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Abstract: Income inequality and consumption gaps between urban and rural residents are prominent
problems in the economic transition phase of China. Stimulating consumption, expanding domestic
demand, and shifting development modes are inevitable choices for maintaining China’s economy
with healthy, stable, and endogenous growth, and the key premise is to clarify the coordination
relationship between residents’ income and consumption. In view of that, this study incorporates
the spatial factors of three economic zones and time factors of China’s economic transition into
an analytical framework. By transforming discrete data into continuous functions, we compared
the regional differences and temporal characteristics of the relationship between residents’ income
and consumption based on the two perspectives of static absolute level and dynamic growing speed.
The result shows that: (1) There are significant differences in the absolute levels of original income
and consumption among residents in the eastern, middle, and western regions of China, whereas
the growing velocity and acceleration of income and consumption do not have significant regional
differences. (2) There is a highly positive canonical correlation both in the absolute growth amount and
dynamic growth potential of residents’ income and consumption, whereas their nonlinear co-variation
has obvious temporal characteristics, and the degree of canonical correlation has significant regional
differences. Based on these conclusions, China’s government need not consider regional factors too
much when formulating and implementing policies to narrow residents’ income gap and stimulating
consumption in order to expand domestic demand, but should discriminate the specific coevolving
period of income and consumption and take into account the difference in average consumption rate
of different social strata.
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1. Introduction

The balance between consumption and income is central for the government to formulate
macroeconomic policies. Since Keynes [1] put forward the absolute income hypothesis, the short-term
fluctuation and long-term equilibrium relationship between income and consumption have been
a permanent hot issue in economics [2,3]. China is currently in the critical period of economic transition,
especially affected by the current Sino-U.S. trade war, and a traditional extensive development model
that relies heavily on investment and export that cannot ensure the sustained, stable, and rapid
growth of China’s economy. Therefore, expanding domestic demand, especially stimulating consumer
demand, is an important measure for the government to address this crisis and stabilize the economy.
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It must be noted that both the size of the population and the growth potential of income imply that
China’s consumption level has large room for upward improvement [4,5]. However, the actual situation
shows that China is still facing multiple plights, such as the declining rate of total consumption,
too large a gap between regional and urban-rural residents’ consumption, and the proportion
of increasing government consumption expenditure while residents’ consumption expenditures
decreases [5–8]. During the “13th Five-Year Plan,” the critical period for China to moderate
a prosperous society in all respects, stimulating domestic demand, especially the consumption demand
of residents, is the inevitable choice to realize the endogenous growth of China’s economy, and the
key premise is to find out and eliminate the chronic obstacles that restrict residents’ consumption.
Among numerous factors affecting the consumption demand of residents, income, especially its huge
gaps, are key factors that cannot be ignored; they not only restrict the whole consumption level of
residents but also directly relate to the rationalization of the consumption structure of residents [9–11].
In fact, as a developing country with a typical two-pole economic structure, China has long-standing
problems, such as unbalanced economic development between urban and rural areas and large
income gaps among residents in different regions, which has led to significant regional and temporal
differences in the stimulating effect of income promotion on the consumption of growth [12–16].
However, with the coordinated development of industry structure and regional economies under the
“One Belt One Road Initiative,” income constraints and consumption patterns of rural residents and
underdeveloped areas are changing fundamentally. As a result, residents in rural and underdeveloped
areas may demand the increasingly popular service consumptions, such as transportation, education,
and healthcare, more and faster than residents do in developed and urban regions [17,18]. Although
the Keynesian absolute income hypothesis holds that there are differences in marginal propensity
to consume among different income groups, and the degree of urban and rural inequality is related
positively to the consumption gap of residents [1,19], the standard life cycle-permanent income
hypothesis holds the opposite view that consumers’ marginal propensity is not related to income
distribution, which means the law of declined marginal consumption is uncertain, and there may
even be a negative effect [4,20,21]. Therefore, to residents, the idea that income inequality aggravates
or narrows their consumption gap remains controversial in theory, and there needs to be further
investigations by empirical research as to whether there are significant differences in the consumption
tendency of different income groups.

As China’s economy steps into the “new normal” phase, the urgent problem that needs
to be solved first is changing the development mode of the economy to achieve endogenous
growth. The important initiative to achieve the above goals is enhancing residents’ consumption
levels and optimizing their consumption structure, and its key premise is clarifying the intrinsic
relationship correctly between residents’ income and consumption. However, due to the constraints
of China’s industry structure, separation of urban and rural investments in facility construction,
aggravation of aging population and changing concept of pension system, and the coevolving process
of residents’ income and consumption exhibit obvious nonlinear temporal characteristics [14,22,23]
with significant regional differences [5,12,16,24]. Targeting the above problems and taking the income
and consumption of urban and rural residents in the eastern, middle, and western regions of China
as study subjects, this paper introduces non-parametric and nonlinear methods of functional data
analysis (FDA) to study the co-varying patterns and evolution processes of residents’ income and
consumption from interactive static and dynamic perspectives. The objective of this study is to explore
regional differences, evolution characteristic, and reasons of income inequality and consumption gaps
of residents in China. The results can provide empirical references for Chinese governments when
formulating and implementing polices to enhance consumption level, optimize consumption structure,
and stimulate domestic demand.
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2. Relationship between Residents’ Income and Consumption

The changing gap of consumption and income is the core index to measure synergetic
development of urban and rural areas and common prosperity of residents. As China’s economy
has typical two pole structure, the existing obvious temporal characteristics and regional disparity
in residents’ income and consumption is not only related to the natural conditions and the initial
development foundation of different regions, but also related to the different regional and industrial
policies implemented since the founding of the People’s Republic of China. Since regional differences
of economic development and dynamic change of economic system are two important perspectives
to study the relationship between income and consumption, targeting the purpose of this paper,
this part summarizes the research status of the relationship between Chinese residents’ income and
consumption with regard to the above two aspects.

