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Motivation & Research Statement

Dear Workshop Organizers,

I am excited to enclose the following extended abstract, entitled “Recentered Exposure to Network Designs:
Connectivity, Redundancy, and Planner Choice in China’s National Trunk Highway System”. This work exam-
ines a setting in which a policymaker’s intervention itself is a network — China’s national-scale highway system.
I apply a design-based framework to estimate the causal impact of transportation network implementation by
reconstructing the planner’s objectives from archival documents. Exposure to the published network plan is
recentered by expected exposure to an ensemble of counterfactual networks that meet the planner’s stated goals.
This approach removes exposure in units whose connectivity is mechanically implied by the planner’s goals and
lets counties whose variation in connectivity stems from genuine planner discretion drive identification of causal
effects. The result is a spatially re-centered instrument that isolates the component of exposure driven by alterna-
tive planner choices, reducing endogeneity from guaranteed connections and clarifying the causal interpretation
of the planning decisions.

This work, while in its early stages, investigates several advances:

1. A broadly-applicable method for generating counterfactual networks for causal inference, which distin-
guishes between network links that show true exogenous variation over space, and ones that are mechanically
formed by the network generation process.

2. An orthogonal decomposition of overall graph exposure into backbone and loop effects, which captures
distinct dynamics in networked systems.

3. A replication of a known paper in networks and development with modern remote sensing data (i.e. a high-
resolution digital elevation model (DEM), as well as nightlight luminosity and built-up area timeseries),
and a discussion of using tree-based graph instrumentasl variables to approximate the effects of networks
with richer graph structure.

My research as a doctoral candidate at UC Berkeley’s School of Information has focused on the intersection of
network systems, geospatial machine learning, and empirical measurement in development settings. I have used
graph-theoretic tools to|study slum formation, model public health responses, and devise data collection strategies
on networks featurized by cellular data records. Other forthcoming work in development-centric measurement uses
high-resolution satellite imagery and state-of-the-art Transformer neural networks to estimate living standards
of individual households in Togo, Benin, Malawi, and Bangladesh, with the goal of improving the targeting of
social protection relative to approaches that assign all households in a given geographic region a single estimated
consumption or wealth prediction. Projects I intend to work on in the near future use similar techniques to
detect informal transit networks in developing countries. Overall, my work is about empirical measurement and
identification in the spatial and network systems relevant to our understanding of economic development, and this
paper tackles a network-design identification problem, with geospatial measurement providing the infrastructure
reconstruction.

I believe this project is a strong candidate for the NBER conference on development and networks. I also
hope to interact with other early-stage researchers whose research focus spans network systems and development,
and provide perspectives on how the use of machine learning and remote sensing may complement ongoing work
in this exciting field.

Thank you very much for your time and thoughtfulness in considering this submission.

Regards,
Satej S. Soman

Ph.D. Candidate
School of Information
University of California, Berkeley
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Extended Abstract

Overview

The locations of large-scale infrastructure projects are often assigned through a network plan, but both planner
objectives and realized construction reflect engineering constraints, pre-existing infrastructure, political consid-
erations, and endogenous economic conditions. Naive estimation of the effects of infrastructure projects would
be biased by this endogeneity. This paper develops a design-based framework for estimating the causal effects of
planned networks when the planner’s mandate admits multiple feasible realizations. I construct an ensemble of
planner-consistent graphs and use expected exposure over this ensemble to recenter the planned treatment, sepa-
rating exposure that is mechanically implied by the planning mandate from exposure generated by the planner’s
discretion.

