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Abstract

Multi-criteria prioritization ranks candidate projects by
combining indicators into a score, and the standard
robustness check perturbs the weights. Using 7,068 rural
road links across 7,707 km in Osun and Kwara, scored on
surface condition, served population, market access, health
access and flood exposure, we compare that check against a
perturbation of the indicator layers themselves. The
comparison that carries the paper uses the one layer whose
error has been independently measured. Redrawing the
surface condition grade alone, through a confusion kernel
reproducing an agreement coefficient of 0.041 between two
readings of the same map data, gives a Kendall rank
correlation of 0.546 against the base ranking. Drawing all
five weights uniformly across the entire admissible simplex

gives 0.669. A single indicator, redrawn at its own measured
reliability, therefore disturbs the ranking more than
abandoning all knowledge of the weights. Perturbing all five
layers together gives 0.435 and retains 1.32 of the base top
ten against 6.21 under weight perturbation. Only 77 links,
10.9 percent of the top decile and 294 km, hold a top-decile
place under both perturbations; the weight check alone
certifies 112 and the layer check alone 161, so each test on
its own certifies links the other rejects. We conclude that
where an indicator layer’s reliability has been measured and
is poor, weight sensitivity is the smaller of the two
questions, and that where it has never been measured the
honest robustness statement is that the ranking’s reliability
is unknown.

Keywords: Multi-Criteria Decision Analysis, Rank Stability, Uncertainty Propagation, Rural Roads, Market Access,
Composite Indicators, Nigeria

1. Introduction

Nigeria’s federal roads authority reported in 2020 that a majority of the country’s road network was in poor or failed condition,
while the rural access index literature puts the share of the rural population living within two kilometers of a road in good
condition across sub-Saharan Africa at roughly a quarter (World Bank Group 2016; limi et al. 2016) [47-24_ An agency working
against those numbers, with a rehabilitation budget and more candidate roads than money, needs a ranking.

Multi-criteria decision analysis supplies one: normalize a set of indicators, weight them, combine them into a score, and rank
(Hwang and Yoon 1981; Saaty 1990; Brans and Vincke 1985) [2>4%- 11l The method is standard in rural road programs (Roberts
et al. 2006; limi et al. 2016; Mikou et al. 2019) 3% 24,32,

The standard worry about such a ranking is the weights, because they are chosen rather than measured. The standard response
is a sensitivity analysis: vary the weights, observe how much the ranking moves, and report that it does not move much
(Triantaphyllou and Sénchez 1997; Mukhametzyanov and Pamucar 2018; Danielson and Ekenberg 2016) [4 33 161 A
substantial literature refines this, from stochastic acceptability analysis (Lahdelma et al. 1998; Tervonen and Figueira 2007) 2%
4 to weight elicitation (Odu 2019; Riabacke et al. 2012; Barron and Barrett 1996) 1353841 and a parallel literature examines
rank reversal under changes of method (Belton and Gear 1983; Garcia-Cascales and Lamata 2012; Aires and Ferreira 2018) [
21,1]

That apparatus treats the indicators as known and their relative importance as uncertain. In the setting studied here one

3047



International Journal of Advanced Multidisciplinary Research and Studies

indicator is known to be very poorly measured, and it is
possible to say how poorly. Grading the same road segments
from two independent tag families in the same volunteered
map data yields a Cohen’s agreement coefficient of 0.041,
which is close to no agreement at all. A second layer, flood
exposure derived from Sentinel-1 radar, was measured at an
F, of 0.356 in open floodplain and returned no detections
whatever in the canopy-heavy basin.

If an input is that uncertain, then perturbing the weights
while holding the layers fixed measures the smaller of two
error sources and reports reassurance. This paper measures
both and compares them.

It is worth being concrete about what is at stake. A state
rural roads agency with a budget for perhaps eighty
kilometers of road runs a prioritization, obtains a ranked list,
runs a weight-sensitivity analysis, finds the ranking barely
moves, and funds the top of the list. Every step of that is
defensible practice. The question is what the last step rests
on when the condition indicator entering the ranking has a
measured agreement of 0.041.

