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Abstract: The evolution of the urban agglomeration is a significant development in urban geography.
Determining its spatial range for effective measurement remains a challenge for researchers.
In previous studies, determining spatial range has primarily been done through distinguishing
the cities that should belong to urban agglomerations from among other cities by using various
indicators. Both the selection of indicators and the standards used for calculation and identification
have been based on subjective choices, and have not considered spatial distribution or morphology.
The urban agglomeration can be regarded as a self-organized space, and spatial features of the fractal
can be regarded as one of the morphological characterizations of spatial self-organization. From the
perspective of the assumption that the space of urban agglomerations is molecule like assembled, and
through the extraction and analysis of spatial fractals, we present an objective method to determine
the “spatially contiguous zone” of urban agglomeration, particularly the spatial range in which the
urban agglomeration is able to exercise jurisdiction within the radius of its capacity, rather than in
the administrative division. Our method is applied in this paper to the Beijing–Tianjin–Hebei urban
agglomeration and produced the following results: (1) the existence of spatial fractals and the theory
of space unit molecule like self-organization or assembly in the morphology of urban agglomerations
has been proved; and (2) a spatially contiguous zone could be identified for the urban agglomeration
has been confirmed. Compared with previous methods used for determining space, this method is
centered on the spatial morphology of urban agglomerations; the recognition of a spatially contiguous
zone liberates the geographical limits of the result from city boundary restrictions. Concurrently,
by considering the linkages within the city as a self-organizing black box, we can circumvent the
one-sidedness involved with the selection of indicators that has biased previous studies, thereby
avoiding having to focus on the specific mechanism of urban dynamics, and coming much closer to
its self-organizing dynamic inner nature. This approach will prove to be a useful reference for the
identification of spatial ranges in future studies.

Keywords: urban agglomeration; spatially contiguous zone; space range identification; self-organization;
fractal

1. Introduction

Urban agglomeration is the result of urban spatio-temporal evolution. The effective measurements
used to determine these clusters are the foundation for studies on the spatio-temporal evolution of
urban agglomerations, thus helping to optimize land-use policies and implement spatial controls.
Identifying the spatial range of an urban agglomeration effectively depends on the basic measurement
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of the urban agglomeration. The spatial range of an urban agglomeration must be defined effectively
for analysis of the evolution and management of urban agglomerations to be implemented. Therefore,
determining the explicit spatial range of an urban agglomeration is the premise and the basis for
conducting relevant research. However, the complexity and openness of urban agglomerations make
the spatial range fuzzy and thus hard to demarcate [1]. Defining the urban agglomeration and
identifying its spatial range remains a major issue in urban geography.

There is still no uniform definition of urban agglomeration in academia. Since the concept was first
put forward, “town cluster”, “megalopolis”, “urban agglomeration”, and other similar concepts have
successively emerged. Ebenezer Howard contributed the origin of town clusters from the perspective
of garden city [2], and suggested that the area around the city should be included in the urban planning
scope. Gottmann defined the urbanized area connected by several cities or metropolitan areas as
megalopolises [3], and Yao, Gu, and Fang consider the aggregation that consist of multiple cities
with central city is urban agglomerations [1,4,5]. Thus, different scholars have presented different
understandings of the urban agglomeration. There are also some scholars treated the polycentricity
as the representation of urban agglomeration [6,7], and explored the essence of urban agglomeration
from the agglomeration of factors [8].

Establishing spatial range has been a subject of many studies, which were mostly aimed at
identifying the boundary of an individual city. Studies to identify spatial range in relation to urban
agglomerations are lacking. Methods for identifying spatial range in existing studies can be roughly
divided into three approaches. The first approach takes the administrative boundary as the spatial range
of the urban agglomeration, which makes the designated range larger than the actual range [9] and
renders it impossible to aggregate the urban areas near the boundaries in relation to neighboring urban
agglomerations [10,11]. The second approach sets criteria for selecting individual cities as members of
an urban agglomeration. Scholars have used different criteria to define the membership of different
urban agglomerations [1,12,13]. Index analysis is a mature method in the field of spatial identification,
but it completely or partially ignores the spatial information regarding the urban agglomeration and
the possibility of an urban agglomeration having aggregated parts of the space in individual cities.
Moreover, this method cannot avoid subjective bias in the selection of the indicators used. The third
approach is to judge whether a nearby city can be included in the urban agglomeration by using models
to analyze the connection between cities based on the selection of central cities. Since Martin proposed
a method of calculation to determine the boundary of a metropolitan area [14], scholars have attempted
to establish different models to further study this issue, such as the gravity model, the breakpoint
model, the field-strength model, and the Voronoi model [9,15–17]. These model-based methods take
urban spatial distribution and the interactions between urban areas into account, which is closer to
the actual situation than in the first two approaches. However, it is still the case that the indicators
used for calculating the models and the selection of judging criteria cannot avoid subjective bias, and
the method for measuring the flow of elements in the development process lacks scientifically robust
evidence, rendering universal acceptance difficult to achieve. From a general perspective, previous
research to identify the space of an urban agglomeration has taken individual cities as the identified
unit. Such research studies have ascertained the spatial range of an urban agglomeration purely by
distinguishing whether an individual city belongs to a particular urban agglomeration. The result
is a city aggregation where space range is defined by a specific and precise city’s boundary, which
ignores the fact that only part of the city may be classified into an urban agglomeration as well as the
actual spatial morphology of urban aggregation. Beyond this, most methods of analysis involve a
discrimination process based on calculations of indicators, in which the selection of the indicator and
the establishment of criteria are both highly subjective and optional. In these methods, the indicators
which are spatially contiguous cannot actually be counted, which makes it hard to describe the urban
agglomeration objectively.