I apply this framework to China’s National Trunk Highway System (NTHS), using the corridor plan issued
by the Ministry of Communications (MOC) in 1993 and the planning documents behind it. These documents
call for 5 horizontal and 7 vertical named corridors totaling roughly 35,000 km, designed to link every city above
1 million people and 93% of cities above 500,000 people, as well as border crossings and major coastal ports. It
was the largest road-building program in history at the time: starting from China’s existing 6,600-km network
in 1993 to covering 60,000 km by 2007, doubling every four years, sustained for fifteen years. The system was
declared complete in 2007, well ahead of the original planning horizon, and the build-out coincided almost exactly
with China’s WTO-era industrialization surge. The later building phase was also key to China’s fiscal stimulus
response to the 1997 Asian financial crisis. Because of the difficulties in separating returns to infrastructure
investment from changes in economic conditions in areas likely to grow through the 1990s, careful econometric
design is required to identify the effects of the NTHS.

Prior Work & Contributions

Existing work, notably |[Faber| (2014), instruments realized highway connections with a minimum-cost spanning
tree (MST) — a network plan the MOC itself computed, printed, and rejected. A MST is a network consisting
of edges representing the least-cost paths over a grid of construction costs that connects all of the targeted cities.
The sample frame consists of those units “incidentally” connected to the network at a suitable distance from
targeted nodes compared to units that did not receive a connection.

I identify three issues with the MST instrument strategy:

e Non-uniqueness: A MST network is not guaranteed to be unique, especially on empirical cost surfaces. The
choice of MST a practitioner uses depends on how the underlying algorithmic implementations ((Dijkstra,
1959; [Kruskal, 1956))) choose to break ties. I demonstrate that changing the exact set of equivalent-cost
edges that constitute the instrument can cause the estimated effects to swing and even flip sign, as shown
in Figure |1} Table [l also documents that the strength of the instrument is tree-dependent.

e Incidental versus mechanical connection: Some of the non-targeted counties that are considered incidentally
connected are actually on near-unique cost-minimizing paths. If the original units A and B are targeted, and
a connection through unit C' is the only cost-feasible way to link them, then C’s connection is mechanical
rather than incidental: it is implied by the decision to connect A and B and survives in every counterfactual
plan. Examples of such paths include China’s “Three Famous Corridors” and the Golmud-Lhasa road built
by the People’s Liberation Army in the 1950s. Comparing such units to unconnected counties recovers the
effect of sitting on a mandated path, not the effect of a quasi-random connection.

e Loop representation: A spanning tree is loop-free by construction: it has zero cycle rank and exactly one
path between any pair of nodes. The realized NTHS, like most large transportation systems, contains
loops (ring roads, parallel routings, and redundant links between corridors) in service of political and
military objectives rather than in response to pure economic concerns. Exposure generated by redundancy
is therefore invisible to a tree instrument, which understates connectivity precisely for counties whose access
depends on alternative routes. The corridor mandate itself guarantees the mismatch: a plan of five north—
south and seven east—west trunk corridors is a crossing grid whose intersections necessarily create loops, so
no tree can represent the planned network, let alone the realized one.

Empirical Strategy & Data

I instead recover treatment from the published plan and define the set of planner-consistent graphs as those
satisfying the published corridor mandate at no greater cost than the realized plan. The ensemble is generated
by Markov chain Monte Carlo sampling and consists of networks with realistic loop structure, a property MSTs
cannot reflect.



The design draws on two instrumental variable (IV) approaches: the strategy of Herzog , who uses the
published plan for the United States Interstate Highway System as an instrument, combined with [Borusyak and
, which formalizes recentering exposure by its expectation across counterfactual draws of treatment
and realization. The transportation network application in the latter paper uses counterfactual shocks in time
— this work instead uses variation in space characterized by alternative network realizations consistent with the
historical mandate. The planning mandate makes some exposure inevitable: counties near targeted cities or on
corridors every admissible network must serve are connected in nearly all counterfactual plans, so their realized
connections carry no identifying variation. I therefore measure exposure to the published plan and to the realized
network as deviations from the expected exposure over the ensemble of planner-consistent networks:

pi = Egeg [Xi(G)]
Zi = Xi(Gp) — pi
D; = Xi(GRr) — pi

Here G p is the published 1993 corridor plan, digitized from archival map sources and matched to a national
grid of candidate routes (Figure[2] left); G is the network as built by 2007; X;(G) is a generic exposure mapping
as a function of the graph G. The results in this note use Faber’s mapping: X;(G) indicates that county ¢ lies
within 10 km of network G. G is the set of planner-consistent networks (those serving the mandated corridors and
targeted cities at no greater construction cost than the realized plan) and p; is county i’s expected exposure across
G. W; collects baseline county controls (distance to the nearest targeted city, 1990 urban registered population,
prefecture-capital and city administrative status, agricultural employment share, and schooling), and « denotes
province fixed effects. Estimation is just-identified two-stage least squares on peripheral counties at least 50 km
from plan-targeted cities, with standard errors clustered by province throughout.

Di=7nZ;+ Wl +a+¢; (1)
Ay; = BD; + W[T + a + v (2)

The ensemble is sampled by Markov chain Monte Carlo over networks built from the same candidate-route
grid as the plan itself. A member network must serve the mandated corridors and targeted cities and may cost
no more to build than the realized plan, with construction costs measured on a terrain- and land-cover-based
cost surface. The sampler starts with a maximally-overconnected network: the Delaunay triangulation of the
targeted nodes, with all minimum cost edges between adjacent nodes admitted as candidate edges. The sampler
then removes nodes in order of descending edge construction costs while maintaining connectivity and coverage
mandates. Proposal moves rewire routes locally, and acceptance rules enforce feasibility and the cost cap, so the
chains mix over networks with realistic loop structure rather than trees. Sampling is the only practical access
to this set: the space of planner-consistent networks is combinatorially large, so I follow the ensemble approach
developed for legislative redistricting, where MCMC samples of the space of lawful maps serve as the reference
distribution against which an enacted plan is judged (Fifield et al., [2020). The sampler reproduces exact edge
probabilities on a small enumerable test problem. The set G consists of approximately fourteen million distinct
networks, and p; is the share of sampled networks passing within 10 km of county i (Figure [2] right, shows the
per-route construction probabilities).

The plan comes from the 1993 Ministry of Communications corridor program and surrounding planning-
era documents (Jiaotong Bu [Ministry of Communications|, [1993; World Bank| 1994; Zhang, 1995). County
outcomes are 1997-2006 log differences in county yearbook aggregates (National Bureau of Statistics of China,
, complemented by DMSP-OLS nighttime luminosity (NOAA National Geophysical Data Center and Earth|
Observation Group, Colorado School of Mined, and GAIA built-up area (Gong et al., [2020). The realized
network comes from a GIS database of China’s road system (Davis et al., [2025; Baum-Snow et al., 2012). The
construction-cost surface is built from the Copernicus GLO-30 digital elevation model (European Space Agency,
and Digital Chart of the World-era land cover (Defense Mapping Agency and Environmental Systems|
Research Institute, , following the cost specification of [Faber| (2014)).




Results
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Figure 1: Left: Four equal-cost minimum spanning trees drawn from the ensemble. Equivalent cost edges not used in the highlighted
tree construction are highlighted in low-opacity traces, showing the areas where the planner had indifference to cost. Right: Two-
stage least squares point estimates versus standard errors across 200 identical-cost trees, with the estimates corresponding to the
left panel highlighted by corresponding color. Note that while each individual point estimate is precisely estimated, the range of
estimates spans from negative to positive. The same trees’ F-statistics are presented in Table E
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Figure 2: Left: the digitized 1993 corridor plan over the network built by 2007, with the plan’s targeted cities marked. Right:
candidate routes colored by the proportion of ensemble members in which each edge is selected. Routes where counties are connected
as a function of global plan mandates, (like the Liaoxi corridor in northeastern China, which connects Tangshan to Shenyang by a
road that must go between mountains to the northwest and the sea to the southeast) are assigned probability 1, whereas routes over
flat plain areas where the planner is indifferent to their equal construction cost are assigned non-zero and non-unit probabilities.



