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Abstract

The World Bank routinely publishes over 1500 “World Development Indicators” to track
the socioeconomic development at the country level. A range of indices has been proposed
to interpret this information. For instance, the “Human Development Index” was designed
to specifically capture development in terms of life expectancy, education, and standard
of living. However, the general question which independent dimensions are essential to
capture all aspects of development still remains open. Using a nonlinear dimensionality
reduction approach we aim to extract the core dimensions of development in a highly effi-
cient way. We find that more than 90% of variance in the WDIs can be represented by
solely five uncorrelated dimensions. The first dimension, explaining 74% of variance, rep-
resents the state of education, health, income, infrastructure, trade, population, and pol-
lution. Although this dimension resembles the HDI, it explains much more variance. The
second dimension (explaining 10% of variance) differentiates countries by gender ratios,
labor market, and energy production patterns. Here, we differentiate societal structures
when comparing e.g. countries from the Middle-East to the Post-Soviet area. Our analysis
confirms that most countries show rather consistent temporal trends towards wealthier and
aging societies. We can also find deviations from the long-term trajectories during war-
fare, environmental disasters, or fundamental political changes. The data-driven nature of
the extracted dimensions complements classical indicator approaches, allowing a broader
exploration of global development space. The extracted independent dimensions represent
different aspects of development that need to be considered when proposing new metric
indices.

Keywords Sustainable development - Sustainability indicators - Dimensionality reduction -
PCA - Isomap

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s1120
5-020-02349-0) contains supplementary material, which is available to authorized users.

< Guido Kraemer
guido.kraemer @uni-leipzig.de

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0003-4865-5041
http://crossmark.crossref.org/dialog/?doi=10.1007/s11205-020-02349-0&domain=pdf
https://doi.org/10.1007/s11205-020-02349-0
https://doi.org/10.1007/s11205-020-02349-0

1000 G. Kraemer et al.

1 Introduction

During the last decades, humanity has achieved on average longer life spans, decreased
child mortality, better access to health care and economic growth (UNDP 2019). In emerg-
ing countries like China and India many people have escaped extreme poverty (less than
1.90 US$ per person per day) in the wake of persistent economic growth (UNDP 2016).
To measure development, a wide range of variables are routinely made available by the
World Bank, describing multiple facets of societal conditions. These “World Development
Indicators” (WDIs, revision of 3/5/2018; The World Bank 2018b) have become a key data
resource that today contains more than 1500 variables with annual values for most coun-
tries of the world.

A widely accepted method for assessing development consists in the construction of
indicators (hereafter called “classical” indicators) based on expert knowledge that allow
ranking countries by their development status and tracking them over time. A multitude of
such classical indicators have been developed over the past few decades (Parris and Kates
2003; Shaker 2018; Ghislandi et al. 2018), focusing on different aspects of development.
For instance, the United Nations Development Programme (UNDP) uses a Multidimen-
sional Poverty Index, a Gender Development Index, a Gender Inequality Index, amongst
others for reporting on human development (UNDP 2019). The UNDP’s most prominent
indicator is the Human Development Index (HDI), which is the geometric mean of indi-
cators describing life expectancy, education, and income (UNDP 2019). However, there
are many other efforts to produce relevant indicators, such as the Genuine Progress Index
(Kubiszewski et al. 2013), the Global Footprint and Biocapacity indicators (McRae et al.
2016), and the POLITY scores (Marshall and Elzinga-Marshall 2017), to name just a few.
These classical approaches are well suited for describing and communicating selected
aspects of development, e.g. the HDI has been specifically developed “to shift the focus
of development economics from national income accounting to people-centered policies”
(UNDP 2018).

An alternative to approach to constructing indices consists in using purely data-driven
methods, such as “Principal Component Analysis” (PCA; Pearson 1901) or “Factor Anal-
ysis” (FA; Spearman 1904). PCA linearly compresses a set of variables of interest. The
resulting principal component or components represent the main dimensions of variability
and can then be interpreted as an emerging indicator (OEDC 2008). This approach has
been used to create indicators of well-being from sets of co-varying variables (Mazziotta
and Pareto 2019). While PCA refers to a well defined method which tries to summarize the
variance of an entire dataset, FA refers to a family of methods which assumes a multivari-
ate linear model to explain the influences of a number of latent factors on observed vari-
ables. PCA and FA have been used extensively in the social sciences, e.g. to create indica-
tors of well-being (Stanojevi¢ and Bencina 2019) or to construct wealth indices (Filmer
and Scott 2012; Smits and Steendijk 2015). An advantage of such data-driven methods is
that they follow well defined mathematical behaviors and are not subjective, while there is
no well established method for the creation of classical indicators (Shaker 2018). A disad-
vantage of these methods is that they do not consider the polarity of the variables nor allow
for expert based weighting (Mazziotta and Pareto 2019). A detailed comparison between
classical indicators and data driven indicators can be found in SI Table 1.