Spatial fractal features are considered to be a language to describe nature and can be used as one
of the tools to represent the spatial morphology of geographic objects. Extracting and analyzing spatial
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fractal features allows the measurement of spatial objects based on morphology. In terms of the studies
on fractal cities, perhaps the most major contributors are Batty and Longley. Michael Batty, who is a
member of the British Academy of Sciences, has been researching fractals and cities since the 1970s,
and put forward the original concept of fractal cities in 1991. Batty published the book Fractal Cities:
A Geometry of Form and Function in collaboration with Longley in 1994. This work discussed the fractal
features of the boundary, the land form, and the urban growth of cities. In 1995, Batty published the
paper Fractals: New Ways of Looking at Cities in the journal Nature, and pointed out that fractals are
effective tools for looking at cities. Recent scholarship has attempted to delimit the range for a single
city by analyzing the spatial fractal features of urban morphology from the perspective of morphology.
Rozenfeld et al. put forward the City Cluster Algorithm [18,19]. It is not fractal-based, but it provides
a logical basis for analyzing the spatial fractal geometry. Tannier et al. tried to identify the boundary
of Basel agglomeration (regions forming an individual urban area rather than the agglomeration
composed of collective cities) by using a polynomial fit method to find the most deviated point, based
on the fractal geometry of Basel urban area [20]. However, a polynomial fit has no clear mathematical
structure and lacks robust plausibility for making effective inferences about the system. Tannier et al.
applied the same method to define urban territories by identifying functional agglomerations (regions
forming an individual functional area rather than an agglomeration composed of collective cities) in
order to extract and characterize the morphological boundaries of both theoretical and real urban units
by using fractal and non-fractal indices [21]. Tan et al. integrated neighborhood dilation theory into
Tannier’s work, and used a multi-period curve to identify urban boundaries based on raster data [22].
Chen used a q-order scaling exponent spectra of multifractal structures to characterize urban-rural
terrain quantitatively [23]. Previously, Openshaw had developed a geographic analysis machine and
researched clustering by using a shifting search-circle based on the spatial distribution of points [24,25].
Although these works did not target the urban agglomeration, they provided the groundwork for
spatial range identification from the standpoint of spatial morphology.

The original description of a contiguous zone, as defined by the United Nations Convention on
the Law of the Sea [26], is a band of water extending from the outer edge of a territorial sea, within
which a state can exert limited control. To address the limitations of the previous research on urban
agglomeration spatial range outlined above, our research learns from the thought of a contiguous zone
over which jurisdiction could be exercised. This approach does not require treating the individual
city as the identified unit of the spatial range of an urban agglomeration. Therefore, we break the
geographical limits of a city’s boundary set, and name the built parcels as well as the continuous and
associated regions among them within an urban agglomeration as the spatially contiguous zone. Thus,
we recognize the spatial range as the object in which the urban agglomeration has the ability to exercise
jurisdiction including influences derived from spatial interaction, flow of elements in development
processes, energy flows, material flows, movement of population, and the other processes. Next, we
introduced Tannier’s method, which was used for identifying the boundaries of urban areas (the
individual urban areas composed of regions), to measure the fractality of the urban agglomeration
(the agglomeration composed of collective cities), and undertook research to present here an objective
method to recognize a spatially contiguous zone for urban agglomerations, viewing space units
assemblies from the perspective of self-organization in urban agglomerations. This method treats the
flat, continuous, and associated region as the primary focus and visualizes the region of the recognized
spatial range as one in which the urban agglomeration has the capacity to exercise jurisdiction without
being separated by specific city boundaries. This approach brings us closer to a spatial range in which
the urban agglomeration does indeed exercise jurisdiction. At the same time, we regard the urban
agglomeration as a self-organizing black box and recognize the spatial range in which the urban
agglomeration can exercise jurisdiction objectively through the fractal, without selecting indicators
to statistically determine urban units. This will avoid the one-sidedness and arbitrary nature of
the selection of indicators that has beset past research and help to approach the inner dynamics of
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self-organization. Finally, we apply this approach to the Beijing–Tianjin–Hebei urban agglomeration,
recognizing the spatially contiguous zone, and verifying the validity of this method.