Table 1: First-stage estimates: spanning-tree instruments and the documentary plan instrument

Instrument Coef. (SE) F
Panel A: equal-cost minimum spanning trees (ensemble draws)

1. e Equal-cost spanning tree draw 1 0.2786  (0.0431) 41.73
2. o Equal-cost spanning tree draw 2 0.2758 (0.0459) 36.05
3. o Equal-cost spanning tree draw 3 0.2912 (0.0419) 48.37
4. o Equal-cost spanning tree draw 4 0.2931 (0.0400) 53.67
Panel B: documentary plan instrument (1993 corridor plan)

6. Plan exposure, raw 0.3122  (0.0422) 54.82

7. Plan exposure, recentered (Z and D as deviations from p) 0.4207 (0.0605) 48.40

Notes: The endogenous variable is an indicator for a realized NTHS connection within 10 km of the county (in row 7, its deviation
from the ensemble-mean exposure p;). Rows 1-4: the instrument is connection within 10 km of one equal-cost minimum spanning
tree of the routed plan network, drawn uniformly from the exact-tie closure with per-edge routes sampled in proportion to their
multiplicity; row markers match the colors of Figure E The first stage is strong for every one of the 200 ensemble draws (cluster-robust
F between 36.1 and 53.7); the four displayed draws span the ensemble’s full range of both the point estimate and the first-stage
F, including the ensemble minimum (row 2). The point-estimate instability documented in Figure E is a second-stage phenomenon,
not a weak-instrument artifact. Rows 6-7: the instrument is connection within 10 km of the digitized 1993 corridor plan; row 7
recenters both the instrument and the endogenous variable by wu;, the expected exposure over the counterfactual-network ensemble.
All rows: peripheral sample of n = 1,583 counties at least 50 km from plan-targeted cities, identical county-level controls, province
fixed effects, and CRV1 standard errors clustered by province (30 clusters).

Table 2: Second-stage (2SLS) estimates of realized connection effects: raw versus recentered plan exposure

Raw Z Recentered Z

Outcome (1997-2006 log difference) Coef. (SE) Coef. (SE) n
Industrial gross value added —0.0219 (0.1383) —0.0211 (0.1104) 1,499
Non-agricultural gross value added  —0.0127 (0.1111) 0.0138  (0.0807) 1,507
Government revenue —0.1639 (0.1625) 0.0048 (0.1521) 1,501
GDP 0.0206  (0.0928) 0.0294 (0.0672) 1,574
Agricultural gross value added —0.0362  (0.0677) 0.0043 (0.0410) 1,522
Population 0.0151 (0.0120)  0.0150 (0.0135) 1,515
Nightlight luminosity —0.1541  (0.0873) 0.0502 (0.0787) 1,528
Built-up area 0.0869 (0.0616)  0.0777 (0.0403) 1,552
First-stage F' 54.82 48.40

Notes: Anderson—Rubin confidence sets, robust to weak instruments, are bounded and include zero in every cell. Each cell reports the
2SLS coefficient on the realized-connection indicator, with the CRV1 province-clustered standard error in parentheses (30 clusters).
Left block: raw plan exposure Z instruments the raw connection indicator D. Right block: both the instrument and the endogenous
variable enter as deviations from the ensemble-mean exposure p; (Zy = Z; — Wi, D; = D; — wi). All columns: peripheral sample
(counties at least 50 km from plan-targeted cities), identical county-level controls, and province fixed effects. The reported first-
stage F' is computed on the full first-stage sample (n = 1,583); per-outcome estimation-sample F values range 53.06-58.26 (raw)
and 48.35-52.15 (recentered). The first six outcomes are county yearbook aggregates; nightlight luminosity and built-up area are
satellite-derived.