The rationale for dimensionality reduction methods like PCA is that often the intrinsic
dimension of a dataset is much lower than the number of variables describing it. In climate
science, for example, a set of co-varying variables observed over a region in the equatorial
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pacific can be compressed into the Multivariate ENSO Index (MEI, Wolter and Timlin 1993,
2011), to describe the state of the El Nifio Southern Oscillation (ENSO)—the principal cli-
mate mode that determines e.g. food security in many regions of the world. In image vision,
the number of main features from a set of images is much less than the number of pixels
per image. For example Tenenbaum et al. (2000) shows that pictures taken from the same
object at different angles have the viewing angle as the main features of the set of images.
These main features are called “intrinsic dimensions” because they are sufficient to describe
the essential nature of the entire dataset, the number of such intrinsic dimensions is called the
“intrinsic dimensionality” of the dataset (Bennett 1969).

Development is a complex concept though, which is reflected in the large number of vari-
ables included in the WDI database. The large number of indicators let us expect substantial
redundant information (Shaker 2018; Rickels et al. 2016). This issue has also been discussed
in the context of the Sustainable Development Goals (SDGs; The World Bank 2018a). Since
their introduction by the United Nations in 2015, the SDGs have become a widely accepted
framework to guide policymakers. Today 17 SDGs address the issues of poverty, hunger,
health, education, climate change, gender inequality, water, sanitation, energy, urbanization,
environment and social justice. To monitor the SDGs, 169 specific targets have been devel-
oped which are measured using 232 different indicators included in the WDIs (The World
Bank 2018a; United Nations General Assembly 2017a), leading to substantial interactions
across and within the targets that need to be analyzed (Costanza et al. 2016). Hence, the ques-
tion emerges how to extract the key information jointly contained in the WDIs that leads to a
succinct, objective, and tangible picture of development.

In this paper, we aim to elucidate the most important dimensions of development contained
in the WDI dataset, using a data-driven approach. Specifically, we aim to answer the question,
how many independent indicators are necessary to summarize development space and what
is their interpretation. We exploit the potential of nonlinear dimensionality reduction to iden-
tify dimensions that represent these (typically mutually dependent) variables, while preserving
relevant properties of the underlying data. The rationale is that we expect strong interactions
between the different WDIs which may not be linear.

Understanding what intrinsic dimensionality our current indicators of development have,
could have important implications for policy makers. If the intrinsic dimensionality of devel-
opment proves to be high, one would indeed need to track many indicators synchronously to
understand the interplay of different aspects of development. On the contrary, in the case of a
low-dimensional development space, it would be sufficient to track either the emerging dimen-
sions, or the closely related variables to monitor development across countries and time. In
fact there is already substantial evidence that supports our hypothesis of a low-dimensional
development space. For instance Pradhan et al. (2017) found strong correlations between all
SDGs, suggesting that the intrinsic dimensionality of the SDGs is relatively low, but this has
not been quantified yet.

This article is divided into five sections. Section 2 presents a data-driven approach to
extract nonlinear components from the WDI database, Sect. 3 presents the resulting dimen-
sions, their interpretations, global distributions, trends and trajectories. Section 4 discusses
the relation of the indicators produced by the method presented here with previous indicator
approaches, and finally Sect. 5 gives some concluding remarks.
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1002 G. Kraemer et al.

2 Data and Methods
2.1 Data

To understand the structure and dimensionality of development we rely on the WDI data-
set, which is the primary World Bank collection of development indicators, compiled from
officially-recognized international sources. The WDIs comprise a total of 1549 variables
with yearly data between 1960 and 2016 for 217 countries. As such, it represents the most
current and accurate global development database available (The World Bank 2018b).

Even though the WDI dataset is the most comprehensive set of development indicators
available, it contains many missing values. Only for the most developed countries the data-
set is (nearly) complete. For many other countries—particularly low and middle income
countries—many indicators are partly or completely missing. This is problematic, as for
most dimension reduction methods a dataset without missing observations is required. To
make our analyses possible, we therefore had to select a subset of indicators, countries
and years with few missing observations and to fill in the remaining missing observations
using gapfilling techniques (see next section). To avoid arbitrariness of the subset selection,
a scoring approach was used (see Sect. 2.2) and the 1000 subsets with the highest scores
were selected. These 1000 subsets contained a total of 621 variables, 182 countries and
the years ranging from 1990 to 2016. The subsets cover almost all categories of variables.
The categories with their respective number of variables in the entire WDI dataset and
the subsets are “Economic Policy & Debt” (120 out of 518), “Education” (73 out of 151),
“Environment” (74 out of 138), “Financial Sector” (29 out of 54), “Gender” (1 out of 21),
“Health” (123 out of 226), “Infrastructure” (19 out of 41), “Poverty” (0 out of 24), “Private
Sector & Trade” (103 out of 168), “Public Sector” (31 out of 83), and “Social Protection
& Labor” (48 out of 161). Jointly these subsets are representative for the original dataset
while avoiding large gaps.

2.2 Gapfilling

The dimensionality reduction approach we have chosen (see Sect. 2.3) relies on a full
matrix of distances between the different country—year data points. However, given the
large amount of data gaps this global distance matrix cannot be computed directly. In the
following, we develop an approach to find subsets of the WDI database which we can gap-
fill and use for estimating distances among data points.