2. The Theory of Molecular Assembly in Urban Agglomeration Spaces

The self-organizing evolution of urban areas, which are complex systems, has been confirmed
by much research [27–33]. Self-organization is a process in which chaos is transformed into an
ordered state. The state of chaos is demonstrated in a microcosm by molecules in Brownian motion.
The substance composed of molecules comes to maintain an orderly and stable state eventually through
molecular interactions, and the fractal is the by-product of this process. It can be said that the fractal
is one symbol of self-organizing characteristics, and that spatial fractality comes from the evolution
of spatial self-organization [28,34]. If the scale of a phenomenon changes in a regular way and can
be measured at a dimension corresponding to this regularity, then this phenomenon can be called
fractal [30]. The process of determining the point of regularity is the measurement of fractals. Fractals
require two essential conditions: regular changes that can be recorded with a scale of measurement
and self-similarity [30]. The former is often a result of the latter, and is assessed with a metric known
as the fractal dimension.

This paper adopts the viewpoint of Yao that urban agglomerations can be regarded as clusters that
have swallowed multiple towns [1], an urban agglomeration can be interpreted as clusters assembled by
space units. Diverse factors, including the natural environment, the social environment, the economic
environment, and the supply and demand dynamics, conspire to give urban agglomerations their
chaotic and nonlinear characteristics. We regard the urban agglomeration as a black box in which these
factors are self-organizing, and assume that the town (or smaller space units) in urban agglomerations
are the equivalent of molecules on a non-representational level acting in a self-organizing state, which
are the elementary particles in microcosms. Hence, if we can prove the existence of a fractal as a
characteristic of space units’ distribution in terms of space, which is the outcome of the self-organizing
process, then we can confirm that the space of urban agglomerations is characterized by an inner
assembly process. In this situation, the space of urban agglomerations can be considered to be being
constituted by such town-like non-representational elementary particles. It may also include parts of a
town, such as a block, a parcel, etc. Thus, we referred to all these non-representational elementary
particles by the term space units, generally. The derivation procedures for the theory of molecule like
assembly of urban agglomerations can be observed in Figure 1.

Figure 1. Schematic diagram for the theory of molecule like assembly of urban agglomerations.

3. The Method to Measure the Spatial Fractality of Urban Agglomerations from the Perspective of
Space Unit Spatial Assembly

There are several ways of measuring spatial fractality as shown by the existing research. Fractals
are commonly identified by changes in the measurement scale. Using different metrics with different
degree scales to measure the same spatial morphology, we can obtain different results. If r is the degree
scale and the corresponding number is N(r), we could get a series of corresponding counts while the
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degree scales of the rulers continuously change. If the two variables for degree scale and number meet
the following relationship (Equation (1)):

N(r) ∝ r−D (1)

where this is the case we can confirm that the spatial morphoogy involves scaling invariance and
self-similarity, which meet the necessary characteristics of fractals, where D is the fractal dimension.

If we regard urban agglomerations as being formed by clusters of towns or other smaller space
units, they should exhibit both continuity and discreteness in their spatial distribution. Urban
agglomeration is considered a complete entity by the scale, but it can also be considered to be being
composed of independent individual units. Therefore, this study unifies the changing measurement
scales and changes in composition, and measures the spatial fractality of urban agglomerations’ spatial
morphology, using a method for measuring fractality from the perspective of space unit assembly.

Based on the perspective of space unit assembly, we regard the discrete towns or smaller
space units in urban agglomerations as the equivalent of the molecules acting in a self-organizing
state in microcosms. When the distance between two space units is less than a critical degree, the
non-representational attraction between them will suddenly increase, and they will aggregate in a
non-representational sense. We can visualize that space units have assembled non-representationally
and that space unit clusters have appeared. This procedure is termed space unit spatial assembly in our
study, and the “critical distance” involved is the assembly radius. Additionally, all the space units
involved in the assembly constitute the spatial volume of the urban agglomeration, and the combination
of the units determines its spatial morphology, which is assembled by space units. The internal logic of
the non-representational changes in space is shown in Figure 2:

Figure 2. Schematic diagram to show the internal logic of the non-representational changes in space
from a perspective of space units’ spatial assemblies.

To measure the spatial fractality of urban agglomerations from the perspective of space unit
spatial assemblies, we must regard the critical distances of the non-representational aggregations
occurring between the space units, the assembly radii, as different degree scales on different rulers.
When the distance is changed, the quantity and spatial distribution of the assembled space units also
changes. We then obtain different sets of assembled space units, which represent the volume of urban
agglomerations, by changing the assembly radius; the space unit clusters consisting of different sets of
assembled space units present different spatial morphologies, as shown in Figure 3. Thus, the number
of space unit clusters obtained from different spatial morphologies is the total, which is obtained by
measuring the spatial fractality with different rulers.