2.1. Status of Residents’ Income and Consumption in China

The two prominent characteristics of China’s economic development are the extreme imbalances
among the eastern, middle, and western economic zones and the huge disparity of industrial structures
in the three economic zones. By comparing the division of the three economic zones in Figure 1
and their corresponding data in Figure 2, it can be easily seen that, although the eastern territory
area only accounts for 13.5 percent of China’s total land area, the proportion of its population is
as high as 41 percent, and its gross domestic product (GDP) has always accounted for more than
60 percent of the country’s gross domestic product. Meanwhile, the eastern zone is rich in high-tech
industries and superior education resources. In sharp contrast, the western zone, which accounts for
more than 50 percent of China’s total land area, has maintained its regional gross domestic product
at a level of approximately 15 percent of the national GDP, accompanied by the relative scarcity
of basic education, health care, and other basic public services. Although the disparity in GDP
per capita among the economic zones began to decline in 2005, in which a series of reforms in the
education funding guarantee mechanism and improving distribution structure of national income were
implemented [24], the gap between the eastern zone and the other two zones are still huge, with a stable
trend. The reason lies in an influx of labor force, including talents and ordinary workers, who were
attracted by high-quality educational resources and public services in the eastern zone. Whereas,
limited by the slowly increasing per capita capital, the marginal product of labor declined, resulting
in a declining GDP per capita. Given the western zone as benchmark, the comparison of per capita
income and consumption among zones in Figure 2 shows that the absolute level of the eastern zone
is far more than that of the other two zones: 1.5 times as much as that of the western zone and
3 times higher than that of the middle zone. The above statistical analysis indicated that the regional
imbalance of economic development and the gaps between residents’ income and consumption have
exceeded the reasonable scope of coordinated development [25], and the large lingering gaps in
Chinese residents’ income and consumption has restricted the expansion of domestic demand and
the transformation of the economic development mode [26]. Therefore, under the background of
China’s economy stepping into a “new normal” phase, promoting residents’ overall consumption
level and optimizing the consumption structure of residents provide vast opportunities, which not
only is one of the directions for changing the extensive modes of economy development and realizing
an endogenous growth of China’s economy, but is also an important strategy for ensuring social equity
and maintaining social stability.
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Figure 2. Comparison of regional real GDP, GDP per capita, residents’ real income, and consumption 
between the three economic zones of China during 1999–2016. 
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2.2. Literature Review of Residents’ Income and Consumption in China

As one of the most salient features of China’s economic performance in the past decades,
the internal relationship between urban–rural income inequality and residents’ consumption gap
has always been an important research topic for domestic and foreign scholars, but there is no
consensus regarding theoretical cognitions and empirical conclusions. One view is that, as a typical
two-pole economic structure, China’s fiscal expenditures on basic public services, such as compulsory
education, basic medical care, healthcare, and social security, have obvious regional and urban–rural
disparities, and there are significant differences in the level, structure, and marginal propensity of



Sustainability 2018, 10, 4703 5 of 25

residents’ consumption [13,27,28]. In addition, constrained by different historical stages and differential
regional and industrial policies, social inequality characterized by regional and urban–rural income
disparities, obviously restrained the improvement of residents’ consumption levels in underdeveloped
regions or rural regions [29]. As a result, the regional inequality between urban and rural residents’
income further deteriorates the gap in residents’ consumption [30]. Another perspective is that,
with the increase of the per capita income and change in the consumption concept of urban and
rural residents, basic services, such as education, medical care, and health are indispensable to
the quality of residents’ lives [31], which provides immense social demand and an even greater
marginal propensity of consumption for residents in underdeveloped or rural regions. The result is
that income disparities contribute negative effects to the consumption gap [25,32]. A comparison of
study perspectives and content shows that the existing literature either analyzed the relationship of
residents’ income and consumption within a framework of a single province in isolation, which did not
reveal the spatial heterogeneity of income inequality and residents’ consumption gaps, or conducted
statistical analysis and econometric modeling based on the division of three zones, which focused
on the static description of the income and consumption of urban and rural residents. There is
not much literature that investigates the law of their potential energy transferring from dynamic
perspectives. In light of research methodologies, traditional econometric analysis upon discrete data
sampled regularly has difficulty in accurately portraying the continuous dynamic changing process of
the relationship between residents’ income and consumption, and fixed parameter models failed to
depict the nonlinear characteristics of residents’ marginal propensity of consumption and elasticity of
consumption expenditures during China’s economic transition.

Upon reviewing the related literature, it can be found that although numerous scholars have
thoroughly studied the relationship with its spatial characteristics of Chinese residents’ income and
consumption based on the level of economic development, there are still two aspects that require further
study: (1) Under a dual economic structure, the imbalance of regional economic development will
inevitably lead to regional disparities in residents’ income. Given the same increase in income, are there
significant differences in the growth of consumption of different regions? How can the robustness
of significant differences from static and multiple dynamic perspectives be tested? (2) A consensus
has formed stating that there exists is a nonlinear relationship between urban and rural residents’
income and consumption in China. Influenced by historical and regional policies, industrial structure
adjustment and demographic transitions, the long-term balance between income and consumption
is reflected in continuous short-term fluctuations. Thus, mining the continuous dynamic evolution
process of residents’ income and consumption from their static differences requires the innovation
of an analytical framework and research methods. In light of the above problems. and based on the
spatial perspective of the division of China’s three economic zones and the temporal perspective of the
special period of China’s economy transition, this study includes the discrete data of the income and
consumption of Chinese urban and rural residents from 1999 to 2016 in the framework of continuous,
dynamic, and differentiable functions. The objective of this study is to explore the temporal and spatial
variations between residents’ income and consumption in China.

