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            Abstract
In many regions of the world, sparse data on key economic outcomes inhibit the development, targeting and evaluation of public policy1,2. We demonstrate how advancements in satellite imagery and machine learning (ML) can help ameliorate these data and inference challenges. In the context of an expansion of the electrical grid across Uganda, we show how a combination of satellite imagery and computer vision can be used to develop local-level livelihood measurements appropriate for inferring the causal impact of electricity access on livelihoods. We then show how ML-based inference techniques deliver more reliable estimates of the causal impact of electrification than traditional alternatives when applied to these data. We estimate that grid access improves village-level asset wealth in rural Uganda by up to 0.15 standard deviations, more than doubling the growth rate during our study period relative to untreated areas. Our results provide country-scale evidence on the impact of grid-based infrastructure investment and our methods provide a low-cost, generalizable approach to future policy evaluation in data-sparse environments.
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                    Fig. 1: Electricity access rates, Ugandan electrification and asset wealth training data.[image: ]


Fig. 2: Wealth predictions in Uganda over time.[image: ]


Fig. 3: Electricity access increases household wealth in electrified communities compared with unelectrified communities.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Data and analysis pipeline.
Starting with three forms of raw data on the left, a CNN was trained and modified to predict annual estimates of community-level asset wealth with reduced bias across 25 countries and 27,174 communities in SSA. Two ML approaches (MC and SC-EN) were then used to predict unit-specific unobserved counterfactuals for locations that received electrification between 2010 and 2012.


Extended Data Fig. 2 DHS from SSA used in this study.
DHS years in our sample run from 2005 to 2017. We used asset wealth estimates from more than 640,000 households across 27,174 villages to train our CNN wealth-prediction models.


Extended Data Fig. 3 Survey variables in DHS used in the creation of an asset wealth index in the training data.
The column on the right gives the variable code used in the original DHS data.


Extended Data Fig. 4 Alternative approaches to constructing the asset wealth index result in indices that are highly correlated.
a, Compares the base wealth index constructed from the variables listed in Extended Data Fig. 3 to an index that also includes the DHSâ€™ â€˜has electricityâ€™ variable. The r2, intercept and slope coefficient from regressing the alternative index on the base index are shown at the top. b, Compares the base index to the base index plus the electricity variable but minus three electrical appliances (TV, refrigerator and phone). c, Compares the base index to the base index minus three electrical appliances.


Extended Data Fig. 5 Our custom loss function corrects for prediction biases at different points in the wealth distribution and modestly reduces overall predictive performance (r2) in held-out Uganda data.
aâ€“e, DHS observed wealth index values in Uganda on the x axis (nâ€‰=â€‰1,798) and CNN-predicted values on the y axis. The red line is a 45Â° line, the black is the line of best fit from regressing predicted on observed; slope coefficient and regression r2 are shown in the lower-right corner of each subplot. Higher penalties on quintile-specific bias leads to slope coefficients closer to 1 and slight reductions in r2. However, when the penalty term gets too large, as in the 7.5 case in e, regression coefficients begin to depart from 1 again. f, Relationship between the slope coefficient and r2 for each subplot. The results from the entire sub-Saharan dataset are shown in gold and those for the Uganda-only sample in black.


Extended Data Fig. 6 Cross-validation shows that MC and SC-EN can accurately estimate the average of held-out control values.
We split the control sample into ten equally sized, random folds and use MC, SC-EN and DiD to predict cluster-specific wealth values in the held-out test fold for each year, 2011â€“2016. We use each fold as a test set one time and in the training set nine times. The mean average differences across all years are 0.017, 0.018 and 0.013, respectively, signifying that MC and SC-EN can accurately predict unobserved values among control locations.