Figure 3. Schematic diagram of the relationship between assembly radius and spatial morphology.
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The main idea underlying the measurement of spatial fractality in this paper can be summarized
as follows: Based on the space units (such as spatial patches) in the study area, we set up an isometric
shifty series with different assembly radii r. Fusing the space units between which the respective
distances are less than the assembly radii, we get the assembled space unit clusters. To measure the
number (or area) of clusters, we get a set of different counts N(r) corresponding to different degree
scales r, if they meet the following relationship (Equation (2)):

N(r) ∝ r−D (2)

Thus, it can be considered that the urban agglomeration spatial morphology has the necessary
characteristics of fractals, where D is the fractal dimension.

4. An Approach to Recognizing the Spatially Contiguous Zone of Urban Agglomerations Based
on Based on Spatial Fractality

The spatially contiguous zone of an urban agglomeration as defined in this paper can be embodied
as a contiguous polygon constituted by the minimum enveloped spatial region for each space unit
cluster. According to the idea of space unit spatial assembly, the set of space units that have been
assembled varies when the assembly radius changes, as does the volume of urban agglomeration
and the number of space unit clusters. If we can confirm the existence of spatial fractality, then the
relationship between the assembly radius r and the number of space unit clusters N(r) should be
an effective power function. The power function relationship can then be equated with a double
logarithmic linear relationship, such that:

lnN(r) ∝ −D× ln r + c (3)

Therefore, we can draw out the double logarithmic curve with the logarithm of the assembly
radius r and the logarithm of the space unit clusters count N(r) using the data from the measurement of
spatial fractality. If the fractality exists, the double logarithmic curve should express a linear variation.
If there is only a limited range in which the fractality is expressed (i.e., scaling invariance) on real
curves, this range can be called the non-scaling interval, and we can determine the existing range of
spatial fractality by identifying the non-scaling interval. Thus, if the precondition that fractality is a
characteristic of urban agglomerations’ spatial morphology can be confirmed, we can identify the
spatial range of urban agglomeration by using the existing geographical range of spatial fractality.

In line with the aims of this study, to identify the non-scaling interval involves obtaining a segment
of the double logarithmic curve with a linear or approximately linear shape. In a mathematical sense,
and in theory, we can accurately identify the linear portion of the curve by the gradient of change in
the curve. However, since the curve is generally obtained by fitting, and the spatial data have errors,
a sample point lies only approximately on the curve. The gradient of each point on the linear portion
fluctuates around a certain value. The curve cannot, in fact, represent the linear shape perfectly and
the linear portion cannot be identified clearly.

Nevertheless, the horizontal portion of the gradient-changing curve can be identified through the
second derivatives of the curve function. In addition, the curve function could be obtained through
polynomial fitting. This process is similar to the one employed by a past study [20] that tried to find
the most deviated point on the curve through the curvature function of the polynomial estimated
curve, which is chosen by the Bayesian information criterion. However, a polynomial fit has no clear
mathematical structure. Therefore, polynomial equations are always employed to make interpolation
for a dataset rather than providing a description of the variation for a system. It is known in the theory
of mathematical modeling that it is not always possible to make an effective inference through the
multinomial model.

In this study, we identify the linear portion of the double logarithmic curve by the triangle derived
from the samples. On the scatter diagram of the double logarithmic points, a triangle can be formed
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by the two endpoints and the inflexion point of the double logarithmic curve. If we regard the line
between the two endpoints as the bottom side of the triangle, the inflexion point would be the point
with the maximum distance from the bottom side in the double logarithmic curve [35]. The inflexion
point would be the limit of the linear portion of the double logarithmic curve.

At the same time, to avoid errors derived from the identification of the inflexion point, we
introduce the curve’s local gradient, and its derivative as the testing and verification tool (Table 1).
By determining the local gradient and its derivative [36], based on sample points, we can plot the local
gradient curve and its derivative double logarithmic curve.

Table 1. The formulas for the local gradient and its derivative for the logarithm of the assembly radius
and the number of space unit clusters.

Degree Solution Formulas

First ln′N(ri) =
lnN(ri+1)−lnN(ri)

lnri+1−lnri
.

Second ln” N(ri) =
ln′N(ri+1)−ln′N(ri)

lnri+1−lnri
.

Note: i is the index of each sample point.

Finally, by mapping the range of the spatial fractality onto the assembly radius of space units,
we can recognize the set of assembled space units of an urban agglomeration. Furthermore, we can
recognize the spatially contiguous zone of an urban agglomeration by the largest cluster of assembled
space units at the assembly radius.

