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What determines what an economy can become?

@ We measure economies by income, trade volumes, export
sophistication.

@ These describe outcomes: what a country produces and how well it
sells it.

@ They are largely silent on how production is organized: the
architecture of intermediate flows linking sectors and countries.

The structure of production constrains future development. That structure
lives in input-output data, but summary indicators average it away.
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Economic complexity reshaped how we think about development: capabilities, not just
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Motivation — Complementing Economic Complexity

Economic complexity reshaped how we think about development: capabilities, not just
factors, determine what economies can produce and how they grow.

The ECI lens A complementary lens
@ Infers revealed capabilities from what @ Looks inside production: domestic
a country exports competitively linkages, import reliance, export
integration

@ Captures the diversity and ubiquity of
products in the export basket @ Measures integration and redundancy

@ A powerful, well-validated predictor of in the intermediate-flow network

growth and income @ Asks how a production system is
wired, not only what it outputs

Production architecture is a distinct, measurable dimension of development. It is closely
related to economic complexity (p = 0.760), yet not reducible to it.
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Motivation — Our Approach

@ Read structure directly from global input-output networks (OECD ICIO, 80
economies, 1995-2022).

@ Decompose each country-year network into domestic, import, and export views;
summarize each with multiscale topology capturing integration and redundancy.

@ These signatures reveal four persistent structural regimes recurring across
countries and decades.

@ Movement between regimes is ordered and path-constrained: economies move only
between adjacent regimes.

Complementary, not redundant

The Topological Development Index (TDI) tracks economic complexity closely
(p = 0.760) while capturing a structurally distinct axis of production organization. It
also carries information about subsequent GDP growth, which we examine in detail later.
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Related Work

@ Economic complexity and capabilities. Revealed capabilities from export
structure predict growth and income (Hidalgo & Hausmann 2009; Hidalgo et al.
2007; Hausmann et al., Atlas of Economic Complexity).
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Related Work

@ Economic complexity and capabilities. Revealed capabilities from export
structure predict growth and income (Hidalgo & Hausmann 2009; Hidalgo et al.
2007; Hausmann et al., Atlas of Economic Complexity).

@ Global value chains and value-added trade. Decomposing gross flows into
value-added content and measuring upstreamness and integration (Koopman,
Wang & Wei 2014; Johnson & Noguera 2012; Timmer et al. 2015; Antras &
Chor).

@ Production networks. The network structure of input-output linkages shapes
aggregate dynamics and propagation (Acemoglu et al. 2012; Carvalho 2014).

@ Topological data analysis. Persistent homology summarizes multiscale
connectivity of complex data and networks (Carlsson 2009; Edelsbrunner & Harer
2010), with growing use on economic and financial systems (Gidea & Katz 2018).

Economic complexity reads capabilities from outputs; value-chain measures quantify
flows. We bring persistent homology to global input-output structure to recover a
development dimension complementary to these.
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Topological Data Analysis

@ Persistent Homology (PH) is a standard tool in TDA

@ Describes topological features (dis)appearing across multiple scales

e Complex (weighted) graph PH, compact summary of connectivity

The key object—a filtration: fg :V — R or fg : £ — R for node/edge
filtration functions. Defining thresholds 7 yields a chain of nested graphs:

nggngg"'gng-

Superlevel filtration—early graphs contain the “strongest” nodes/links.
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A — Persistent Homology (on Graphs)
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Figure: Graph Filtration. For G = G3 in both examples, the top figure illustrates
a superlevel filtration using the node degree function with thresholds 3 > 2 > 1,
where nodes of degree 3 are activated first, followed by those of lower degrees.
Similarly, the bottom figure illustrates a sublevel filtration based on edge weights
with thresholds 1.5 < 1.8 < 2.1.
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TDA — Persistent Homology (on Graphs)
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TDA — Persistent Homology (on Graphs)

In this project we focus on one topological invariant—Betti Numbers:
@ [p: the number of connected components
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TDA — Persistent Homology (on Graphs)

In this project we focus on one topological invariant—Betti Numbers:
@ [p: the number of connected components

@ [(1: the number of independent cycles

In graph theoretic context g1 are easy to compute via Euler characteristic
equation:

Bo = |C|, B1 =& = V| + Bo.