In order to choose subsets of the WDI database covering a wide range of WDIs, coun-
tries, and years, but also having as few missing values as possible, the following method was
applied: A series of subset was created from the full WDI dataset using a combination of
thresholds for the maximum fraction of missing values for the WDISs, f,, and countries, f,,
as well as a starting year, y,,, and an ending year, y,,4. We assigned a score to each of the
resulting subsets by using a grid search over the parameters, f,,f, € (0.05,0.15,...,0.65)
and Yy Yena € (1960, 1961, ...,2017), Yot < Yena- The size of this parameter space is
80997, each with a different combination of missing value thresholds and starting and end-
ing year combinations. The 1000 subsets with the highest scores were finally chosen to
build the global distance matrix. For an overview of the entire method, see Fig. 1.

Each subset was created from the full WDI dataset by choosing consecutive years
with starting year, yg,. and ending year, y,,q; WDIs with a higher missing value frac-
tion, p,, than the corresponding threshold were dropped (p, > f,). Then, countries with
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Fig. 1 Schematic presentation of the ensemble Isomap (e-Iso) algorithm, for details see text

higher missing value fractions, p,, than the corresponding threshold were dropped as well
(. > f.). The number of remaining countries, n., and WDIs, n,, was recorded and the
resulting subsets were filtered to retain more observations (the number of countries times
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the number of years) than variables, leaving a total of 77,610 subsets of the WDI for score
calculation.

To account for different scales of the parameters, the values had to be rescaled, i.e. we
calculated ! from n, by scaling the values from subsets linearly to a minimum of 0 and a
maximum of 1, analogously for 7/, f/, and f’. The final score was then calculated as

— 'yl — 1£1
score = 4 /n/nl — 4 /f/f].

This score calculates the geometric means of the variables of interest. The geometric mean
has the advantage over the arithmetic mean that it is very sensitive to single bad values. As
we want to maximize the number of countries and WDIs chosen and have as few missing
values possible, the final score is the difference between the geometric means. For further
processing, the subsetted WDI data matrices with the 1000 highest scores were selected.
Finally the subsetted WDI data matrices with the 1000 highest scores were selected and
a gapfilling procedure using Probabilistic PCA (Stacklies et al. 2007) was performed on the
centered and standardized (z-transformed) variables using the leading 20 dimensions.

2.3 Dimensionality Reduction

Dimensionality reduction describes a family of multivariate methods that find alternative
representations of data by constructing linear or, in our case, nonlinear combinations of the
original variables so that important properties are maintained in as few dimensions as pos-
sible. A plethora of algorithms is currently available for dimensionality reduction, both lin-
ear and nonlinear (Arenas-Garcia et al. 2013; Van Der Maaten et al. 2009; Kraemer et al.
2018), but PCA is dominating in applied sciences because of ease of use and interpretation.

One method to find an embedding from a known distance matrix is “classical Multi-
dimensional Scaling” (CMDS; Torgerson 1952), this method is equivalent to PCA if the
distance matrix is computed from the observations using Euclidean distance. CMDS finds
coordinates in a reduced Euclidean space of dimension i minimizing

l7(D) — =Dl

where D is the matrix of Euclidean distances of observations and D; the matrix of Euclid-
ean distances of the embedded points. 7(D) = —LHSH , is the “double centering operator”,
with § = [Dl.zl.], H={[5; - %], and || X||, = le X; the L,-norm. CMDS and therefore PCA

tend to maintain the large scale gradients of the data and cannot cope with nonlinear rela-
tions between the covariates.

“Isometric Feature Mapping” (Isomap; Tenenbaum et al. 2000) extends CMDS, but
instead of Euclidean distances, it respects geodesic distances, i.e. the distances measured
along a manifold of possibly lower dimensionality,

”T(Dgeo) - T(Di)”z-

Specifically, Isomap uses geodesic distances, Dye, = [dyeo(x;, X;)], which are the distances
between two points following a k-nearest neighbor graph of points sampled from the
manifold.

Isomap is guaranteed to recover the structure of nonlinear manifolds whose intrinsic

geometry is that of a convex region of Euclidean space (Tenenbaum et al. 2000). Isomap
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unfolds curved manifold which makes the method more efficient than PCA in reducing the
number of necessary dimensions in the presence of nonlinearities.

To construct the geodesic distances, a graph is created by connecting each point to its
k nearest neighbors and distances are measured along this graph. If the data samples the
manifold well enough, then the distances along the graph will approximate the geodesic
distances along the manifold. The value of k£ will determine the quality of the embedding
and has to be tuned.

We applied Isomap on the 1000 previously generated subsets of the WDI database. To
find the optimum value k for each subset, k;, Isomap was calculated first with k; = 5 and
the residual variance for the embedding of the first component was calculated (see below).
This process was repeated increasing the values of k; by 5 in each step until there was no
decrease in the residual variance for the first component any more (Mahecha et al. 2007).
In order to get an intuition of Isomap, we recommend the original publication of the Iso-
map method (Tenenbaum et al. 2000) which contains an excellent didactic explanation of
the method.