The whole process of recognizing the spatially contiguous zone of urban agglomerations based
on spatial fractality is shown in Figure 4:

Figure 4. Schematic diagram of the process used to recognize the spatially contiguous zone of
urban agglomerations.

5. A Method to Validate the Effectiveness of the Recognized Spatially Contiguous Zone of
Urban Agglomeration

To validate the representativeness of the space in which the urban agglomeration can exercise
jurisdiction through a spatially contiguous zone, we introduce the coefficient of variation (Cv) as an
indicator for measuring the features of the three groups of space unit samples: the units inside the
zone, the units outside the zone, and the entire group of units. The coefficient of variation can be used
for describing the degree of relative difference between different samples in one group. If we use the
areas of the space units as samples to calculate the coefficient of variation, the coefficient is the ratio of
the standard deviation (s) and the mean of the areas (A) of all space units:

Cv =
sarea o f space unit

Aarea o f space unit
× 100% (4)

The coefficient of variation can be used to evaluate the degree of relative differentiation between
different samples in one group, and is, of course, the inherent feature of the group.

When a small group of samples is the subset of another larger group of samples, and if their
coefficient of variation is the same or differs only marginally, then the small group is considered to
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be representative of the larger group. In other words, the small group could replace the large group
to represent the inherent features of the large one. The representativeness of a spatially contiguous
zone of an urban agglomeration can be validated by comparing the differentiated features of the
three sample groups: the space units inside the spatially contiguous zone, the space units outside
the spatially contiguous zone, and the space units in the whole space of urban agglomeration. If the
representativeness of the spatially contiguous zone can be verified, then the spatially contiguous
zone can be considered to be the spatial range in which the urban agglomeration has the ability to
exercise jurisdiction.

6. The Beijing–Tianjin–Hebei Urban Agglomeration

The feasibility of this approach can be illustrated by applying it to a case study.

6.1. Data Source

For this case study, we have selected the Beijing–Tianjin–Hebei urban agglomeration based on the
status of built-up land in 2016. The data are remote sensing images from the United States Landsat
series land resources satellite. The study area encompasses the administrative districts of Beijing,
Tianjin, and Hebei. The spatial extent of the study area is about 220,000km2. We extracted a vector
polygon of land from remote sensing images divisionally by selecting 7,153 training samples, and
classified them into four categories: developed land, agricultural land, mountains, and water. Then,
by completing the mosaics of the vector polygons of developed land in the study area, which were
extracted from the Landsat images, the vector data of currently developed land in the study area,
totaling 129,883 patches, were obtained. Based on a visual comparison of remote sensing images and
classification results, we deemed there to be high classification accuracy, which could recognize the
spatial fractality of the study area.

6.2. Measuring the Spatial Fractality of the Urban Agglomeration

Based on our theory of space unit spatial assembly, this application regarded each vector
polygon of the developed land as a space unit, and measured the space units (i.e., parcels) of
the Beijing–Tianjin–Hebei urban agglomeration using the above-mentioned method (in Section 3).
We employed an assembly radii series from 0.5km to 12km with equal space (0.5km) as rulers, and
the number of space unit clusters as the measured cluster count. The applied assembly radius and
the corresponding count of clusters in the Beijing–Tianjin–Hebei urban agglomeration in 2016 were
measured by the above-mentioned method.

By plotting the assembly radius and its corresponding count of space unit clusters on a coordinate
graph (Figure 5), we can conclude that the number of space unit clusters declined as the assembly
radius increased, while the area of space unit clusters increased. From the measurements, we can
see that the measurement data of different scales (i.e., assembly radius) involves scaling invariance
that changes with the power law. Thus, the space units of the urban agglomeration demonstrate
typical characteristics of the fractal from the perspective of space unit spatial assembly, thus satisfying
Equation (2). We can confirm the existence of the fractality, which is the characteristic of urban
agglomeration spatial morphology, and that our assumption holds.

Based on this information, to recognize the spatially contiguous zone, we had to determine the
existing range of spatial fractality to obtain the corresponding assembly radius. Since the assembly radii
and their corresponding count of clusters demonstrated typical fractality, which is the precondition
to identify the spatial range of urban agglomerations, their logarithm should have exhibited this
linear relation. Therefore, the linear non-scaling interval of the double logarithmic curve of the
assembly radius and its corresponding count of space unit clusters should show the existing range of
spatial fractality.
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Figure 5. The relationship of assembly radii with their corresponding counts of space unit clusters.

Based on the method to identify the non-scaling interval mentioned above, we had to recognize
the inflexion point on the double logarithmic curve. As such, in this application, we plotted the double
logarithmic points on the scatter diagram (Figure 6) and obtained the line between the two endpoints
of the double logarithmic curve, which is the bottom side of a triangle. We calculated the distance from
each sample point to the line by using the distance between point and line formula to find out the
maximum distance and its corresponding sample point, which is the inflexion point on the double
logarithmic curve. Our calculations are shown in Figure 6:

Figure 6. The triangle diagram of the double logarithmic points for finding the inflexion by finding out
the point with the maximum distance from the bottom side of a triangle.

