufacturing,
business facilities food and beverage services, real estate
services, rental and hiring services, retail
trade, wholesale trade.
Leisure and
Recreation recreation Arts and recreation services.
facilities
Agriculture and mining, construction,
electricity, gas, water and waste services,
other services, transport, postal and
storage, others.

Others Others

4. Results and Discussion
4.1. Finding of First Screening

Data precision is an aspect to discuss the hidden features of land-use mix indices.
In this research, we define the data precision levels by the requirements of data collec-
tion. Most of the land-use mix measures required land-use details with specific areas
or percentages; however, we define the data precision in this level of data collection as
negligible. Furthermore, some land-use mix indices and the number of land-use types
in the measurement have been defined with an average level of data precision based on
the dataset with areas (or percentages) and the number of land-use types. The review of
previous studies also highlighted the spatial location and the demographic information
within the calculation of land-use mix degree—we define the precision level of these indices
as a finite level.

The conclusion of the review emphasizes the research scales and data precision of
indices (Table 2). This study focused on the exploration of the potential characteristics of
land-use mix indices at the block and neighborhood levels. The further discussion of the
validity of indices land-use information of the control group only covers the areas and
percentages of each type of land use. Under this situation, the second and third screenings
only discuss the BAL, ENT, HHI, DIS-I, and DIS-II, due to the limitation of data collection.

Table 2. The applicable research scale and data precision conditions of indices.

Research Scale Data Precision
Micro Meso Macro .
(Block)  (District)y  (Cityy ~ fine Normal - Coarse
Balance Index (BAL) + + +
Entropy Index (ENT) + + + +
Herfindahl-Hirschman Index (HHI) + + +
Clustering Index (CLST) + +
Dissimilarity Index-I (DIS-I) + + +
Dissimilarity Index-II (DIS-II) + + +
Activity-Related Complementarity N + .
(ARC) Index
Mixed Degree Index (MDI) + + +
Gini Index (GINI) + +

“+”. Applicable to the current condition.
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4.2. Finding of Second Screening

According to the findings of the preliminary selection, we used five measures in the
second and third screenings. The values represent various features of land-use mix indices.

In Table 3, “n” presents the diversity of land-use types; values in the ENT column are
the land-use mix degree were calculated by the ENT; values in the HHI column present
the mixed degree calculated by the Herfindahl-Hirschman index; values in the DIS-II
(a) column indicate the land-use mixed degree calculated by Dissimilarity index-II with
the land-use status (a). Values in DIS-II (b) column indicate the land-use mixed degree
calculated by Dissimilarity index-II with the land-use mixed status (b). Values in DIS-II (c)
column indicate the land-use mixed degree calculated by Dissimilarity index-II with the
land-use mixed status (c).

Table 3. The land-use details of virtual blocks, land-use diversity (n), and the land-use mix degree.

Land Use Details (%) Land-Use Mix Degree

Land Land Land Land Land Land Land Land Land Land 2+ ENT HHI DIS-II DIS-II DIS-II

use-1 use-2 use-3 use-4 use-5 use-6 use-7 use-8 use-9 use-10 (a) (b) ()
EG-01 100.0 0 0 0 0 0 0 0 0 0 1 N/A 10,000.0 0.0 N/A N/A
EG-02 50.0 50.0 0 0 0 0 0 0 0 0 2 1.0 5000.0 0.5 N/A N/A
EG-03 33.3 33.3 33.3 0 0 0 0 0 0 0 3 1.0 3333.3 0.8 N/A N/A
EG-04 25.0 25.0 25.0 25.0 0 0 0 0 0 0 4 1.0 2500.0 0.0 0.6 N/A
EG-05 20.0 20.0 20.0 20.0 20.0 0 0 0 0 0 5 1.0 2000.0 0.0 0.8 N/A
EG-06 16.7 16.7 16.7 16.7 16.7 16.7 0 0 0 0 6 1.0 1666.7 0.0 0.9 0.8
EG-07 14.2 14.2 14.2 14.2 14.2 14.2 14.2 0 0 0 7 1.0 1411.5 0.0 0.8 N/A
EG-08 125 125 125 125 125 125 125 125 0 0 8 1.0 1250.0 0.0 0.9 0.9
EG-09 11.1 11.1 11.1 11.1 111 111 11.1 11.1 111 0 9 1.0 1108.9 0.0 1.0 N/A
EG-10 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10 1.0 1000.0 0.0 1.0 0.0