2.4 Ensemble PCA and Ensemble Isometric Feature Mapping

An observation consists of a country name and year. To calculate a linear embedding
(ensemble PCA) over the union of all countries, years and variables chosen before, we used
a Probabilistic PCA (d = 80, where d is the number of dimensions used in the probabilistic
PCA) to gapfill all the observations and variables occurring in the subsets of the WDI data-
set and applied a normal PCA to the gapfilled dataset.

We developed “Ensemble Isometric Feature Mapping” (e-Isomap) to produce the final
nonlinear embedding based on the different gapfilled subsets of data. E-Isomap combines
m = 1000 geodesic distance matrices created from the subsets of the previous step and
constructs an global ensemble geodesic distance matrix, Dzeo, from the geodesic distance
matrices of the m Isomaps.

Let the total set of observations be I = {1, ...,n} (a country—year combination) and the
observed variables V = {1, ..., p} (the WDIs). We first perform one Isomap i € {1,...,m}
per subset of 7 and V, I; and V; respectively, where |V;| is the number of variables for Iso-
map i. The geodesic distance matrix for Isomap i is D, ; = (dgeo’i(xj,xk))j’k with j, k € I,.
If a pair of observations (xj,xk) does not occur in Isomap i, it is treated as a missing value.
First the geodesic distance matrices are scaled element-wise to account for the different
number of variables used,

geo,i

’ —
dgeo’i(xj, X)) = dgeoyi(xj, X))

which are then combined into a single geodesic distance matrix DZCO by using the maxi-
mum distance value,
] !
d;eo(xj,xk) = max dgeo,l.(xj,xk).
Missing values are ignored if all values are missing for a pair (x;, x;) and they are treated
as infinite distances. Taking the maximum avoids short-circuiting distances and as long

as there are few missing values. This provides an accurate approximation of the internal
distances.
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1006 G. Kraemer et al.

Finally the k nearest neighllaor giraph G is constructed from the distance matrix, and each
. . Xi—X; o - . .

edge {x;, x;} is weighted by TG where M(i) is the mean distance of x; to its k nearest

neighbors. This last step is called c-Isomap (Silva and Tenenbaum 2003) and it contracts

sparsely sampled regions of the manifold and expands densely sampled regions, the c-Iso-

map step proved to give a more evenly distributed embedding. Finally the geodesic dis-

tances are calculated on G and classical scaling is performed to find the final embeddings.

2.5 Quality Measurement of an Embedding and Influence of Variables

The quality for the embedding is estimated by calculating the residual variance (Tenen-
baum et al. 2000) computed as

residual variance; = 1 — r*(D, D;) = 1 — explained variance;,

where D; is the matrix of Euclidean distances of the first i embedded components and D
is the matrix of Euclidean distances for PCA and the matrix of geodesic distances for Iso-
map in original space. Note that because D; and D are symmetric, we only use one triangle
for the calculation of the residual variance. This notion of explained variance is different
from the one usually used for PCA, which is derived from the eigenvalue spectrum, but the
measure used here has the advantage that it gives comparable results for arbitrary data such
as the HDI and Isomap.

To assess the influence of single variables on the final e-Isomap dimensions, we calcu-
lated the distance correlation (dcor, Székely et al. 2007), which is a measure of dependence
between variables that takes nonlinearities into account. Due to the strong nonlinearities
in the dataset and the embedding method, a simple linear correlation would not have pro-
vided sufficient information about the relationships between variables and the embedding
dimensions.

3 Results
3.1 Required Number of Dimensions

Our results suggest that the “development space” described by the WDI data is of low
intrinsic dimensionality. Using e-Isomap we needed five dimensions only to explain 90%
of the variance of global development (see Fig. 2). The first dimension alone explains 74%
of the variance in the WDI data; Dimension 2 explains 9.9% of the variance and dimen-
sions 3-5 explain less than 3% of the variance each. Although the explained variance of
dimensions 2-5 seems small compared to that of the first dimension, each of these dimen-
sions still represents a distinct, well defined and highly significant aspect of development,
as we will show later. Therefore the raw variances should not be used as the sole measure
to discard dimensions.

The finding that such a high compression can be achieved with e-Isomap indicates that
the WDISs are highly interdependent and that the underlying processes are highly nonlinear
(see Fig. 2). This is also confirmed by an analogous analysis using linear PCA which can-
not compress the data with the same efficiency: the first PCA dimension only explains 10%
of the variance, and 12 dimensions are required to express more than 90% of the variance.
The cumulative explained variances for the first five e-Isomap dimensions are 74%, 84%,
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Fig.2 The residual variance for 10
the first 14 components. The cir-

cled lines represent the residual

variance of the Ensemble Isomap 0.8
and the PCA. Isomap is much
more efficient in compress-

ing dimensionality of the data
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number of dimensions

86%, 88%, and 90%, which is much more than the respective PCA dimensions (10%, 37%,
50%, 61%, and 65%).

To understand if the HDI can compress the data in the same way, we compute the vari-
ance of the HDI in the same way. We find that the HDI captures 34% of the variance (see
Fig. 2), which is less than half of the variance captured by the first dimension extracted via
nonlinear dimensionality reduction but more than three times the variance explained by the
first PCA dimension. If the target is reducing the WDI data to a single dimension, the best
performing method is e-Isomap, followed by the HDI, while PCA does not perform this
task very well. In other words, the first e-Isomap dimension seems to be a more powerful
summary of the WDI data than the HDI.