At the same time, to avoid the errors that come from the recognition of the inflexion point on the
double logarithmic curve, we considered the pairs from the double logarithm of assembly radius and
number of clusters as the sample points. By solving equations for the local gradient and its derivative
based on the sample points, we plotted the local gradient curve and its derivative double logarithmic



Sustainability 2019, 11, 3490 10 of 16

curve, as shown in (Figure 7). This was done to verify the reliability of the recognition of the inflexion
point detailed above.

Figure 7. The local gradient curve and its derivative curve, the double logarithmic curve of the assembly
radius, and the counts of clusters.

We can see from the figure above that there was only a limited range (i.e., non-scaling interval) for
the linear double logarithmic curve of assembly radius and its corresponding count of clusters in the
urban agglomeration exhibited the linear relation only approximately.

6.3. Recognizing the Spatially Contiguous Zone of the Urban Agglomeration

Based on the calculation of the distances between each sample point in the double logarithmic
points and the bottom side of the triangle, the inflexion point would be the point when the logarithm of
assembly radius is 8.29. The local gradient curve and its derivative curve (obtained when the logarithm
of the assembly radius was less than 8.29) only fluctuated slightly within a limited range. Although it
was not a strict linear relation, the fluctuation amplitude was small. From the local gradient derivative,
it can be inferred that the absolute value of the rate of gradient change in this limited range falls within
a range so small as to be virtually negligible relative to the total change. Therefore, it is possible to
conclude that the double logarithmic curve exhibited the linear relation approximately. Conversely,
when the logarithm was more than this value, the change of local gradient derivative was dramatic,
and the local gradient exhibited variation from the original constant. The double logarithmic curve of
the assembly radius and the number of space unit clusters exhibited a tendency to deviate from the
approximate linear relation rather than the exact linear relation that should be exhibited from spatial
fractality. For these reasons, we determined that the point with the logarithm of assembly radius of
8.29 was the existing threshold of spatial fractality.

Finally, based on the logarithm of assembly radius at 8.29, we could infer that the assembly radius
recognized as the existing threshold of spatial fractality was 4.0km. Based on this radius and the
vector polygons of developed land in the study area, we fused the space units between which the
spatial distance was less than the identified assembly radius; this gave us the assembled space unit
clusters, which form the recognized spatially contiguous zone of the Beijing–Tianjin–Hebei urban
agglomeration (Figure 8b).
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Figure 8. The identified spatial range of the Beijing–Tianjin–Hebei urban agglomeration.
(a) The conventional spatial range of urban agglomeration (b) The spatially contiguous zone of
urban agglomeration.

6.4. Effectiveness Analysis

Based on these results, to validate the representativeness of the space over which the urban
agglomeration has the capacity to exercise jurisdiction through its spatial contiguity, we calculated
the coefficient of variation of the three sample groups: the space units inside the spatially contiguous
zone, the space units outside the spatially contiguous zone, and the space units in the whole urban
agglomeration space. The coefficient of variation of each group is shown in Table 2.

Table 2. The coefficient of variation of the space units and their placement vis-à-vis the spatially
contiguous zone.

Samples Region Coefficient of Variation

The entire administrative district 38.68
Inside the spatially contiguous zone 38.59

Outside the spatially contiguous zone 4.83

In Figure 8, we can see that the spatially contiguous zone (in Figure 8b) that we have identified
differs from the conventional spatial range (in Figure 8a) composed of the urban administrative district
for the urban agglomeration, which only covers parts of the conventional spatial range. Our model
broke the restriction on keeping the integrity of the administrative district, better reflecting the
independent and organic character of urban agglomerations, which differs from a set of multiple cities.
The spatially contiguous zone of the urban agglomeration includes not only the existing built-up areas
but also the non-urban areas between towns. This continuous distribution embodies the assemblage
effect that occurred among the space units, and conforms to the characteristics of interaction that exist
among the towns. Meanwhile, the spatially contiguous zone not only includes the whole region of the
existing built-up area, but also reveals holes inside the spatially contiguous zone, which reflects the
limitations of the interactions among the towns. The dendrite morphology in the northeast (outlined
by a red box in Figure 8b) reflects the effect of natural obstacles on the interactions among the towns,
and illustrates that the direction of spatial interaction is not in absolute straight lines. At the same time,
the branch channel is also a reflection of the flow of elements in the development process. On the other
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hand, the patches of developed land in the spatially contiguous zone we have recognized appear to
be obvious hierarchical structures in the spatial distribution, and the morphology conform with the
"positive hexagon" hypothesis of Central Place Theory [37], suggesting that the spatially contiguous
zone of the urban agglomeration is theoretically a scientifically rigorous conception. Overall, the
results of our case study also coincide with the conventional wisdom on the major components of the
Beijing–Tianjin–Hebei urban agglomeration.