The values of EG-01 to EG-10 of the ENT highlight that the ENT is only workable for
the parcel with more than two types of land use. As the number of land-use types increases,
the value of the ENT is the same (ENT = 1) in the 10 experimental groups. Thus, the values
of the ENT do not reflect land-use diversity.

Furthermore, EG-01 to EG-10 showed a negative correlation between the number of
land-use types and mixed degree. The results of the experimental group may indicate that
the values of the HHI reflect land-use diversity.

Finally, we simulated several spatial distributions based on the proportion of the
different types of land use. The results are categorized as DIS-II (a), DIS-II (b), and DIS-
II (c). Furthermore, the values identified the features of DIS-II, indicating that spatial
distribution affects the values of DIS-II. The feasibility condition of land-use pattern and
land-use distribution in the city is more complicated than the 10 experimental groups. In
order to disclose the hidden characteristics, we applied land-use details of 217 blocks in
the city of Melbourne in the third screening.

4.3. Finding of Third Screening

The results of the secondary screening highlighted that the HHI is related to the
diversity of land-use type (Table 3). However, the validities of the BAL, ENT and DIS-II
were not shown in Table 3. The scatter diagrams of the validity indices are presented in
Figures 8-11. Examining Figure 8, only the HHI was related to the diversity value. The BAL
and DIS-I did not correlate with the diversity value (n)—BAL is 0.00 and DIS-I is 0.50—and
the diversity value (n) presented an inverse relationship when comparing graphs (A) and
(D). According to the finding in graph (C) in Figure 8, the HHI is the index related to the
diversity of land-use types.

Second, both the BAL and DIS-I are related to the ratio of residential and non-
residential (RRN) according to the linear relationship in Figure 9. The BAL and DIS-I
show mirror-image symmetry. According to this, the validities of the BAL and DIS-I
are the same. Unlike the BAL, DIS-I was negatively correlated to RRN. Graphs (A) and
(D) in Figure 9 prove that both the BAL and DIS-I correlated with residential land and
nonresidential land balance statuses.
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In Figure 10, a similar correlation was shown between the BAL to RA]J (balance ratio
of accommodation and job). Moreover, a positive correlation is presented in the graph (A).
In contrast, the values of RAJ and DIS-I had a negative relationship according to graph (D)
of Figure 10. Additionally, the correlation between the BAL and RA]J illustrates that the

BAL’s values reflect the balance between two different land uses.

For the test results of evenness’s validity, the Alatalo evenness index was used to
present the evenness of land-use mix of blocks. In Figure 11, both the ENT and HHI were
related to Alatalo evenness. Graph (B) and graph (C) present a correlation of indices.
Nevertheless, the values of the BAL and DIS are not related to the evenness indices (see

Figure 11).

For further comparison of the correlation between the index’s validity of diversity,
evenness, and balance, the correlation coefficients are shown in Table 4. According to
Pearson’s correlation coefficient, a discussion of the correlation between the validity indices

and land-use mix indices is presented below.

(A) Diversity(n) and BAL (B) Diversity(n) and ENT
20.00 15.00 °
. . 12.50 o o
3 15.00 ° o 2 ® o0 o
> 4 ee . > 1000 ° :o .: :
£ H ® % o cowmo
3 1209 H oo e o ° 3 7.50 e o oomeo oo
"3 S ° o o2 o 2 © 000000 mo
© 500 $ ° ° e 500 e o ecacceem o
° ® oo w©
B 2.50 000 0 @ ¢ 00 csme
0.00 © o000 0 o0 o0 oo wooam
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.00 0.20 0.40 0.60 0.80 1.00
BAL ENT
(C) Diversity(n) and HHI (D) Diversity(n) and DIS-I
20.00 20.00
oo ° °
g \eun Chi . :
> om0 > ° ) °
= - = :
¥ 10.00 -=l2 . ¥ 10.00 L4 oo 4
$ - o 0 000 $ ° ° ° °
& i T & oo $o o N |
500 s DAL 500 e e $
apcmo  om coes ° °
oo 0o oo vam o 2
0.00 0.00
0.000 0.002 0.004 0.006 0.008 0.010 0.00 0.10 0.20 0.30 0.40 0.50
HHI DIS-1