3.2 Intrinsic Dimensions of Development

Our results suggest that the dimensions resulting from the e-Isomap can be indeed inter-
preted analogously to traditional indicators of development. The main difference from clas-
sical indicators is that these dimensions emerge directly from the data. Hence, the interpre-
tation of these indicators has to be achieved a posteriori. We also find that the relationship
between the WDIs and the dimensions is highly nonlinear (see Fig. 3) requiring the use
of nonlinear measurements of correlation. Here we relate the extracted dimensions to the
original data using distance correlation. See Fig. 4, for a complete and interactive table in
the supporting information.'

We find that dimension 1 essentially represents progress in education, life expec-
tancy, health, and relates to the population pyramid (see Fig. 4). Additionally, dimen-
sion 1 is associated with infrastructure and income-related indicators. Other indicators
that strongly correlate with this dimension are related to pollution and primary pro-
duction and include tariffs and imports as well as trade, the climate impact of GDP
(gross domestic product), and development aid received. Because dimension 1 embraces
education, health, and life expectancy, it is conceptually similar to the HDI. In fact,
dimension 1 has a strong nonlinear correlation with the HDI (dcor = 0.93), and can be

! http://bgc-jena.mpg.de/~gkraemer/consolidated_cor_table.
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Fig.3 Illustrating the nonlinear 125000
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interpreted as a measure of development sensu HDI, even though it includes much more
than the aspects measured by the HDI. We also find that the correlation is much lower
for most sub-Saharan countries (Fig. S2).

Dimension 2 (9.9% of the variance) is strongly related to gender ratios in the general
population and the labor market, as well as primary energy production and consumption
and the fraction of 25-29 year old people. This dimension spans a gradient between the
extremes of dimension 1 and former Soviet allied countries on one end, and rich mostly
oil exporting nations on the other end (see Fig. 5). On the positive extreme on this axis
are countries that have a very high participation of women in the labor market (e.g
Mozambique has the highest participation of women in the labor force with around 55%,
similar to countries like Lithuania with a rate of approx 50%) on the negative extreme
we can find countries with a very low participation of women in the labor market: Rich
countries like the United Arabian Emirates have a female labor force of around 12%,
just as poorer countries like Yemen that has a participation rate of women of around
8%, and low death rates. Crude death rates also correlate well with this dimension and
do not separate regions, e.g. Latvia in 1994 had a crude death rate of 16.6/1000 people,
Denmark in 1993 a crude death rate of 12.1 per 1000 people, while similar crude death
rates can be found in undeveloped countries (Democratic Republic of the Congo, 1996,
16.655 death per 1000 people; or Liberia, 2005, 12.128 deaths per 1000 people), on the
low extreme we find mostly rich oil exporting nations (e.g. Qatar and the United Ara-
bian Emirates with values around 1.5 deaths per 1000 people).

The third to fifth dimensions explain much less variance but are still important in
that they account for variables not found in the first two dimensions: Dimension 3 (1.9%
of the variance) is a labor market gradient representing descriptors like ratios of labor
force, employment, and unemployment. Dimension 4 (2.4% of the variance) summa-
rizes homicide rates, methane emissions and food exports. Dimension 5 (1.8% of the
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Fig.4 The importance of single WDIs to the dimensions. Outer circle: indicator names, colored by the
maximum distance correlation dimension. Middle circle: distance correlation values with dimensions
1-5. Black center dendrogram: thematic ordering of the indicators by the World Bank. Colored lines in
the center circle: connect all indicators that have maximum distance correlation with the same dimension,

bundled along the center dendrogram for easier visualization. The figure only shows the WDIs that have the
highest distance correlations with dimensions 1-5

variance) represents the CO, impact of GDP, tourism and value added to products by
industry.

3.3 Global Trends

Development is dynamic. Over time each country moves along a characteristic trajec-
tory in development space. Along the first dimension, clear trends can be observed.
Most countries have a positive slope (see Fig. 6). Given that dimension 1 essentially
spans a gradient between wealthy and poor countries, this reveals the overall global
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labor force participation of young working age women. There is an interactive online version available
(http://bgc-jena.mpg.de/~gkraemer/consolidated_dimred/)

trend towards a wealthier world (Gapminder Foundation 2018). Only a few countries
have negative slopes. Comparing the slopes of “Sub-Saharan Africa” with the rest of the
world reveals a widening gap in the development gradient sensu HDI. Dimensions 2—4
do not show such pronounced overall trends.

Dimension 2 shows positive trends in most of the “Western World” and North Africa
and negative trends in most parts of Asia and Sub-Saharan Africa. The positive trends
in the “Western World” countries are due to an increased participation of women in the
labor market, declining death rates in countries with young populations, and climbing
death rates in countries with aging societies. Many developing countries in Sub-Saharan
Africa and Asia show negative trends, which seems to be a common interaction between
dimensions 1 and 2 on the far negative end of dimension 1.

