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Abstract:

Area cartograms (i.e., maps that visualize statistical quantities by resizing geographic regions) are generally
interpretable only when area represents an additive total rather than a derived quantity such as a density, rate,
proportion, index, or percentage change (Golebiowska et al., 2021). However, analyzing server logs of go-cart.io, a web
application for generating cartograms (Shi et al., 2019), we found that 23% of cartogram requests involve variables that
are not spatially extensive (i.e., not additive over disjoint regions, as defined by Top et al., 2022) and, therefore, do not
represent totals. To address this problem, we integrated a statistical screening tool into go-cart.io that warns users when
the uploaded variable is unlikely to be extensive and explains why the input may be unsuitable.

The screening model translates extensivity into a scaling question: holding population density fixed, do larger regions
tend to have proportionally larger expected values? For extensive variables, such as gross domestic product (GDP) or
CO2 emissions, doubling a region’s area should approximately double the expected value. More generally, we fit an
area-scaling relationship to the data: if area doubles, the expected value changes by a factor of 2’. Extensivity implies

y=1.

To estimate y, we treat the observed value for each region in a cartogram (e.g., an administrative division) as the
outcome of a random process with mean u that depends only on area 4 and on intensive variables (i.e., properties
independent of system size). For this pilot study, we assume that population density p is the only relevant intensive
variable. Although restrictive, this assumption provides a plausible starting point because many socially and
economically relevant intensive variables are strongly associated with p.

To test extensivity, we fit the generalized additive model log u = y log 4 + fo + s(log p), where fo is a constant and s is a
regression spline; log-transforms are used because many geospatial variables are right-skewed. We assess evidence
against extensivity by calculating a one-sided confidence interval (—oo, ymax) for the area-scaling coefficient y at
significance level a = 0.05. A value of ymax below 1—the value required by extensivity—indicates that the variable is
unlikely to be suitable for area encoding in a cartogram.

To evaluate the screening rule, we assembled benchmark data on area, population density, and 34 diverse economic and
environmental variables measured across first-level administrative divisions (e.g., states or provinces). The variables
were evenly split between 17 extensive quantities (including GDP and COz emissions) and 17 non-extensive quantities
(including fraction of forest cover and mean travel time to the nearest city). For each variable, we included only
countries with at least 10 non-missing division-level observations, yielding 1,717 extensive and 1,920 non-extensive
country-variable combinations. Using R’s mgcv package, we fitted generalized additive models with thin-plate spline
bases of dimensions 4, 6, and 8. A warning is issued only if all fitted models yield ymax below the warning threshold.
Varying the threshold produced an ROC curve with an AUC of 0.967. We selected ymax < 0.8 as the warning criterion,
yielding a false-positive rate of 3.5% and a false-negative rate of 6.6%. Data and R scripts are available at figshare
(Singhania et al., 2026).

We integrated this statistical model into go-cart.io (version 4.6.0). After users upload data and request a cartogram, the
system evaluates the input against the model. An advisory warning—shown in Figure 1—is displayed only when a
potential extensivity violation is detected, thereby reducing unnecessary warnings and the risk of user fatigue. To
facilitate verification, go-cart.io then asks whether merging two specific regions—chosen to be large and to differ
substantially in mapped values—should result in the sum of these values or an intermediate value. This dialog is strictly
advisory; users may proceed if they deem their data appropriate for the chosen visualization.
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Figure 1. Cartograms of states in the contiguous USA and the go-cart.io non-extensivity warning. (a) Cartogram with state areas in
roportion to gross domestic product (GDP). Because GDP is an extensive variable, this cartogram provides a meaningful
visualization. (b) GDP per capita (an intensive variable) mapped as a cartogram. This cartogram is misleading because state areas do
not represent fractions of a total. (c¢) When the statistical model detects a potential extensivity violation, a warning dialog explains
why cartograms require extensive data and asks the user to verify whether the variable is additive.

The statistical guardrail is intended to reduce the proportion of misleading cartograms produced by non-expert users—
an important consideration as web cartography tools reach broader audiences. However, several limitations remain.
First, the current model assumes that population density is the only relevant intensive variable governing the scaling
relationship; incorporating additional variables (e.g., urbanization rate) and historical data might improve the model's
discriminatory power. Second, the system warns against non-extensive variables but currently does not recommend an
alternative map type (e.g., a choropleth map), leaving that decision to the user. Future work should address these
limitations, assess the model’s generalizability to user-uploaded data, and evaluate whether the interactive verification
step measurably reduces non-extensive cartogram submissions.
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