Figure 8. The scatter diagram of validity index of diversity (n) and land-use mix indices.
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Figure 9. The scatter diagram of validity index of balance-RRN (ratio of residential and non-

residential) and land-use mix indices.
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Figure 10. The scatter diagram of validity index of balance-RA]J (ratio of accommodation and job)
and land-use mix indices.
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Figure 11. The scatter diagram of validity index of evenness (Alatalo evenness) and land-use
mix indices.

First, the BAL correlates to the validity indices of RRN and RAJ due to the coefficients
being 0.69 and 0.70 and significant at the 0.01 level. Most of the studies assumed that
the value of ENT reflects the diversity of land-use types. However, only the index of
Alatalo evenness correlates to the ENT significantly at the 0.01 level in Table 4. This finding
supports that the ENT is the measure to quantify the evenness of land-use rather than
the diversity. According to the correlation coefficients of validity indices and the HHI, a
positive correlation was shown between diversity (n) and the HHI. Moreover, the negative
correlation illustrates the correlation coefficients of RRN to DIS-I (—0.69) and RAJ to DIS-I
(—0.70).

Overall, the validity and features of land-use indices were concluded based on the
comparison of the experimental group and the control group. In the results of second
screening, only the HHI is related to the diversity of land-use type (n), and the ENT, DIS-],
and DIS-II were not related to the land-use diversity according to the analysis of 10 virtual
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blocks. Furthermore, the calculation process of DIS-I requires a precise classification of
land-use types and not land-use mix degree. DIS-II was influenced by the spatial location of
lands with different land-use characteristics. Land-use mix indices of the ENT is applicable
for the given area with over two types of land use. The findings of the third screening
prove the findings of the second screening—i.e., that the HHI is correlated to the land-use
diversity validity index. Moreover, the BAL is applicable for the land-use balance studies
because of a high level of the correlation coefficient between the BAL and balance ratios of
RRN and RA]J. Additionally, the ENT correlates to the validity index of Alatalo evenness
and is applicable for land-use evenness studies. The findings of the three-step screening
analysis will inform application and decision-making in sustainable city development.

Table 4. The correlation coefficients of validity indices and land-use mix indices.

Diversity (n) Balance Balance Alatalo
ty (RRN) (RA)J) Evenness
BAL Pearson Correlation 0.28 ** 0.69 ** 0.70 ** 0.17 *
Sig. (2-tailed) 0.00 0.00 0.00 0.03
ENT Pearson Correlation 0.13 —0.13 —0.13 —0.31 **
Sig. (2-tailed) 0.09 0.11 0.11 0.00
HHI Pearson Correlation —0.81 ** —0.10 —0.09 —0.20*
Sig. (2-tailed) 0.00 0.16 0.21 0.01
DIS-I Pearson Correlation —0.28 ** —0.69 ** —0.70 ** —-0.17*
- Sig. (2-tailed) 0.00 0.00 0.00 0.03

Total sample is 217 and valid sample is 161. **. Correlation is significant at the 0.01 level (2-tailed). *. Correlation
is significant at the 0.05 level (2-tailed).

5. Conclusions and General Recommendations
5.1. Research Conclusions

In this study, we conducted and updated the review of land-use mix research from both
theoretical and quantitative aspects. The review of previous literature was based largely
on empirical studies. According to the conclusion of the literature review, few studies have
explored the validity of land-use mixed indices. The three-step screening method for the
research was based on the knowledge gap in the analyses of data precision and validity of
land-use mix measures, involving nine indices that have remained largely unexplored.