Dimension 3 shows mostly employment/unemployment ratios, but there are no really
strong general trends observable. We note that eastern and western Europe show fun-
damentally different trends, most of eastern Europe has predominantly negative trends,
while in the rest of Europe there are few significant slopes reflecting the increase in
unemployment in Eastern Europe. Other notable countries include Peru, Ethiopia, and
Azerbaijan, where unemployment rates have strongly decreased; these countries show
strong positive trends.

Dimension 4 shows energy-related methane emissions, which have increased in most
parts of the northern hemisphere and decreased in most other parts of the world, as
well as homicide rates, which have decreased in large parts of the world, but increased
in parts of Latin America. The data on homicide rates in large parts of Africa are very
sparse.

Dimension 5 shows tourism and the ecological impact of GDP. In general, more GDP is
produced per unit of energy. This trend seems to be stronger in the Western World.
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lines are linear regressions over all data points of a region and the 95% confidence intervals over their coef-
ficients. Right: World maps of slopes over time of dimension 1-5, the color represents the value of Sen’s
slope, countries with significant slopes have black borders

3.4 Trajectories

Changes in the direction of trajectories are very likely to be a major disruption of a given
development path. Some examples can be found in Fig. 7. For example, the earthquake
in Haiti in 2010 coincides with a major disruption in the trajectory. The financial crisis
and the onset of austerity measures can be noted from a dent in 2008 in the trajectory of
Greece. A few years after massive privatizations in Argentina the trajectory of Argentina
changes drastically. Major disruptions in the trajectory of the United States happen during
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Fig. 7 Example trajectories. Haiti: Large jumps in the trajectory and kinks are preceded by changes in gov-
ernment and natural disasters. Greece: complete change of direction of the trajectory seem to appear dur-
ing the financial crisis 2007-08. Argentina: The trajectory reflects important changes in economic policies.
USA: The trajectory reflects the economic crises and changing presidencies

the burst of the dot-com bubble in 2000-2001 and the financial crisis in 2008. Attribution
of changes to the trajectories to only these events can be challenging, and would require a
formal causal framework (Pearl et al. 2016; Peters et al. 2017). For instance, in the case of
the US, the changes in the trajectory could equally be attributed to changes in the presi-
dency or to politics after 9/11/01. In the case of Argentina, it is not clear if the changes
were caused by changes in politics during the Kirchner presidencies, problems that set in
later after the privatizations, or a mixture of both, and remain of purely speculative nature.

In the overall view, some countries appear to change their centers of attraction recovered
space of human development, e.g. Singapore in 1990 appears to be similar to the rich oil
exporting Arab countries, but its trajectory suggests that it is currently gravitating towards
most of the wealthy European countries, see Fig. 5. Countries that share similar history
also seem to be close in the final dimensions, e.g. former Soviet countries, rich oil export-
ing nations, western European nations.
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SI Fig. 3 for a more detailed version of the figure

3.5 Sustainable Development

To understand the relevance of the emerging dimensions for the different SDGs, we again
use distance correlation and the WDIs that the World Bank uses to track the SDGs (United
Nations General Assembly 2017b). We consider only the dimension with the maximum
distance correlation to each WDI which is used to track an SDG. The results are shown in
Fig. 8.

As most goals are poverty related, they load most strongly on the first dimension. The
goals “Decent Work and Economic Growth” and “Industry, Innovation, and Infrastruc-
ture” also load on dimension 3, as this dimension describes the labor market. Dimension 2
describes educational and energy aspects and is related to “Affordable and Clean Energy”
and “Quality Education”. We found a relationship between dimension 4 and the SDG
“Peace, Justice and Strong Institutions” due to the homicide rate indicator. Dimension 5
was important to the “Partnership SDG and Responsible Consumption and Production”,
due to relatedness of non-renewable energy sources and statistical reporting indicators.

Surprisingly, dimension two does not have any influence on the SDG “Achieve gender
equality and empower all women and girls” despite describing aspects of gender equality.
The reason for this may be that the SDG “Promote sustained, inclusive and sustainable
economic growth, full and productive employment and decent work for all” is described by
many of the variables loading on dimension two.

We can also see wich SDGs are well represented by the data (the height of the SDG
in Fig. 8) and which ones are not. For example, best represented are SDGs that represent
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traditional ideas of development, such as “Quality Education”, “Decent Work and Eco-
nomic Growth”, “Good Health and Well-Being for People”, while environmental SDGs
such as “Life on Land”, “Life Below Water”, or “Climate Action” are not well or not at all
represented.

4 Discussion

The assessment of development on the basis of a few key indicators has often proven very
useful, but has also been controversial. As early as in the 1960s, GDP was recognized to be
a very incomplete measure of development (Ram 1982; McGillivray 1991; Gopel 2016).
Later, a large number of indicator approaches emerged, each constructed to describe spe-
cific aspects of development (Parris and Kates 2003; Shaker 2018). The large number of
measured variables and derived indicators that are used today to describe development
could suggest that global development is a high dimensional process requiring many indi-
cators to describe it accurately. This perception contrasts with our finding that three quar-
ters of the variability of the development space can be explained by only one dimension,
and five dimensions recover 90% of variance. This indicates that the dimensionality of
development is much lower than one would expect. Or, to put in other terms, the fact that
many properties of development are highly correlated (Ghislandi et al. 2019) also means
that one can summarize them efficiently in very few dimensions.