The setting permits the comparison. The condition layer’s
error is measured rather than assumed, at x = 0.041 (Cohen
1960) 51, The indicators are the ones agencies actually use,
following the rural access tradition (Roberts et al. 2006;
World Bank Group 2016) B% #71. The network is large, at
7,068 links over 7,707 km built from volunteered map data
(OpenStreetMap contributors 2022; Haklay 2010) B¢ 221,
And aggregation can be varied separately from weighting,
so method choice, weight choice and layer error can be
distinguished rather than conflated (Nardo et al. 2008) 341,
We put weight perturbation and layer perturbation on the
same prioritization and the same scale, anchoring the
comparison on the single layer whose error was
independently measured. We identify the set of links
surviving both perturbations and show that each test alone
certifies links the other rejects. And we report a network-
data finding for anyone reusing remotely sensed road
products: the node identifiers delivered with the satellite
flood product do not produce a routable graph, and topology
had to be rebuilt.

Section 2 reviews the multi-criteria and uncertainty
literatures. Section 3 states the provenance of each layer and
its measured error. Section 4 gives the prioritization and the
perturbation experiments. Section 5 reports which
dominates, and Section 6 sets out what follows and what
does not.

2. Related Work

2.1 Multi-criteria prioritization and its sensitivity
apparatus

The methods used here are settled. Weighted summation,
TOPSIS (Hwang and Yoon 1981; Behzadian et al. 2012) 2%
I, the analytic hierarchy process (Saaty 1990; Chaipetch
2022) [0 141 and the PROMETHEE outranking family
(Brans and Vincke 1985; Behzadian et al. 2010) I ¢ are
compared regularly and generally found to agree on the
extremes and disagree in the middle (Celen 2014; Deluka-
Tibljas et al. 2013) U317 Applied to spatial problems the
combination with geographic information systems is mature
(Ligmann-Zielinska and Jankowski 2014; Feizizadeh et al.
2014; Akpan and Morimoto 2022) [2%20.2],

The sensitivity apparatus is equally settled and is largely
about weights. Triantaphyllou and Sanchez (1997) ™41 give
the classical treatment of how far a weight must move

www.multiresearchjournal.com

before the ranking changes; Mukhametzyanov and Pamucar
(2018) 31 and Danielson and Ekenberg (2016) %] extend it.
Weight elicitation has its own literature on obtaining better
numbers from experts (Odu 2019; Riabacke et al. 2012) 3>
381 and on surrogate schemes that avoid asking (Barron and
Barrett 1996) 4,

One strand does sample weights broadly. Stochastic multi-
criteria acceptability analysis inverts the question and asks
which weight vectors would make a given alternative
preferred, sampling the weight space rather than perturbing
a point (Lahdelma et al. 1998; Tervonen and Figueira 2007)
(28, 431 Qur uniform draw over the simplex is that
construction, and we use it here as a deliberately extreme
comparator rather than as a novelty: it represents the most
weight uncertainty a decision problem can carry.

Two strands come nearer to the present concern. The
composite indicator literature, particularly the handbook
treatment (Nardo et al. 2008) B4 and the uncertainty
analyses built on it (Saisana et al. 2005; Paruolo et al. 2013;
Becker et al. 2017) B 37 51 takes seriously that a
composite’s rank is a joint function of data, normalization,
weighting and aggregation, and that nominal weights differ
from realized influence. And the rank reversal literature
(Belton and Gear 1983; Wang and Triantaphyllou 2008;
Garcia-Cascales and Lamata 2012; Aires and Ferreira 2018)
8,452, 11 establishes that rankings are fragile to changes that
ought to be innocuous. What neither does is put weight-
induced instability against independently measured input
error on the same problem.

2.2 Rural accessibility measurement

The rural access index counts the rural population living
within two kilometers of a road in good condition (Roberts
et al. 2006) B°. Its definitional and data problems are
documented (World Bank Group 2016; limi et al. 2016;
Mikou et al. 2019) #7- 24 321 and the returns to rural road
investment that motivate the exercise are established
elsewhere (Khandker et al. 2009; Dercon et al. 2009) 27 18],
The index’s weakness is the condition half: network extent
is now well observed, its surface state is not, which is why
TIimi et al. (2016) 4 rebuild the indicator around what can
be measured. Efforts to infer condition remotely, from
imagery (Cadamuro et al. 2019) ['?1 or from map geometry
(Jin et al. 2015) 2], remain exploratory. That the condition
input is the weakest is already the field’s own view; this
paper’s contribution is to price it.