The primary selection relies on the first screening of the model structure of eight
indices which highlight the applicable scale and data precision of the indices. All of the
indices can be applied to quantitation of land-use mix of blocks or districts. However, due
to the limitation of the dataset and lack of information of the spatial condition of land
use, the indices of the CLST, ARC, MDI, and GINI were not applied to the second and
third screenings.

After the primary screening, five indices were selected and applied to the second
screening. In total, 10 virtual blocks with balance statuses formed the experimental group
in the second screening, which aimed to isolate the influence of the independent variables
(diversity and spatial contribution) and eliminate the irrelevant effects variables (evenness,
balance, and categorization of land use). The result highlights several findings. First,
the ENT is applicable for the block with more than two types of land use, due to the
structure of the models. Second, a correlation was found between land-use diversity (n)
and the HHI. With the increase in the type of land use, the value of HHI decreased. The
values of the BAL and DIS-I were not available due to the land-use categorization being
eliminated as an irrelevant variable. In addition, the spatial contribution was proved to be
a relevant variable that potentially affects the value of DIS-II. In the third screening, DIS-II
was eliminated because of the lack of spatial information for the dataset.

The third screening identified the correlation between land-use mix indices and
validity. Several studies mentioned the ENT as a means to present the diversity of land-use
mixed statuses. However, the findings of the third screening against the correlation of land-
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use diversity and the value of the ENT highlighted that the ENT only relates to the evenness
of land use. DIS-I and the BAL positively related to both a balanced status of residential to
nonresidential land and accommodation to job. According to the correlation coefficients,
the BAL was positively related to the balance of land use, and DIS-I was negatively related
to the balance status. The HHI was the most suitable measure to quantify the diversity of
land use among the blocks due to a direct and negative correlation revealed in both the
second and third screenings.

5.2. General Recommendations

Based on the application conditions of the nine land-use indices considered in the
paper (see Figure 12), the following presents the following general recommendations.

Research scale Data precision Validity

Micro Meso Macro Fine Normal Coarse Diversity Evenness Balance

Balance Index (BAL)

Entropy Index (ENT)

Herfindahl-Hirschman Index (HHI)

Clustering Index (CLST)

Dissimilarity Index-I (DIS-I)

Dissimilarity Index-II (DIS-II)

Activity Related Complementarity Index (ARC)

Mixed Degree Index (MDI)

Gini Index (GINI)

Figure 12. The applicable scales, data precision, and validity of land-use mix indices. In this figure, the highlighted part

presents the related features.

First, the applicable condition of the Gini index is a localized one and is only suitable
for research at the medium scale with an adequate dataset.

Second, while the BAL and DIS-I indicated lower thresholds based on a wide range
of research, scale, and coarse data precision, they were nonetheless suitable for the study,
which aimed to understand the balance status of land use.

Third, the discussion of the land-use diversity in the micro to medium scales should
be based on the HHI rather than the ENT when undertaking further research.

Further research could attempt to compare across contexts in order to test variability
and multiscale applications. Index comparisons could be extended to include additional
sustainability, ecological service systems resources, environmental impacts, and socio-
cultural and qualitative interfacing, as these are coeffectual and interoperational.

While the application of these indices is currently highly specialized, establishing
an interface which enables them to be an effective tool to assist more holistic planning
processes and to inform best practice for design professionals would be a significant step
forward in achieving greater sustainability in future city development.
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The following abbreviations are used in this manuscript:
TOD Transit-oriented Development

VMT Vehicle Mile Travel

ATDs Average Travel Distances

RCT Randomized Control Trial

ENT Entropy Index

HHI Herfindahl-Hirschman Index

DIS-II Dissimilarity Index-II

BAL Balance Index

DIS-1 Dissimilarity Index-I

CLTS Clustering Index

GINI Gini Index

ARC Activity-Related Complementarity Model
MDI Mix Degree Index

CLUE Census of Land Use and Employment
ANZSIC  Australian And New Zealand Standard Industrial Classification
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