3. Framework and Methodology

The forming process of residents’ unbalanced income and consumption gaps among the three
economic zones of China was not a short period, and maintaining the long-term equilibrium
relationship between income and consumption required residents to adjust consumption behavior and
structure dynamically in light of their income situation. It is noted that parametric linear modeling
methods have difficulty in depicting the nonlinear process of transforming from short-term fluctuations
to long-term equilibrium. In contrast to those existing studies, this study first reconstructs the intrinsic
functions of residents’ income and consumption using the non-parametric nonlinear modeling methods
of functional data analysis (FDA). Second, this study employs functional variance analysis to test
the static and dynamic significant differences of income and consumption among the three economic
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zones, and further graphically analyzes the potential energy laws of transferring from short-term
fluctuations to long-term equilibrium. Finally, functional canonical correlation analysis is carried out to
detect the temporal characteristics and spatial differences of the correlation degree between residents’
income and consumption.

3.1. Reconstructing Functions from Discrete Observations

The main methods of reconstructing intrinsic continuous functions from discrete data includes
interpolation and smoothing, their core difference lies in the presence or absence of disturbance
factors. Considering the universality of practical problems, the sample observation yij is always
a noisy realization of intrinsic function fi(tj), that is yij = fi(tj) + εij, where εij is random noise
commonly assumed to be independent and identically distributed as N(0, σ2); Thus this study mainly
discusses the smoothing functional method with roughness penalties to error disturbances. Assuming
Φ(t) = {φ1(t), · · · , φL(t)} to be the optimal basis function in Hilbert space, the sum of squared fitting
residuals for the roughness penalty (PENSSEκ) is given as follows:

PENSSEκ =
n

∑
i=1

{
Ti

∑
j=1

[yij − fi(tj)]
2 + κ

∫
T
[ fi′′(t)]2dt

}
(1)

The intrinsic continuous function fi(t) in Equation (1) is a linear approximation of the basis
function to meet the criterion of minimizing the PENSSEκ , i.e., fi(t) = ∑L

l=1 βilφl(t), where βil denotes
the coefficients of the basis function expansion. The smoothing parameter κ specifies the proportion
between the goodness of model fitting and the smoothing amount of the function curve. Large values
of κ will increase the amount of smoothing. The best value for the smoothing parameter κ is determined
by the minimum generalized cross-validation GCV(κ). The criterion is given as follows:

GCV(κ) =

(
n

n− d f (κ)

)(
PENSSEκ

n− d f (κ)

)
(2)

where the degree of freedom d f (κ) = trace
{

Φ(Φ′Φ + κR)−1
Φ′
}

and the roughness penalty matrix

R is expressed as R =
∫

D2φ(s)·D2φ′(s)ds. Based on the above symbols, solving Equation (1) for
β will give us β̂ = (Φ′Φ + κR)−1

Φ′y. A complete theoretical review of the penalty smoothing
method can be found in Kokoszka et al. (2017) [33], and the steps of the algorithm are detailed
in Ramsey et al. (2009) [34]. Using the methodology of reconstructing continuous functions from
discrete data in Equation (1), we can infer that FDA does not restrict all samples to be sampled at
regular intervals on the observing interval T. The relaxed structure of data collection and hypothesis of
distribution enable FDA to depict practical problems more comprehensively and flexibly. Particularly,
once the intrinsic functions are reconstructed from the discrete noisy data, we can not only display the
continuously changing trajectory of income and consumption statically from the holistic perspective,
but also can analyze their dynamic relationships interactively from multiple derivative functions.

3.2. Significance Test of Difference via Functional Analysis of Variance

The functional analysis of variance (F-ANOVA) is used to test whether two or more sets of
functional data are identical, independent, and come from the same population. The verification
was done by comparing the functional means. Let g represent the number of groups or zones,
with fij(i = 1, · · · , g; j = 1, · · · , ni) as the jth-functional data for i groups, and ni is the number of
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curves in group i. As a first step in F-ANOVA, the classical F statistic in the form of functional data is
considered, which is written as:

Fn =
∑

g
i=1 ni

∥∥∥ fi. − f..

∥∥∥2
/(g− 1)

∑i,j

∥∥∥ fij − fi.

∥∥∥2
/(n− g)

(3)

where ‖·‖ denotes the usual L2 norm as ‖ f ‖ =
(∫

f 2(t)dt
)1/2. The expressions used in Equation (3)

are described by fij = ( fij(t1), · · · , fij(tT))′, fi. = ( fi.(t1), · · · , fi.(tT))′, and f.. = ( f..(t1), · · · , f..(tT))′,
which can be computed as fi.(t) = ∑ni

j fij(t)/ni, n = ∑
g
i=1 ni, and f..(t) = ∑

g
i=1 ni fi.(t)/n. f.. is the

global functional mean and fi. is the functional mean in the ith groups, respectively, at time t. Given
the above symbols, the equivalent statistic of Equation (3) can be rewritten as:

Vn =
g

∑
i<j

ni

∥∥∥ fi. − f j.

∥∥∥2
(4)

Given the null hypothesis of having the same functional means for each i group, that is,
H0 : f1.. = · · · = fg., the critical values PH0{F > Fn,α} = α and PH0{V > Vn,α} = α are calculated
at the specified significance level α. H0 should be rejected if the variability between groups, which are
measured by the difference in the sample means Fn and Vn, which is large enough to be expressed as
Fn > Fn,α and Vn > Vn,α. This procedure uses a point-wise critical value obtained using permutation
test as reference lines [35,36].