Then for the specified graph filtration G, € G, C --- C G, at each G,
we can compute 3y and 3] yielding Betti Vectors

85 B3 - B

gngg’rzg"'ggﬂn —
(BT 8% - BT
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OECD ICIO Networks

@ 81 Countries (80 + 1 for RoW), 50 Sectors, from 1995-20221

1
https://www.oecd.org/en/data/datasets/inter-country-input-output-tables.html
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OECD ICIO Networks

81 Countries (80 4 1 for RoW), 50 Sectors, from 1995-2022"
Data consists of matrix Z with Z;; the monetary flow from /i — ;.

First normalize: Qj; := Zj;/x;, x; the gross output of sector j

All entries of Q are contained (0, 1], we drop any entries < 10~ to
sparsify the network during construction.

@ Given country X extract a 1-hop subgraph centered on the ~ 50
domestic sectors (Vseed)-

@ Final 1-hop CS graph has ~ 300 nodes, ~ 63,000 edges

1
https://www.oecd.org/en/data/datasets/inter-country-input-output-tables.html
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OECD — Country-Year Subgraph Construction
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Figure: OECD Z Matrix (raw)
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OECD — Country-Year Subgraph Construction
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OECD — Country-Year Subgraph Construction
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OECD — Country-Year Subgraph TDA

@ Given country-year subgraph G consider three views induced by:
o Imports | := {e(u,v) €E | vV € Vieed }
o Exports X :={e(u,v) € £ | U € Vaeed }
o Domestic D :={e(u,v) €E | u,v € Vieed }
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OECD — Country-Year Subgraph TDA

@ Given country-year subgraph G consider three views induced by:

o Imports | := {e(u,v) €E | vV € Vieed }
o Exports X :={e(u,v) € £ | U € Vaeed }
o Domestic D :={e(u,v) €E | u,v € Vieed }

e For each view v € {/, X, D} using PH compute
v (v,1 (v,20 v,1 v,20
bY = (B8, A8 B, B ) € RO

yielding topological summary b := [b/; bX; bP] € R!?0,
@ Repeating over all countries and all years yields 80 x 28 = 2, 240
vectors—our dataset.
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TDI — Clustering

@ Tested a variety of unsupervised clustering methods—data exists in a
shared latent space, what clusters exist?

@ Repeated testing yields that k-means with k = 4 yields the best
results
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@ Tested a variety of unsupervised clustering methods—data exists in a
shared latent space, what clusters exist?

@ Repeated testing yields that k-means with k = 4 yields the best
results

Transition Matrix for 1995-2022

0.924 0.076 0.000 0.000
0.039 0.927 0.034 0.000
0.000 0.013 0.960 0.027
0.000 0.000 0.019 0.981

The matrix is tridiagonal: all changes
in regime are either stationary or an
adjacent move.
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TDI — Clustering

@ Tested a variety of unsupervised clustering methods—data exists in a
shared latent space, what clusters exist?
@ Repeated testing yields that k-means with k = 4 yields the best

results

Transition Matrix for 1995-2022

0.924 0.076
0.039 0.927
0.000 0.013
0.000 0.000

0.000
0.034
0.960
0.019

0.000
0.000
0.027
0.981 h

The matrix is tridiagonal: all changes

in regime are either stationary or an

adjacent move.
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Topological Features — UMAP Projection (K-means, k = 4)
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Figure:

Topological features visualized with

coloring by cluster/regime. The regimes lie
on a near one-dimensional spine.
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TDI — Clustering

Topological K-Means (k =4) — Cluster Assignment and Temporal Stability by COUntry yfomuership
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TDI — Why Topology Features?