Both instruments are strong in the first stage (Table , so the second-stage nulls in Table [2| are not weak-
instrument artifacts. The recentered design substantially changes the estimated effect and produces null AR
confidence sets across outcomes. This motivates replacing the binary treatment with continuous travel-time
exposure and decomposing that exposure by network topology (cf. Section “Future Work” below). The recentered
estimates are also more precise than the raw ones for seven of the eight outcomes, consistent with the recentering
absorbing design noise rather than discarding signal. The tightest cell, built-up area, points to modest land
development where planner discretion actually varied. These are preliminary magnitudes on a coarse treatment;
the travel-time treatment described below is the natural refinement.

Future Work

Future work on this project will measure realized treatment as the change in travel time between 1993 and
2007 to reflect both road-grade-specific speeds and the pre-existing network, rather than as a binary indicator of
geographic proximity.

I then plan to separate the effects of backbone connectivity from those of loop connectivity. A naive approach
would take the graph G of node set V' and edge set F/, and choose a minimum spanning tree T' < E. Exposure
to the edges of T' would identify the backbone effects, while exposure to the non-tree edges E \ T identifies
loop effects. This approach would run into collinearity - since T' is not guaranteed to be unique, and the choice



of T naturally determines F \ T, the backbone-versus-loop decomposition’s exact results are not well-defined.
Figure |3| shows this in practice: each of the grey dots are the locations of the backbone effect and loop effect
estimated by using a MST. Not only do the estimates trace out a nearly-linear trend (textbook collinearity), the
exact sign of each component of exposure also swings with tree choice.

An alternative is using the Hodge decomposition, which splits the edge weights of a network into a gradient
component (e.g. flows generated by potentials on the nodes, the tree-like backbone) and an orthogonal cycle
component that circulates on loops. The former captures core-periphery integration—the margin emphasized by
minimum spanning trees—while the latter captures local market thickening, route redundancy, and alternative
access that tree-based designs cannot reflect. Writing X*(G) and X7 (G) for county i’s exposure to the gradient-
and cycle-space components of network (G, each component is recentered by its own ensemble mean u;k or 7.
The decomposition is exactly additive: every unit of exposure belongs to precisely one of the two orthogonal
components, so the two-channel design partitions, rather than reweights, total exposure:

Xi(G) = XF(G) + X7(G)
Z¥ = XF(Gp) —nf, 27 = X7(Gp) — 4§

Df = X*(Gr)—uf,  Dj =X7(Gr) — 13

3 ?

FEach component of realized exposure is instrumented by both components of plan exposure in the first stage,

D¥ = g**¥ 7% 4 7% 72 + W/T + a + &F (3)
DY = 7% Z* + 1°°Z + WIT + o + & (4)

with the second stage R R
Ay; = B*¥DF + p°Dy + W/T + a+v; (5)

A Hodge decomposition estimate, which is unique and basis-free, fixes a single point in Figure|3| avoiding the
basis dependence of tree choice and associated multicollinearity.

Though this project is primarily about identification in network settings, I hypothesize that a non-zero cycle-
space coefficient, conditional on the relevant accessibility measures, would provide evidence against treating
least-cost accessibility as a sufficient statistic for the economic effects of network topology (Allen and Arkolakis|
2022)). T also suspect that political distortions to infrastructure plans (as documented by |Alder and Kondo (2020)
for China’s NTHS and Burgess et al. (2015) in Kenya) concentrate in the cycle space. The planning documents
explicitly assign some network redundancy to strategic and military objectives, providing a documented source
of planner discretion distinct from economic routing. The paper aims to provide both a reanalysis of China’s
trunk highway system and a general framework for causal inference with planned network treatments, including
a mechanism for decomposing network effects into distinct channels.
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Figure 3: Backbone and loop associations of realized growth under five hundred arbitrary spanning-tree splits of the planned network
(grey), against the unique Hodge decomposition of the same network (diamond). Associations are descriptive and uninstrumented.
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