3.3. Functional Canonical Correlation Analysis

The main purpose of functional canonical correlation analysis (FCCA) is to analyze the relationship
and its changes between two random functions. For the two sets of smooth functions in FCCA, the aim
is to estimate a pair of weight functions successively in such a way that the same pair of canonical
functions is maximally correlated with each other while uncorrelated with different pairs. Assume f (t)
and g(t) are the quadratic integrable functions of Hilbert space L2(T), and Γ12(s, t) = Cov[ f (s)g(t)]
is their covariance function. Let < f (t), g(t) >=

∫
T f (t)g(t)dt; then, the first canonical correlation

coefficient ρ1(u, v), and its corresponding weight functions u1(t) and v1(t), are expressed as follows:

ρ1(u, v) = sup
u,v∈L2(T)

x

T

u(s)Γ12(s, t)v(t)dsdt = Cov(< u1(s), f (s) >,< v1(t), g(t) >) (5)

where u(s) and v(t) are subject to the constraints:

Var(< u(s), f (s) >) = Var(< v(t), g(t) >) = 1 (6)

Further, the kth(≥ 2) canonical correlation coefficient ρk(u, v) and its corresponding weight
functions uk(t) and vk(t) are defined as:

ρk(u, v) = sup
u,v∈L2(T)

x

T

u(s)Γ12(s, t)v(t)dsdt = Cov(< uk(s), f (s) >,< vk(t), g(t) >) (7)

where uk and vk are subject to Equation (6), and, for i = 1, · · · , k− 1, the kth pair of canonical variables
is uncorrelated with the (k− 1) leading pairs, which can be expressed as:

Cov(< uk(s), f (s) >,< ui(t), f (t) >) = Cov(< vk(s), g(s) >,< vi(t), g(t) >) = 0 (8)

Let Uk =< uk(s), f (s) > and Vk =< vk(t), g(t) > be the kth canonical correlation scores on their
associated weight functions uk(t) and vk(t), respectively; we shall call (ρk, uk(t), vk(t), Uk, Vk) the kth
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functional canonical components. The complete theoretical review can be found in Leurgans et al. (1993) [37]
and Shin et al. (2015) [38], and the steps of the algorithm are detailed in He et al. (2004) [39].

3.4. Dynamic Analysis upon Principal Differential Equation

By providing direct access to the relationship between the function itself and its derivatives at
the same time, FDA is very useful for studying the continuous dynamics of a system. Let fi(t) be the
residents’ income or consumption function such that the goal of principal differential analysis (PDA)
is to identify a linear operator of the form:

L fi(t) = β0(t) fi(t) + β1(t) f ′i (t) + · · ·+ βm−1(t) f (m−1)
i (t) + f (m)(t) (9)

that satisfies the homogeneous linear differential equation L fi = 0 for each observation fi. PDA aims
to estimate the operator L, defined by the weight function vector β = [β0(t), β1(t), · · · , βm−1(t)]

T ,
by minimizing the sum of squared differential residuals:

SSEPDA(L) =
N

∑
i=1

∫
[L fi(t)]

2dt (10)

The driving idea behind the minimization problem given by Equation (10) is to search for
a differential operator that is able to describe a large part of the variability shown by the functional
data set { fi(t)}i=1,··· ,N . Once the operator has been identified, the dynamic information about how
a system evolves can be captured using a differential equation model, expressed as:

f (m)(t) = −β0(t) fi(t)− β1(t) f ′i (t)− · · · − βm−1(t) f (m−1)
i (t) (11)

The second-order linear differential equation is generally adopted to study the varying
relationship between velocity and acceleration. A complete review of the functional PDA method can
be found in Ramsey et al. [40–42].

4. Empirical Analysis of Spatial and Temporal Difference between Income and Consumption

4.1. Data Sources and Reconstruction of Functions

Based on the division of the three major economic zones (east, middle, and west) of China, this study
conducts an empirical analysis on the longitudinal data of residents’ income and consumption in 31 provinces
of China from 1999 to 2016. The yearly data are from the “Statistical Yearbook of China (2000–2017)” [43],
which could be downloaded from the following website: http://www.stats.gov.cn/tjsj/ndsj/. In order to
eliminate the inflationary impact, assuming 1999 as the base period, we adopted a GDP deflator index to
convert nominal GDP to real GDP, and adopted consumer price index to convert nominal income to real
income. As the logarithmic transformation does not change the relationship between original variables and can
eliminate heteroscedasticity, the subsequent empirical data are all carried out with a logarithmic transformation.
In order to remove observational errors, we performed smoothing methods with a roughness penalty to
reconstruct the intrinsic functions of income and consumption. Figure 3 displays the GCV against logarithms
of different κ values to choose the optimal smoothing parameter (left for income and right for consumption).

http://www.stats.gov.cn/tjsj/ndsj/
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As shown in Figure 3, both the two fluctuation trajectories of GCV(κ) for income and consumption
begin to become horizontal when logκ

10 = −9.4; that is, once the smoothing parameter κ is larger than
10−9.4, both the minimum values of GCV(κ) remain stable. In order to keep the comparability of function
reconstructing, this study chooses κ = 10−9 as the optimal penalty smoothing parameter to reconstruct
functions. The consumption functions of 31 provinces in China and their corresponding first-order and
second-order derivative functions are presented in Figure 4, and Figure 5 displays the income function with
their first-order and second-order derivatives. The black lines in Figure 4 denote resident's consumption in
every province, with (a) for original functions, (b) for velocity, (c) for acceleration, and the red lines denote
the overall mean of all provinces. The analogous information for residents' income are presented in Figure 5.
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Comparing the curves’ trajectories of income and consumption, it can be seen that, except for
a few provinces and local fluctuations, the two maintained a synchronous steady growth. The intuitive
visualization of the above character is approximate straight-line growth curves, and the smaller
roughness corresponded to the smaller penalty smoothing parameter value. By further comparing the
trajectories of velocity and acceleration curves in Figures 4 and 5, we can see that, although the static
shape features of the income function and consumption function had little differences, their potential
dynamic energy transformation differs greatly. Specifically, compared to the roughness of the income
function, the velocity and acceleration curve of the consumption function had more peaks and valleys,
which could be attributed to more factors affecting urban and rural residents’ consumption. In fact,
with the improvement of the absolute level of economic development, household consumption was
constrained by many factors, such as income composition, consumption concept, price changing,
and so on, besides the dominated effect of income.