Feature space  Dim. Silhouettet DB | CH 1

Topological 120 0.549 0.543 9,735
Spectral 48 0.464 0.696 5,239
Joint (T+S) 168 0.456 0.701 6,489
Graph-statistic 25 0.239 1.408 547

Table: Cluster quality metrics for a variety of extracted features—topology
remains the most informative across three different metrics: Silhouette,
Davies-Bouldin, and Calinski-Harabasz.
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TDI — Construction

o Compute the centroid p. € R0 for each cluster ¢ € {0,1,2,3}
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o Compute the centroid p. € R0 for each cluster ¢ € {0,1,2,3}
@ Construct C, a 4 x 120 matrix of the four stacked centroids

@ Apply PCA to C with u the first principal component

o First principal component explains 99.92% of centroid variance (next
slide)—data lies on a near one-dimensional axis.
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Construct C, a 4 x 120 matrix of the four stacked centroids
Apply PCA to C with u the first principal component

o First principal component explains 99.92% of centroid variance (next
slide)—data lies on a near one-dimensional axis.

o Let i = %CTI, the grand mean of C

@ For each normalized country-year vector b define the raw spine
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TDI — Construction

Compute the centroid p. € R0 for each cluster ¢ € {0,1,2,3}

Construct C, a 4 x 120 matrix of the four stacked centroids
Apply PCA to C with u the first principal component

o First principal component explains 99.92% of centroid variance (next
slide)—data lies on a near one-dimensional axis.

o Let i = %CTI, the grand mean of C

For each normalized country-year vector b define the raw spine

projection as p(b) = (B — ﬁ) ‘u.

Rescale using min/max centroid projections: pmin = minc(pe — &) - u

Topological Development Index (TDI)

) — p(B) — Pmin

Pmax — Pmin

TDI(b
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TDI — Results
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TDI — Results

The four regime centers span the unit interval, we retain values outside of
[0, 1] rather than clipping them:

Min ‘ Max ‘ Mean ‘ Std. Dev ‘ Q1 ‘ Median ‘ Q3
—0.323 | 1.259 | 0.450 | 0.379 [ 0.138 | 0.406 | 0.744

TDI Time-Series — Key Countries
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TDI — Results
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TDI — Correlations

TDI vs ECI
Spearman p = 0.7604 Pairwise Spearman p by Year — TDI, ECI, log GDP/cap
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o2 il Average correlation values:
o TDI vs log GDP per capita: p = 0.628

- . i : TDI vs ECI (HS92): p = 0.760

ECI (HS92)
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TDI — Growth Predictor

@ Looking at 5-year growth predictions
@ Linear Regressions:
e Broad Search (~ 3,840 specs): For p < 0.05, 33 specs excl small
countries, 10 specs full data
o Excluding small countries, performance 1
o Best results with Country-Year Fixed Effects, MYS+Igdppc for
controls, and excluding small countries

Year Sample ‘ ECI ‘ n ‘ TDI Coef ‘ TDI p ‘ ECI Coef ‘ ECl p ‘ R?
Full Panel eci exp | 1865 0.041 0.041 -0.012 0.580 | 0.649
Every 5-year | eciexp | 373 0.052 0.039 -0.023 0.416 | 0.664

@ Non-Linear ML:

e Excluding small countries increases performance, but no strong results

@ Shift from predicting growth to classifying growth..
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TDI — Growth Predictor

Out-of-Sample AUC-ROC — Classification (above/below median growth)

0.775 4 Random classifier (AUC = 0.5)  mmm S3: + TDI V3
mmm S1: GDP/cap + School === S4: + ECI + TDI V3
m= S2: + ECI

0.750 4

0.725 4

0.700 4

0.684 0.686

AUC-ROC

0.675

0.650 4

0.625

XGBoost Log. Reg.

Figure: TDI improves performance across ML models for binary (above/below
median growth) classification.
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Questions?
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