The notion that development is of low-dimensionality, however, does by no means
imply that it is a “simple” process. In general it is well-known that low-dimensional spaces
can still contain and depict very complex and unpredictable dynamics: Prominent exam-
ples are the logistic map (Verhulst 1845, 1847), describing population dynamics in a space
of a single dimension, or the Lorenz (1963) attractor in physics, describing hydrodynamic
flow in a three dimensional space.

The question whether data-driven indicators as presented here can be an alternative
to classical indicators has been widely discussed (Ram 1982; OEDC 2008; Gapminder
Foundation 2018). One argument in favour of such an approach is to overcome the lack
of objectivity, which is a common criticism of classical indicators (Monni and Spaventa
2013; Gopel 2016). Consequently, PCA is increasingly used for the creation of wealth
indicators (Filmer and Pritchett 2001; Smits and Steendijk 2015; Shaker 2018), as well as
other approaches to identify suitable variable weights (Seth and McGillivray 2018). In our
study we show that the PCA approach is less effective due to the strong nonlinear relations
among the covariates present in the dataset.

Nonlinear data dimensionality reduction, however, makes the assessment of the identi-
fied dimensions difficult and hard to trace back to the underlying processes. Dimension 1,
for example, includes both basic health and wealth variables. Figure 3 illustrates the reason
for this. On the negative end of dimension 1, the maternal mortality rate is high and per
capita income is low. When moving upwards along this dimension, first maternal mortal-
ity rates drop steeply, while the per capita income hardly changes. When moving towards
the positive end of dimension 1, maternal mortality cannot decrease much further, as it is
already close to zero, but the per capita income starts to increase strongly (Fig. 3). Com-
bining both effects, dimension 1 manages to incorporate wealth as well as mortality related
variables into a single (nonlinear) indicator. Each indicator can have a strong influence on
a subset of a dimension (e.g. maternal mortality rate on the negative side of dimension 1)
and a very low impact on other subsets (e.g. maternal mortality rate on the positive end of
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dimension 1). Still, the fact that these factors co-vary in a way that we can represent them
in a single dimension can guide the development of novel metric indices.

While dimension 1 allows for a relatively straightforward interpretation, we see in
dimension 2 that there are more complex patterns to discuss. We find that Post-Soviet
countries, Western European countries and Sub-Saharan African countries all lay on
similar high coordinate values in dimension 2 (Fig. 5). Looking at variables that correlate
strongly with dimension 2, we find that the participation of women in the labor market can
be similar for very different states of dimension 1. We probably also uncover certain socio-
cultural divides: most countries classified as “Middle East & North Africa” show a very
low participation of women in the labor marked while in other parts of the world participa-
tion of women in the labor marked is much higher and does not depend on the geopolitical
region of a country or its development status (see Fig. 5). For example in many European
countries 45-50% of the working population is female, the same or even less than in most
Sub-Saharan countries. Another variable that is orthogonal to development are crude death
rates, where a rich country like Germany can have very similar rates to many countries in
central Africa. Death rates in the WDI database are not resolved by age groups, given the
aging societies in the developed world and the very young societies in many African coun-
tries, the death rates affect mostly older age groups in countries with high values on dimen-
sion 1, while it affects many younger age groups in the African countries.

In general, data-driven approaches to index construction can be criticized for not tak-
ing the polarity, i.e. the “direction”, into account (Mazziotta and Pareto 2019). This means
that it remains subject to a subsequent interpretation whether a high value of a principal
component (or non-linearly derived component) is a sign of a positive state in a certain
domain or the opposite. The reason is that the underlying eigenvectors can be of arbitrary
sign. However, we have shown (in Fig. 4) that an interpretation is possible, and the analysis
of trends and trajectories can remedy this issue. Collapsing many aspects of development
into a single dimension, which in turn forms the main gradient along which countries move
over time, essentially expresses (nonlinear) covariations that should not be studied in iso-
lation. For example, higher employment rates and an increased per capita income often
go hand in hand. Here we showed that these connections between the 621 measured vari-
ables are so strong that a single dimension suffices to represent 74% of the variance. In this
sense, we also see our approach as an opportunity to generate novel hypotheses on devel-
opment that can guide policy making e.g. towards achieving the SDGs.

A general criticism of machine learning approaches is that underlying data biases are
propagated and exacerbated. For instance, if the training data contain biases against minor-
ity groups, e.g. gender or race, these groups will systematically be put in a disadvantage by
the algorithm (Barocas and Selbst 2016). Latest research tries to detect such biases (Ober-
meyer et al. 2019) and to avoid them during the training phase (Pérez-Suay et al. 2017).
Therefore the implications of every machine learning based analysis have to be seen in the
light of the dataset used for training. Here we summarize the WDI database, which rep-
resents the efforts of the World Bank to collect information on development at the global
scale. The high variance explained by variables representing basic infrastructure, per capita
income, and the population pyramid therefore reflects the (historic) emphasis that has been
given to these kinds of basic indicators. For instance financial accounting has been ubiqui-
tous, there are large scale efforts to monitor infrastructure and poverty, and census data is
globally available.