Extended Data Fig. 7 Simulated data indicate that MC has smaller prediction error than DiD when pre-trend bias is present, and both estimators are equally attenuated under Berkson-type measurement error.
a, We simulate a setting in which a treatment has a true-positive effect equal to 1 but units are trending differently in the absence of treatment and can have unit-specific trends that are correlated with treatment. We test this situation across several time periods (4 to 22â€‰years, in which treatment begins in t/2â€‰+â€‰1) and varying growth rates of upward-trending units being selected into the treated group (0.1 to 0.25; darker blue or red lines indicate treated units with increasingly higher average growth rates). We then compare DiD and MC causal estimates and find that MC is less biased in the presence of treatment-correlated time-trending unobservables, particularly as time series lengthen.Â Blue dashedÂ lines are DiD estimates that pool all years;Â blue solidÂ lines are DiD estimates using only one post-treatment year;Â and red lines are MC estimates. b,c, We create a sample of â€˜observedâ€™ data that has a smaller variance than the true distribution, representing a common challenge in data imputation. Using our â€˜observedâ€™ sample data in b, we again simulate a setting that has a positive treatment effect equal to 1 but no differential pre-trends. Under this Berkson-type error, DiD and MC are similarly attenuated, underscoring the importance of bias reduction across the outcome distribution in the CNN training process.


Extended Data Fig. 8 Treatment effect estimates are robust to using larger inclusion buffers around electricity grid locations to identify treatment and control samples.
Our baseline analysis uses a 2-km buffer around the electrical grid lines to identify treatment and control units. Treatment effect estimates using either a 3-km or a 4-km buffer are slightly larger but qualitatively similar, suggesting that our results are robust to plausible alternative buffers.Â Error bars represent 95% CIs, and are based on 100 bootstrapped model runs.


Extended Data Fig. 9 The estimated treatment effect of electrification is higher when quintile-specific bias in wealth predictions is penalized more heavily.
Each estimate represents a separate estimate from MC or SC-EN using output from a model with varying quintile-specific bias, from Î»bâ€‰=â€‰0 up to Î»bâ€‰=â€‰7.5, as in Extended Data Fig. 5.Â Error bars represent 95% CIs, and are based on 100 bootstrapped model runs.


Extended Data Fig. 10 Road improvements were modest in scale during our study period in Uganda and not associated with electrical grid extensions.
Red lines denote electricity grid extensions made between 2011 and 2012, which are used to identify treated communities in our main analysis. Yellow lines denote road improvements (resurfacing) made before (2010) or during (2011â€“2012) our treatment period. Blue lines mark road improvements completed in the post-treatment period, and black dots in the main figure and inset panel represent DHS survey locations.Â During the entire period (2010â€“2016), road-upgrade projects averaged 184â€‰km per year, totalling 1,102â€‰kmâ€”less than 1% of the road network in Uganda. The location of road improvements showsÂ almost no overlap with electricity grid development during our study period.


Extended Data Fig. 11 Cellular phone ownership and coverage is not associated with electrical grid expansion.
a, Cell phone ownership in newly electrified versus unelectrified communities based on household-level DHS responses in 2006, 2009, 2011, 2014 and 2016. A DiD estimate is shown in the lower-right corner, indicating that cell ownership in control communities grew faster post-treatment than in treated areas. b, Percentage of treated and control communities with cell phone coverage based on GSMA data from 2010 to 2016. Data again show that coverage grew faster in control communities post-treatment. c, As in b, except for the quality of cellular coverage (â€˜variableâ€™ or â€˜strongâ€™ signal). Together, we do not find evidence of cellular ownership or investment being associated with new electricity access, suggesting that the public and private roll-out of cellular phone services did not occur in tandem with electricity grid development.


Extended Data Fig. 12 Rejection rate for DiD estimator in pre-trends test.
Percentage of runs in which a DiD estimator rejected a null hypothesis of no difference in pre-treatment trends in asset wealth between treated and control locations, at either 95% or 90% confidence. â€˜With Ugandaâ€™ and â€˜without Ugandaâ€™ refer to whether or not Uganda was used in the training and validation steps. â€˜Penaltyâ€™ indicates the quintile-bias penalty term (Î»b) used in each model run.


Extended Data Fig. 13 Effect of electrification on specific assets in the asset index.
Using DiD on DHS locations, we find statistically significant positive impacts across numerous individual assets, including three variables associated with home construction and three variables associated with electricity. We find weakly positive results for more expensive items, such as cars and motorcycles.Â Error bars represent 95% CIs.
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