Regarding the coefficient of variation, we can observe that the coefficient of variation of the space
units inside the spatially contiguous zone was significantly higher than those outside, and that their
difference from the entire administrative district was small. This demonstrates that the characteristics
of the whole space of the urban agglomeration are primarily reflected in the space units inside the
spatially contiguous zone; and the space units outside it had only a small effect on the characteristics of
the whole urban agglomeration. This is in accordance with the first law of geography. Ultimately, this
verified the effectiveness of representing the space of the urban agglomeration through recognizing the
spatially contiguous zone.

In terms of the methods that we used, we can observe that the spatially contiguous zone of the
urban agglomeration that we recognized is delimited based on the valid natural morphology of urban
agglomerations. Only the morphological units that can illustrate the inherent spatial features (i.e.,
the fractality) can be recognized as the component unit of urban agglomeration (i.e., the assembled
space units), while any morphological unit that cannot represent these features will be eliminated.
The existing spatial features in an urban agglomeration are shaped according to various behaviors in
the urban agglomeration, and these behaviors are determined by the specific functions themselves,
which are considered the objective inevitability of the exertion of jurisdiction. Therefore, by using the
collected evidence to make logical inferences it can be proved that using the spatially contiguous zone
of an urban agglomeration to represent the spatial range in which the urban agglomeration has the
capacity to exercise jurisdiction is objectively reasonable.

Applying these to the Beijing–Tianjin–Hebei urban agglomeration allowed us to verify the theory
of space unit spatial assembly in urban agglomerations, and proved the feasibility and effectiveness of
this approach in recognizing the spatially contiguous zone of an urban agglomeration.

7. Discussion

Compared with the traditional spatial range of urban agglomeration, our proposed spatially
contiguous zone of urban agglomeration is a spatial range that the incorporated urban agglomeration
has the capacity to touch and over which it can exercise jurisdiction as a single subject, reflecting the
holistic character of the urban agglomeration rather than simply presenting a set of multiple cities.
The continuity between towns can be reasonably claimed as an urban agglomeration’s exercise of
jurisdiction over its survival space, and conforms to the characteristics of interaction that exist among
the towns, while the irregular shape of the spatially contiguous zone also embodies a reasonable
restriction of jurisdiction and interaction. Thus, the spatially contiguous zone is a reasonable recognition
of the space in which the urban agglomeration has the capacity to exercise jurisdiction, without being
separated by cities. Meanwhile, the towns in the spatially contiguous zone exhibit the hierarchical
structures of spatial distribution that conform to the hypothesis of Central Place Theory, and can be
regarded as an illustration of classical geographical theory.

Compared with traditional methods for identifying the spatial range of urban agglomerations
(Table 3), the approach to recognizing a spatially contiguous zone of urban agglomerations proposed
in this study has the following characteristics:

First, the spatially contiguous zone of an urban agglomeration is recognized from a macro
perspective rather than an evaluation based on each city, thus breaking the spatial limits derived
from the unit of identification. This approach allows us to identify that part of the space of the city
vested in the urban agglomeration, realize the objective measurement of the spatial range of the urban
agglomeration, and avoid the effect of the inseparability of the unit of identification on the final results.
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Second, the identification method used in this research is based on the spatial morphology
determined by the self-organization of urban agglomerations. It collects and analyzes the spatial
information adequately, and regards the interactions and flows of elements in the development process
of towns as the behavior of self-organization in a black box of urban agglomeration that does not
require special consideration. It can recognize the urban agglomeration spatial range without having
to identify influencing factors for the spatial structure and distribution of the urban agglomeration;
and it avoids the negative effect arising from the imperfection of the methods used to identify factors
on the final results.

Third, the approach used in this research could avoided measuring the centrality of the city.
The direction of spatial interaction inside the urban agglomeration will not be limited to the linearity
conventions established by traditional methods, for the recognized space of an urban agglomeration is
omnidirectional. It can avoid the neglect of non-urban spatial direction, which results from only giving
consideration to the interaction with central city, as well as the effects on identification results that
come from the subjective bias on the selection of indicators and judging criteria used for determining
the central city.

Fourth, the approach used in this research has avoided issues with indicator selection, and has
added no subjective factors for consideration. This method for measuring spatial fractal features is an
objective statistical method. The identification of the existing range of spatial fractality is essentially a
calculation of fracture points without requiring any indicators, since mapping the non-scaling interval in
space is defining a standard by objective means. Our approach to identifying an urban agglomeration
can avoid the effects of subjective behavior in favor of an objective method for determining an
urban agglomeration.