Our analysis does not reveal an “environmental axis”, a component that is essential to
sustainable development (Steffen et al. 2015). We can therefore also read our analysis as
a gap analysis and conclude that future versions of the WDI data base should put more
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emphasis on environmental data that are now widely available (Mahecha et al. 2020).
Another essential component are inequalities (UNDP 2019). While some aspects are
recovered by our analysis, such as between country inequalities on dimension one and
some aspects of gender inequality on dimension 2, others do not emerge, e.g. income
inequalities inside a country.

The best represented SDGs are those related to traditional ideas of development,
while “Life on Land”, “Life Below Water” or “Climate Action” are not well or not at all
represented. This shows a clear bias towards classical development data, and a lack of
environmental data in the WDI data base. The reasons for this lie in the topics that have
been emphasized for development historically (Griggs et al. 2013).

An analysis like the present one can be informative for policy making in various
ways. It reveals general constraints of the development manifold, i.e. which combi-
nations of WDIs are possible, which trajectories in the development space have been
observed and which ones not. In particular, the trajectories can inform policy makers
regarding the general present and past position of a country in this space beyond a sin-
gle metric like the HDI (or our dimension 1). This means that also the less obvious
changes, e.g. the changes of post-Soviet countries along dimension 2, can be taken into
consideration.

Focusing on these dimensions is not trivial. It allows to target a few orthogonal aspects
of developments only, instead of screening hundreds of individual WDIs. Another way
how this analysis can guide policies is by seeing the results in the context of the dataset and
pointing out weaknesses and underrepresented dimensions in the dataset, such as the envi-
ronment and within-country inequalities. The key difference between our approach and the
classical approaches is that we try to describe development space in its entirety, and hence
the extracted components are neutral and agnostic to any societal or political agenda.

In particular the trajectory of single countries can yield essential information on impor-
tant events for a country. The trajectories analyzed in this paper all showed changes that are
obvious to the human eye, such as temporary deviations or changes in speed and directions.
We could find connections for all of the observed changes in the trajectories of Fig. 7 with
important socioeconomic or environmental events, although we were not able to automati-
cally detect changes in all trajectories due to the different characteristics of each change.
Future research is needed, to better understand the anomalies in the extracted trajectories.

In our opinion, a main advantage of data-driven approaches compared to classical indi-
cator approaches is that the number of necessary indicators emerges naturally and the
resulting indicators represent orthogonal features. The main disadvantage is the loss of
indicators that represent very specific aspects of the data. Obviously, dimensionality reduc-
tion can only summarize the available data which also means that data incompleteness,
data errors, and reporting biases are inherited—as it is also the case for classical indicators.
Still, the proposed approach can help in the planning of adding measures of development
and testing their redundancy with respect to the existing indicators, simplifying e.g. report-
ing of complementary dimensions of development.

A general limitation of the data under scrutiny is their aggregation at the country level.
This means that our analyses cannot account for the often large socioeconomic differences
and developments within a country. Also localized disasters may not influence the trajec-
tory of a large economy as a whole, e.g. a large hurricane causing damage in Florida will
only have a very marginal influence on the trajectory of the United States. Today there are
efforts to collect data on sub-national levels which would alleviate this problem, see e.g.
Smits and Permanyer (2019). However these efforts are relatively recent and there are still
not many variables available.
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5 Conclusions

In this study we investigated the “World Development Indicators” from 1990 to 2016
using a method of nonlinear dimensionality reduction. Our study led to three key
insights. Firstly, the WDI database is of very low intrinsic dimensionality: We found
that the WDIs are strongly interconnected, but we also showed that these connections
are highly nonlinear. This is the reason why linear indices based on PCA cannot com-
press the information on human development that efficiently, while our approach only
needs five dimensions to represent 90% of the data variance. The first dimension partly
resembles the HDI, but also reveals much more differentiated patters in low-income
countries. The subsequent dimensions show orthogonal aspects such as the participation
of women in the labor market and complex demographic dynamics. Quantifying such
interactions uncovered by this approach can lead to new approaches to quantify differ-
ent aspects of development. Exploring the meaning of the emerging dimensions allows
us to understand which aspects of development are underrepresented in current data-
bases. The second insight is that development as described by the dimensional space,
remains to be a highly complex process that involves strong nonlinear interactions. We
have elaborated some of these aspects, but a more profound exploration of the five-
dimensional development space is still needed. Clearly, our approach can only account
for the information in the data and ignore any additional aspects such as environmental
issues that are clearly critical for sustainable development. The third insight is that sin-
gle countries’ trajectories in the low dimensional space show abrupt changes that coin-
cide with major environmental hazards or socioeconomic anomalies. As these changes
in the trajectories can be of different nature, automatized detection is non-trivial and
may require further causal explorations. Overall, our analysis gives new insights into
the general structure of development which is of low dimensionality, but highly non-
linear and interconnected. Future work is need to understand the observed trajectories
in development space in much more detail, as well as to exploit them for achieving the
Sustainable Development Goals.
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