2.3 The layers used here and their error estimates
Population comes from the random-forest dasymetric
method (Stevens et al. 2015) ¥ health facility locations
from the register described by Blair-Freese (2019) ],
network geometry from OpenStreetMap (OpenStreetMap
contributors 2022) [*%], whose completeness and quality have
their own literature (Haklay 2010; Barron et al. 2014) 2231,
and flood detection from Sentinel-1 split-based thresholding
(Martinis et al. 2009) B!l whose limitations under canopy
are known (Makanga et al. 2017) BY Travel-time
construction follows the friction-surface tradition (Weiss et
al. 2018) 61, Agreement between two gradings is measured
with Cohen’s coefficient (Cohen 1960) 1 and rank
agreement with Kendall’s (Kendall 1938) 261, Speed on
unsurfaced roads draws on Eaton et al. (1987) '], and the
regional network context on Blanford et al. (2012) 11,

Two of these error estimates deserve emphasis, because the
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comparison below turns on them. The condition agreement
of 0.041 measures a specific and limited thing: it is the
cross-tabulation of two independent tag families in the same
volunteered map data, a surface and tracktype reading
against a smoothness reading, on the 155 ways carrying
both. It is not an inter-rater study of human surveyors and no
road was visited. What it measures is how far two defensible
readings of the same source disagree, which is the relevant
quantity for anyone building a condition layer from that
source, and is not the same as the error against ground truth,
which is not measured here. The flood detector’s f1 was
measured against a hydrological reference rather than
against field observation of impassability, for which no
record exists in either area.

3. Study Area and Data Layers
3.1 Windows and the link frame
The study covers two river-basin windows: the Osun River
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basin in Osun State and a stretch of the Niger floodplain in
Kwara State. The windows are inherited rather than chosen.
They are the two the Sentinel-1 flood detector covers, and
the flood exposure indicator exists nowhere else, so
extending the study area would mean carrying a layer
undefined over most of it.

Within the two windows, 43,740 motorable OpenStreetMap
ways were split at shared vertices into 83,270 routable edges
carrying 16,311 km of centerline. Edges were merged into
strokes, continuing through junctions of the same road class
at a deflection of at most 60 degrees (Jin et al. 2015) 2], and
cut at 3.0km, giving 31,779 links, of which 7,114 are rural
rehabilitation candidates. Of those, 7,068 can reach both a
market center and a health facility over the network and
form the analysis frame: 7,707 km, median link 619 m, mean
1,090m, 6,268 links in the Osun window and 800 in the
Kwara window. Table 1 reports the frame.

Table 1: The rural link frame in the two study windows, by area and road class

Area Class Links Length (km) Median link (m) Population served (000s)

Osun River basin Secondary 146 378.7 2,652 148.6
Osun River basin Tertiary 299 707.7 2,386 3124
Osun River basin Local 5,357 4,673.1 539 2,512.7
Osun River basin Track 466 438.0 723 57.0
Niger floodplain Tertiary 36 152.8 2,907 37.0
Niger floodplain Local 461 978.1 1,267 229.8
Niger floodplain Track 303 378.9 986 38.6

All All 7,068 7,707.2 619 3,336.1

Note. A link is a stroke, meaning a run of road continuing through junctions of the same class with a deflection of at most 60 degrees, cut at
3.0 km. Candidate links are of class secondary, tertiary, local or track, at least 300 m long, outside the built-up clusters of Osogbo and Ilorin,
and able to reach both a market center and a health facility over the network. Of 31,779 links built from 83,270 OpenStreetMap edges, 7,114
are candidates and 7,068 of those are reachable and enter the analysis. Population served is WorldPop 2020 persons whose nearest candidate

link is that link, within the Rural Access Index catchment of 2000 m, so the column sums without double counting.

3.2 The routable topology had to be rebuilt

The flood detector’s segment set is delivered with node
identifiers that do not support routing: joining on them
leaves the Kwara network in 2,237 components, the largest
carrying 75km of 4,127. Rebuilding topology by hashing
way vertices from the cached extracts recovers 99.67
percent of Osun length and 56.87 percent of Kwara length
into one component. The residual Kwara split is the River

what they are. We record the defect here because the
ranking depends on the two network travel-time indicators,
and because an attribute join succeeds silently on a graph
that cannot route.