Figure 6 shows the summary statistics for the functional mean and standard deviation of residents’
income and consumption for all regions. It can be seen clearly from panels (a) and (c) of Figure 6,
although both of the residents’ income and consumption keep a nearly linear growth, the patterns
of their standard deviation differed greatly, which were displayed in panels (b) and (d) of Figure 6.
The declining trend was common in the standard deviation function of residents’ income and their
consumption, and both reached their maximum around 2007. It should be noted that the standard
deviation of residents’ income became smaller after 2007, whereas, the standard deviation trajectory of
residents’ consumption underwent more rebounds. The above summary statistics is in line with the
fact that the growth rate of residents’ income in China differed little, while the household consumption
rate among different social stratum had obvious disparities [13,16,26].
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The temporal variance–covariance surface of residents’ income and its corresponding contour
plots are presented in Figure 7, and Figure 8 displays the analogous summary statistics for the
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functional data of residents’ consumption. The concept of variance–covariance surface as well as
the corresponding contour in FDA gives new ways to extract information by providing more than
a single value or matrix obtained in the traditional univariate and multivariate contexts. We can see
from Figures 7 and 8 that the main part of variability occurred around the diagonals, while variability
declined elsewhere. Both the highest variability of residents’ income and consumption occurred
between 2000 and 2007, which was also the period corresponding to the highest standard deviation.
The variance–covariance value of residents’ consumption was comparably larger than that of residents’
income, and the direct reflection is that, there were more peaks in the variance–covariance surface
of residents’ consumption curves. This could be attributed to the fact that there were more factors
influencing residents’ consumption besides their income.
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In order to confirm whether there are significant differences in income and consumption among China’s
three major economic zones and to test the robustness of regional differences quantitatively, F-ANOVA
based on a 1000-bootstrap sampling was conducted on original functions and their velocity and acceleration,
respectively. Figures 9–11 present the test results of the consumption function. The same procedure was
performed on the income function, and the results are displayed in Figures 12–14.
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According to the test results of F-ANOVA in Figures 9–14, we can see that there were significant
regional differences among the three major zones of China at the static level, both in the income
function and the consumption function, which is consistent with the permanently stable disparity in
the absolute level between their mean functions. As a visual representation of the above differences is
the approximate parallel linear growth trajectories of the mean function in different zones, shown in the
left panel of Figures 9 and 14. Although the initial absolute level of income and consumption among the
eastern, middle, and western zones differed significantly, the differences in velocity and acceleration
did not pass the significance test at the level of 0.05, which indicated that the potential of dynamic
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growth among the three major economic zones did not have distinct regional disparities. Upon the
comprehensive summary of the test results from Figures 9–14, it was not difficult to determine
that the current income imbalance between urban and rural residents and regional consumption
disparity in China resulted from the initial level and structure; there was no distinction in the regional
growth potential of income and consumption. As a result, the Chinese government need not take
into account regional influence factors too much when implementing policies to boost income and
stimulate consumption.

4.2. Phase Analysis of Energy Transferring of Income and Consumption

Although the overall trend in the dynamic changing of income and consumption functions among
the three economic regions of China from 1999 to 2016 did not have any significant difference, the law
of potential energy transferring of income and consumption functions in different zones have their
own particularity. In order to compare the phase-plane characteristics of income and consumption
and their spatial differences in potential energy transference, we used graphical techniques to study
how derivatives related to another, which is called phase-plane plotting [41]. Taking velocity as the
abscissa and acceleration as the ordinate, the countrywide and three regional phase-plane plots of
income function are presented in Figure 15, and Figure 16 displays the similar phase-plane plots of
consumption function.
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Taking the countrywide phase-plane plots as a comparison benchmark, all the transference
trajectories of potential energy of income and consumption functions went through more than five
cycles, and the velocity of growth kept positive all the time, while the acceleration of growth fluctuated
around 0. The above results indicated that the income and consumption of the three major economic
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zones experienced multiple rounds of growth during the research interval. Although the absolute
level maintained positive growth, the amplitude, speed, and duration of growth showed obvious
distinctions. Specifically, the vertical amplitude and horizontal phase of income and consumption in
the western region were the largest, which indicated that the initial level of income and consumption in
the western region was relatively low, while the larger growth rate and amplitude reflected more room
for improvement. Between 2006 and 2007 was the largest interval of velocity and acceleration, both for
income and consumption in the middle and western regions. The reason for this result is probably
traceable in part to the cancelling of compulsory educational children’s school tuition and fees by the
State Council of the People’s Republic of China. Cancelling the compulsory educational children’s
school fees was first launched by the middle and western regions in 2006 and extended to the eastern
region in 2007 (MOE of PRC, 2008) [44]. The cancelling of tuition and fees was jointly committed by
central authorities and local fiscal revenue, which drastically loosened expenditure constraints for
residents in the middle and western regions and further stimulated residents’ consumption demand.
Compared with the middle and western economic zones, there was no obvious change in the patterns
of potential energy transfers for both income and consumption from 2006 to 2007 in the eastern region.
The reason for the above is the absolute level of residents’ income in the eastern region had already
broken through the expenditure restriction of compulsory education. By the end of 2016, the growth
velocity and acceleration of residents’ income and consumption functions in the three major zones
were basically the same, which proves once again that there was no regional difference in the dynamic
growth potential of income and consumption of urban and rural residents in China.

4.3. Functional Canonical Correlation Analysis for Residents’ Income and Consumption

In order to visually display the dynamic features of global correlation between the residents’
income function and the consumption function, the three-dimensional surface of the cross-correlation
function between the two and their contour plots are shown in Figure 17. According to the data
indicated by the contour lines, the degree of correlation between the income function and consumption
function was within the range of 0.82–0.96. The maximum correlation coefficient was distributed
symmetrically on both sides of the diagonal line, and the degree of correlation decreased when the
separated years increased. The above statistical characteristics of the correlation function indicated
that residents’ current income was the determinant factor that restricted residents’ consumption,
but residents’ income in the previous period still had a large influence on the current consumption.
As a result, residents can rationally adjust consumption time, level, and structure according to the
expected changes in their income.
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The FCCA was conducted between income functions and consumption functions to extract
patterns of dynamic correlation and their temporal characteristics. Meanwhile, in order to avoid
difficulties in explaining the trajectories of weight functions for their high-frequent fluctuations,
we select different values between 10−9 and 0 to smooth the weight functions, and found that the
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changes in smoothing parameters had little effect on the overall variability structure. Thus, the same
value of κ = 10−9 in Section 4.1 was selected as the roughness penalty parameter. The first six
FCCA values related to income and consumption are presented in Table 1. It can be seen that the last
FCCA values were obviously small when compared to the first three, which indicated that the core
information of the FCCA was concentrated in the first three weight functions. Thus, this study mainly
discusses the first three canonical variables. The dynamic trajectories of the first three FCCA weight
functions are displayed visually in Figures 18–20.