Finally, many studies have confirmed that the morphology of the urban area exists with multifractal
characteristics [38–45], which reflect the different expressions of urban and non-urban areas. In contrast
to what might appear to be the case, there are parts of non-urban area space that in fact belong to urban
agglomerations. The identification method employed in this study can avoid a recognition of the
multifractal with the level of scale, which could directly remove the non-urban agglomeration areas
from the whole region without differentiating the urban agglomeration from the non-urban areas.

Table 3. Comparison of identification methods for the spatial range of urban agglomerations.

Compared Item Traditional Methods Method in this Paper

Identification angle Bottom to top Virtual to real
Identification unit City All space

Administrative boundary Required Not required
Detachability of administrative cell Non-detachable Detachable

Proximate degree of entity Low High
Spatial morphology Without full consideration With full consideration

Need to address the influencing factors Yes No
Flow of elements Needed but no consideration Needs no consideration

Spatial interaction direction Rectilinear direction All-direction
Evaluation index system Required Not required
Distinguishing criteria Required Not required

Multifractal Required but without consideration Not required

Compared with the similar research undertook by Tannier et al. [20], the method used in this
research based on the mathematical property of the inflexion point. It has avoided the fitting of the
multinomial model, which were always employed to make interpolation for a dataset without clear
mathematical structure. Therefore, it is not necessary to searching a description for the variation curve.
Unfortunately, since the study areas do not have the same scale, the criteria used for cartographic
generalization are not the same, the spatial concepts, structure, extent, volume, living habits, population
density, density of construction, level of development, etc. are different, there is no comparability
among the values of the results obtained from these researches.



Sustainability 2019, 11, 3490 14 of 16

However, there seems to be a precondition to apply the approach just as the case in this paper
that the double logarithmic curve of the assembly radius and the counts of clusters is expected to be
linear at its beginning, which may be the majority of cases. If the gradient is stable in the middle
of the double logarithmic curve but not at its beginning, it is still feasible to identify the maximum
end of the non-scaling interval by recognizing inflexions. Since the interval before the non-scaling
interval probably derived from the possibility that space units with tiny intervals would assembled at
a smaller scale or they would not assembled since the inevitable repulsive force, or the finite data at
beginning of the curve are limited by the measurement scale, and clusters assembled by a small radius
can be flooded by clusters assembled by a maximum radius, it could be inferred that the maximum
end of the non-scaling interval as the assembly radius. Furthermore, if there are several non-scaling
intervals on the same double logarithmic curve, it is necessary to identify the maximum end of each
gradient-stable intervals severally since different non-scaling intervals are corresponding to different
spatially contiguous zones, which can be considered to be the serial of urban agglomeration’ space
ranges corresponding to a serial of spatial scales and be used in different analysis scenarios. Therefore,
the approach in this research can be applied in most cases.

8. Conclusions

An urban agglomeration is an aggregation formed by clusters of towns, built on the spatial
interaction that exists between towns. Compared with the traditional gravity models, the urban
agglomeration in this study has been regarded as a self-organizing black box, and using the perspective
of molecule like assembly to understand and recognize the development of urban agglomerations
essentially. Based on the spatial range in which the self-organization effect still occurs obtained
by the measurement of fractality, recognition of a spatially contiguous zone representing the urban
agglomeration is achievable. It discards the rigid spatial range which is based on the administrative
boundaries of cities, avoids the selection of indicators, and circumvents any need to focus on the
implicit mechanism of the evolution. Finally, based on a case study, the feasibility and effectiveness
of our approach in recognizing a spatially contiguous zone has been verified and shown to provide
helpful investigative procedures for identifying the spatial range of urban agglomerations.

The approach outlined in this paper can be applied to urban agglomerations’ formulation of
development planning and policies, such as controlling the expropriation of built-up land, setting
the development boundaries of urban agglomerations, determining the key monitoring areas and
boundaries for ecological protection, searching for the unsuitable space earmarked for administrative
action and others.

There is still much controversy concerning the concept and the identification of urban
agglomerations [46–49]. In this study, we recognized a spatially contiguous zone, but our research does
not imply that it is a method of measurement that can be used constantly. Different measurements will
produce different results, and the method in this study should also be perfected further to accommodate
different concepts concerning urban agglomerations, as the perspective of space unit spatial assembly
would not be adapted if the urban agglomeration was not seen as a cluster.

Furthermore, the sample points cannot reflect the precise shape of the curve strictly. Because of
the finite density of the assembly radii we employed as the degree scale, it is not possible for us to
specify the identified assembly radius on meter-level (in this case was kilometer-level), which would
influence the precision and the visual recognition of the non-scaling interval but could be improved
by increasing the density of the assembly radius series we set up. Moreover, the study area under
the larger scale might cause the loss of the precision since the coarser criterion used for cartographic
generalization. Therefore, further research is required on how to improve the precision of the identified
assembly radius unconditionally.

In addition, a future line of research will look to move the current single-time case study to a full
spatio-temporal analysis looking at urban agglomeration evolution.
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