3.3 The five indicators
Four layers are taken from existing sources and one is built
here. Table 2 gives each indicator, its source, its direction

Niger, which has no road bridge inside the window, so the and the status of its error estimate.

two banks are treated as separate networks because that is

Table 2: The five indicators, their sources, and the status of each error estimate

Indicator Symbol Source Status Median| Spread |Layer coverage
Surface condition grade [ OpenStreetMap condition tags | Measured, agreement poor | 3.00 | 2.86-3.00 44.2%
Served population (persons), P WorldPop 2020 constrained Measured, modeled surface | 215 88460 100.0%
Travel time to market (min)] Jf | Network routing to clusters = 5,000 [Modeled, threshold assumed| 13.2 8.1-22.4 100.0%
Travel time to health (min)| H  |Network routing to GRID3 facilities] Modeled, speeds assumed | 4.8 2.7-8.7 100.0%
Flood exposure (fraction) F Sentinel-1 flood detector, 2022 Measured, skill low 0.000 0.000-0.263% 97.1%

Note. ™ = 7,068 links. All five indicators are oriented so that a larger value means a stronger case for rehabilitation. Condition is the five-
point grade read off the OpenStreetMap surface, tracktype and smoothness tags; layer coverage is the share of candidate length carrying an
observed tag rather than an imputed grade. Flood exposure is the largest inundated fraction the detector returned over 15 Sentinel-1 dates in
2022; layer coverage is the share of network length that detector observed. The spread column is the interquartile range, the 25th to the 75th
percentile, except in the flood exposure row marked T, which runs from the 25th to the 99th percentile instead: that indicator is zero at the
25th, the 50th and the 75th percentile alike, so its interquartile range would read 0.000 to 0.000 and would say nothing. The market center
threshold of 5,000 persons and the speed table for grades 3 to 5 are analyst-set, and both are perturbed in Section 4.
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Surface condition is the five-point grade read from the
OpenStreetMap condition tags, where grade 1 is a sealed
surface in good order, grade 3 an unsealed but maintained
track, and grade 5 an unmaintained earth track. Joined to the
link frame by way identifier, that layer reaches 90.2 percent
of edges and 77.8 percent of length. Observed tags cover
44.2 percent of candidate length and the remainder takes an
imputed grade. Its measured agreement is ¥ = 0.041, with
the caveat on what that measures given in Section 2.

Flood exposure comes from the Sentinel-1 detector, joined
by way identifier and covering 97.1 percent of network
length. It is nonzero on 293 of 7,068 links, every one in the
Kwara window, because the detector returned zero
detections in Osun. Its measured performance is f1 = 9356 in
open floodplain and an almost entirely null confusion
structure in the canopied basin.

Served population allocates the WorldPop constrained raster
to links. Of the 4,094,813 persons in the two windows, 81.7
percent lie within 2,000m of a candidate link, the rural
access index catchment. Those 3,344,375 persons are
assigned to their nearest candidate link. The population
column of Table 1 sums to 3,336,128 rather than 3,344,375,
the difference being the 46 candidate links that fall outside
the analysis frame.

Health access is network travel time to the nearest facility in
the GRID3 register, over the rebuilt topology at condition-
dependent speeds.

Market access is the layer built here, and the one that had to
be improvised. OpenStreetMap maps 67 marketplaces
across the two states, 19 near enough to the study network to
use, and none inside the Kwara window. A market indicator
built on those points would be undefined across half the
study area. The reported layer therefore takes a market
center to be a built-up cluster of at least 5,000 persons in the
WorldPop settlement frame, giving 52 centers.

3.4 Coverage, and what it means for the perturbation
Observed condition tags cover 44.2 percent of candidate
length; the remaining 55.8 percent carries an imputed grade.
The perturbation in Section 4 does not distinguish the two,
which is conservative in one direction and not the other:
imputed grades are probably less reliable than observed
ones, so redrawing both at the observed agreement
understates the error over the majority of the network.

The condition kernel itself rests on a thin base. The cross-
tabulation is a five-by-five table built on 155 doubly-tagged
ways, of which 137 fall in a single row; the top grade row is
empty and the fourth holds four observations. The kernel is
therefore well determined near the middle of the scale and
poorly determined at its ends.

3.5 Analyst-set quantities, and what was perturbed

Six quantities are set by the analyst. Four are perturbed in

the sensitivity analysis and two are not, and the distinction

matters:

=  The equal weight vector. Perturbed, across the whole
simplex and within a local neighborhood.

= The 5,000-person market threshold. Perturbed over
2,000 to 10,000.

= The speed multipliers for condition grades three, four
and five, for which no Nigerian measurement was
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located. Perturbed over assumed spans.