Table 1. Smoothed FCCA values.

Canonical Correlation ρ1 ρ2 ρ3 ρ4 ρ5 ρ6

Value 0.991 0959 0.848 0.490 0.479 0.467
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Figure 19. Second FCCA weight functions.

By comparing the fluctuation trajectories of the three pairs of weight functions, we found the
whole patterns of the curves’ fluctuations had high similarities, although the time points of the peaks
and valleys appeared to be different. Specifically, the amplitude of longitudinal fluctuation showed
a decreasing trend, which was consistent with the order of the correlation values corresponding to the
three pairs of weight functions. There were more peaks and valleys in the curve of weight function that
correspond to residents’ consumption, which could be attributed to more factors affecting consumption
decisions. As seen from the first pair of FCCA weight functions, both curves corresponding to
income and consumption had approximate vertical amplitudes for this time span. Additionally, the
peak and valley of the weight function corresponding to consumption occurred slightly earlier than
that of income before 2007, but their leading order reversed after a short-term adjustment in 2007,
with earlier points and a larger amplitude in the weight function corresponding to income. The above
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evolution process indicated that the changes in consumption lagged behind that of income until 2007,
and then the leading order reversed, but the influence intensity between consumption changes and
income changes was roughly the same. The reason for this finding may result from the fact that the
growth of Chinese residents’ consumption has lagged behind the growth of fixed asset investments
since 2000, thus lagging behind the growth of gross national product and residents’ income [45].
However, influenced by a series of reforms from 2005 to 2007 in the education funding guarantee
mechanism, the relaxation of income restrictions on residents’ consumption had stimulated residents’
total consumption demand. However, a necessary process was required for residents to change their
consumption behaviors and habits, so there was a long time lag in the transmission of the consumption
growth effect on economic growth and residents’ income growth.

Sustainability 2018, 10, x FOR PEER REVIEW  18 of 26 

slightly earlier than that of income before 2007, but their leading order reversed after a short-term 
adjustment in 2007, with earlier points and a larger amplitude in the weight function corresponding 
to income. The above evolution process indicated that the changes in consumption lagged behind 
that of income until 2007, and then the leading order reversed, but the influence intensity between 
consumption changes and income changes was roughly the same. The reason for this finding may 
result from the fact that the growth of Chinese residents’ consumption has lagged behind the growth 
of fixed asset investments since 2000, thus lagging behind the growth of gross national product and 
residents’ income [45]. However, influenced by a series of reforms from 2005 to 2007 in the education 
funding guarantee mechanism, the relaxation of income restrictions on residents’ consumption had 
stimulated residents’ total consumption demand. However, a necessary process was required for 
residents to change their consumption behaviors and habits, so there was a long time lag in the 
transmission of the consumption growth effect on economic growth and residents’ income growth. 

 
Figure 20. Third FCCA weight functions. 

Except for a smaller co-varying lag, the change pattern of the second pair of FCCA weight 
functions was approximately the same as that of the first pair of FCCA weight functions, but the 
fluctuation amplitude of the weight function corresponding to consumption was larger, indicating 
that the consumption growth was less than the income growth, which is consistent with the law of 
marginal propensity to consume lying between 0 and 1. As for the third pair of FCCA weight 
functions, the value of the weight function corresponding to consumption was kept larger until 2006, 
and it underwent one more peak-and-valley periodic fluctuation, maintaining a downward trend. 
Then, the consumption change was ahead of the income change after 2006. The reason for this result 
was because the final consumption rate and residents’ consumption rate showed a decreasing trend 
jointly year by year in China since 2000, according to the data analysis of National Bureau of 
Statistics from 2000 to 2017. Although the government promulgated a series of policies to stimulate 
consumption, it did not curb the declining trend of consumption fundamentally [46]. The depressed 
situation lasted until 2007, when the Central Committee and State Council of China adopted 
reformations to improve the distribution structure of national income and made unprecedented 
efforts to reinforce the social security system and people’s livelihood projects. Stimulated by the 
aforementioned multiple measures, residents’ consumption showed a faster growth momentum, 
and the consumption growth was ahead of income growth. 

In order to further analyze the relationship between the degree of canonical correlation of 
different provinces and their geographical locations, the FCCA scores , )( k kVU  from three pairs of 
weight functions for 31 provinces were drawn, as shown in Figures 21–23. 

Figure 20. Third FCCA weight functions.

Except for a smaller co-varying lag, the change pattern of the second pair of FCCA weight
functions was approximately the same as that of the first pair of FCCA weight functions, but the
fluctuation amplitude of the weight function corresponding to consumption was larger, indicating
that the consumption growth was less than the income growth, which is consistent with the law
of marginal propensity to consume lying between 0 and 1. As for the third pair of FCCA weight
functions, the value of the weight function corresponding to consumption was kept larger until 2006,
and it underwent one more peak-and-valley periodic fluctuation, maintaining a downward trend.
Then, the consumption change was ahead of the income change after 2006. The reason for this result
was because the final consumption rate and residents’ consumption rate showed a decreasing trend
jointly year by year in China since 2000, according to the data analysis of National Bureau of Statistics
from 2000 to 2017. Although the government promulgated a series of policies to stimulate consumption,
it did not curb the declining trend of consumption fundamentally [46]. The depressed situation lasted
until 2007, when the Central Committee and State Council of China adopted reformations to improve
the distribution structure of national income and made unprecedented efforts to reinforce the social
security system and people’s livelihood projects. Stimulated by the aforementioned multiple measures,
residents’ consumption showed a faster growth momentum, and the consumption growth was ahead
of income growth.

In order to further analyze the relationship between the degree of canonical correlation of different
provinces and their geographical locations, the FCCA scores (Uk, Vk) from three pairs of weight
functions for 31 provinces were drawn, as shown in Figures 21–23.
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Comparing the scatter plots of the scores from three pairs of weight functions, we found that all
three scatter plots showed a near-linear relationship, indicating that the correlation between income
and consumption was high, which is consistent with the leading FCCA values in Table 1. However,
there was a certain regularity in the scores gathered for different provinces with respect to their
geographical locations. Specifically, the provinces of the eastern zone were scattered dispersedly
in the lower-left corner of Figure 21, and Shanghai, Beijing, Zhejiang, and Guangdong were the
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first four provinces with the lowest scores on the first weight functions, which indicated that the
degree of canonical correlation between income and consumption in the eastern zone was relatively
low. In contrast, the provinces of the middle and western zones were gathered densely in the upper
right corner, indicating that the canonical correlation between income and consumption in those
zones was high. The reason for this finding lies in the fact that income is always the determining
factor of consumption at any level; thus, they maintain a positive coordinated change. However,
the educational resources and the absolute income level of the eastern region were far more than
that of the national average, and the marginal propensity to consume had a diminishing character.
Together, the above factors led to a higher stimulating effect in the middle and the western zones
than that in the eastern zone when implementing policies, such as the reform of the educational
funding guarantee mechanism. As the scatter plot of the second FCCA score in Figure 22 shows,
both FCCA scores of income and consumption closely correspond to their economic development
level in almost all provinces, except Tibet. Inferred from the synchronous change characteristics of
their weight functions in Figure 19, the absolute growth of income and consumption mainly depended
on their economic development level. Although there is a large gap between the absolute growth of
income and consumption in each period among different economic zones, the relative growth of the
middle and western zones maintained a higher positive correlation change due to the initial lower
development level and the homogeneous residents’ consumption structure. As a visual reflection in
Figure 23, the third FCCA scores were densely located in the upper right corner. It should be noted that,
in Tibet, as a special case, there was a highly positive correlation regarding its initial level, absolute
growth rate, and relative growth rate, which was closely related to its special central financial subsidy
and aid policies.

4.4. The Dynamics of Residents’ Income and Consumption

Although the growth trajectories of residents’ income and consumption differ little, the results
of the F-ANOVA test in Section 4.1 indicated that the velocity and acceleration between the two
have significant difference. To capture the dynamic difference in their coevolving process, principal
differential analysis was performed. Determining the specific formula of dynamic models required
comparing the fitting results of different order differential equations with a consideration of the
trajectories of curves. Due to the approximate linear growth trends of logarithmic income and
consumption, which can be seen from the curves’ trajectories in Figures 2 and 3, and from a model
parsimony standpoint, the second-order varying coefficient homogeneous differential equation was
adopted [47]; that is, L f (t) = β0(t) + β1(t)D f (t) + D2 f (t) = 0. Figure 24 shows the residual functions
ε(t) resulting from applying the equation for residents’ income and consumption function. The fit was
especially close in the middle, with only a short interval at the beginning and end that did not seem to be
captured equally as well by the PDA model. In order to further assess the adequacy of the model fitting,
goodness of fitting for different order differential equation models was calculated. The comparison
of different pointwise R2 indicated that the goodness of fit clearly improved when the order of the
differential equation changed from zero to two, but the fits of the higher order differential equation
above the second order did not increase significantly. The detailed fitting values we obtained were
0.473(0.425)→ 0.862(0.833)→ 0.944(0.937)→ 0.946(0.951) when the order of differential equation
changed from zero to the fourth, indicating the second order homogeneous differential equation was
a sufficiently good model for fitting the dynamics of residents’ income and consumption. The estimated
functional coefficients β0(t) and β1(t) are presented in Figures 25 and 26, respectively.
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Figure 26. The estimated functional coefficients β1(t).

As pointed out by Ramsey et al. (1996) [40], the first coefficients, β0(t), essentially reflect the
position-dependent oscillation. The second coefficients, β1(t), however, result from exponential growth
or decay. We make a comparison with the trajectories of β0(t) and β1(t), and found that both the
coefficients exhibited a fluctuation around zero, which was consistent with the approximately linear
growth trend of logarithmic residents’ income and consumption. Specific to β0(t), both the trajectories
of residents’ income and consumption maintained fluctuations with the same frequency, except for
a few time-lags, which proved again the dominant influence of residents’ income on their consumption.
What was more, the size of oscillation becoming larger since 2003, which can be proved by the actual
data characteristic of residents’ income on consumption [42]. The comparison of β1(t) trajectories
indicated that residents’ income maintained an exponential growth on the whole, while residents’
consumption did not maintain an exponential growth trend, an even appeared to exponentially decay
in some years. The oscillation difference between residents’ income and consumption, which were
exhibited by the trajectories of β(t), was consistent with residents’ increasing growth of total income
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and their declining consumption rate [13,16,29,48]. The dynamic analysis of residents’ income and
consumption implied that although China’s rapid economic growth had benefited the growth of
household income, the substantial increase in absolute income did not make a qualitative difference in
household consumption. The empirical result proved the existent disparity of different social strata that
groups of high income have a low consumption rate and groups of low income cannot afford to spend.
As a conclusion, to promote the household consumption rate of China, governments should place
an emphasis on optimizing the redistribution of national income, increasing residents’ stable disposable
income, and guiding residents to change their consumption concept and consumption structure.

5. Discussion and Conclusions

Based on the current division of three economic zones in China, this study incorporated
the discrete noisy data of residents’ income and consumption into the framework of functional
data analysis. Functional ANOVA was adopted to test the regional differences between Chinese
residents’ income and consumption, both from the static and dynamic interactive perspectives.
The temporal characteristics of their coevolving processes and dynamic changes from 1999 to 2016
were captured via PDA. The conclusions of this study are as follows.

(1) There were significant regional differences in the initial absolute level of residents’ income
and consumption among the provinces in the eastern, middle, and western zones, but the
differences in velocity and acceleration of income and consumption growth among the three
regions was not significant. The relevant literature has provided evidence that there existed
disparity in absolute level of residents’ income and consumption [49–51]. In fact, as a typical
dual economic structure, the unbalanced development among different regions in China was
the joint result of complex factors such as different industrial structures and distinct economic
policies. Until now, as a long-term accumulated result, the absolute level gap of income and
consumption has not yet been fundamentally reversed [52,53]. However, with the continuous
improvement of China’s economic development, the equalization of fiscal redistribution, and the
gradual transformation of residents’ consumption concept, the growth of residents’ income and
consumption in different regions has been converging [54,55]. Different to the previous conclusions
derived from econometric analysis on the absolute level of residents’ income and consumption,
we quantitatively confirmed the fact that there was no regional difference in the growth potential
of residents’ income and consumption from the interactive perspectives of velocity and acceleration.
The economic implications of the above conclusion is that, although the absolute disparity between
the three economic zones is still large, governments need not consider regional factors too much when
implementing policy of stimulating residents’ consumption to expand domestic demand.

(2) No matter the static absolute growth level or the dynamic growth potential energy,
residents’ income and consumption always maintained a highly positive canonical correlation,
which means that residents’ income was the decisive factor that restricted their consumption level and
structure, and the stimulation of consumption had a significant effect in promoting regional economy
and residents’ income. In addition, the value size and sequence of nonlinear evolution of FCCA
weight functions had obvious temporal characteristics. It is a well-known fact that residents’ income
is the dominant factor influencing their consumption, and a large amount of literature has verified
that the relationship between residents’ income and their consumption exhibited various patterns
of fluctuation, such as structural breaks [55,56] and a phenomenological law [48]. The economic
implications of our empirical result is that the specific period of coevolving between residents’ income
and consumption should be taken into consideration when the government formulates or implements
policies to reduce income gaps and stimulate consumption.

(3) There were significant regional differences between the functional canonical correlation scores
of residents’ income and consumption. The relatively rapid level of economic development resulted in
a higher canonical correlation between the absolute growth of residents’ income and consumption
in the eastern zone. The initial low level of economic development and homogeneous structure of
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consumption led to a higher degree of functional canonical correlation between the relative growth of
residents’ income and consumption in the middle and western zones. Although the absolute growth of
income and consumption in the eastern zone was relatively large, the growth potential of the middle
and western zones was even greater. In fact, nonlinear test results show that the stimulating effect of
residents’ income on their consumption in China exhibited an inverted “U” shape, the eastern regions
and the country was in the downstream region, and the middle and western regions was in the upward
area [57]. Our empirical result was in line with the above conclusion, that is the stimulating effect of
residents’ income on their consumption in eastern regions decreasing, while the marginal stimulating
effect in middle and western regions stayed positive. The economic implications of our empirical
result is that the effective method for solving the shortage of domestic demand is strengthening the
adjustment of fiscal revenue redistribution in the middle and western regions, and increasing the
supply of public services in underdeveloped areas to release residents’ income liquidity constraints
for consumption.

(4) Although the absolute levels of Chinese residents’ income and consumption have raised
substantially due to the rapid economic growth, the long-term depression of household consumption
did not change fundamentally. The above conclusion was derived from the trajectory of β1(t) in
the PDA for residents’ consumption, which fluctuated around 0 with a fairly small range. Actually,
the consumption structure of residents in China has significant disparity between different social
stratum [58]; that is, the middle and upper-income groups were unwilling to consume, while the
permanently low income level limited low-income groups’ consumption. Therefore, the government
should focus on promoting residents’ consumption rate when formulating and implementing policies
to expand domestic demand. The key to solve the problem of insufficient domestic demand in China
may rely on strengthening the adjustment of income distribution in the middle and western regions.
The low consumption level of low-income residents will directly lead to their quality of life lagging
behind that of high-income residents. Considering that public service, such as medical care and
education, play an increasingly important role in the modern national economy, and the provision of
public service should incline towards providing for the impoverished social class and undeveloped
areas so as to remedy the deficiencies of public resources due to the income gap, thereby improving
the level of social welfare for all residents.

Compared with the existing literature, this paper is among the first efforts to introduce functional
data analysis, a big data analytical method, to study the spatial and temporal differences in the
relationships between residents’ income and consumption in China. This paper is of significance for
both empirical methodology and important policy implications. First, we quantitively proved the fact
that there existed a significant disparity in the absolute level of residents’ income and consumption
between the three economic zones in China, while the difference in their growth potential was not
statistically significant. We derived the above conclusion via functional ANOVA of residents’ income
and consumption, both statically and dynamically. Second, our findings are important for the
Chinese policymaking concerning the expansion of domestic demand and the society’s fair and
stable development. China is trying to find an endogenous growth of the economy, where the key
premise is to stimulate residents’ consumption. However, there is no effective policy to increase their
consumption substantially due to the long-standing income gap and precautionary saving. Based on
the findings of this paper, the government should strengthen the GNP redistribution to increase the
per capita disposable income in underdeveloped areas. Furthermore, the government should provide
more public services and improve the social security system in rural China.

The main contribution of our study is focused on how the FDA techniques can be used for
residents’ income and consumption analysis. Instead of utilizing discrete income and consumption
data, we can create a functional form for the data, which could be analyzed over any time interval.
Besides, we can mine dynamic information from the interactive derivatives of the smoothing income
and consumption functions, which is powerless for traditional econometric methodologies. Therefore,
our work enriched the toolbox of human geography and social sustainability research. As a future
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research direction, we will employ more FDA techniques, under the light of relevant economic theories
about the determinants of consumption patterns, to study the convergence of income and consumption
for different social strata.
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