= The marginal standard deviation of 0.05 defining the
local weight regime. Not perturbed. Section 4.3 states
what depends on it.

= The 3.0km cut and 300m floor on link length. Not
perturbed.

= The scale of the multiplicative population error, o = 0.21,
set so the central 90 percent of draws spans about a
factor of two. Applied but not varied.

3.6 The status of each perturbation kernel

The paper’s central comparison rests on kernels calibrated to
a measured error. Not every kernel is, and this section states
which is which.

Calibrated to a measured error. Condition, through the
cross-tabulation reproducing x =0.041. Flood, through the
detector’s measured per-area confusion structure. Health
facilities, dropped independently at 0.1052, the share of the
eHealth Africa register recorded as unknown or not
functional.

Not calibrated to a measured error. Population, whose
multiplicative scale is analyst-set because WorldPop
publishes no per-cell bound this analysis could apply. Travel
time, whose speed table is scaled log-uniformly over a range
spanning two published speed tables, which is a defensible
range rather than a measurement. Market centers, whose
threshold sweep spans an analyst-set range throughout.

The comparison the paper’s central claim rests on is the
condition-alone result, where a single measured kernel is set
against the weight simplex.

4. Methods

The main perturbation arms use 2,000 draws each; the
replicate-variance check uses five independent replicate runs
at 400 draws; the weight regimes of Section 4.3 use 1,000
draws; and the individual-link rank trajectories of
Section 5.4 use 500 draws, because they retain a full rank
vector per draw.

4.1 The prioritization
Let L index the 7,068 candidate links and * € {L -5} the
indicators. Write ik for the raw value of indicator & on link
i. Population enters as /29(1 +P:), because served population
is heavily right skewed and the untransformed variable
would let a handful of periurban links dominate. Raw values
are winsorized at the Ist and 99th percentiles and
normalized to the unit interval,

X — m_inﬁjk
—J]
maxiy, — min¥y

J ] (])

Zig =

With travel-time indicators reversed so every Zik increases
in rehabilitation priority. The composite score and the
ranking are:

Si(W) = ) Wz w € 41 = {w:w,, 20, ) tiw, = 1]
k

k=1

2
nwZ)={j€L:s;>s}+1 3)
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The base ranking takes W =wo =(02,.,0.2) and the observed
layers £o. The top decile is the 707 highest-ranked links.
Equation 3 makes the paper’s structure explicit: the rank is a
function of two arguments, and the sensitivity literature
overwhelmingly varies the first.

4.2 Aggregation as a separate axis

Before perturbing anything we vary the rule itself, holding
weights and layers fixed. TOPSIS ranks on relative
closeness:

L 1 k (4)

+ _
With £& and Zx the ideal and anti-ideal levels (Hwang and
Yoon 1981) [, PROMETHEE II ranks on the net
outranking flow:

b= m%l 5wl Belan — 20 ~ Pulee - 2]

J#L k (5)
With P& a linear preference function (Brans and Vincke
1985) 11, A third variant replaces min-max normalization in
Equation 1 with within-indicator ranks. These give a scale
against which the perturbation results can be read.

4.3 Experiment one: Perturbing the weights

Two regimes answer different questions. The simplex
regime draws W ~ Dirichlet(1) uniform over 4%, and asks how
far the ranking moves if the weights carry no information at
all. The local regime draws w ~ Dirichlet(awy) with (€ set so
the marginal standard deviation of each weight is about
0.05, and asks how far the ranking moves under the
narrower disagreement the surrogate-weight literature works
in (Barron and Barrett 1996) 4],

That 0.05 is analyst-set and is not perturbed, and any
comparison against the local regime inherits it. Halving that
standard deviation would roughly double the ratio reported
in Section 5.2, and doubling it would roughly halve it. We
therefore treat the local regime as an illustration of how the
comparison behaves in a narrow weight neighborhood, and
rest the paper’s claim on the simplex regime, which has no
free parameter.

4.4 Experiment two: Perturbing the layers

Weights are held at Wo and each layer is redrawn.
Section 3.5 lists the analyst-set quantities entering the
kernels below and Section 3.6 states which of those kernels
are calibrated to a measured error.

Condition is redrawn through the row-normalized cross-
tabulation of the two tag families, Laplace-smoothed so a
grade never observed as a first reading falls back to the
column marginal. Recomputing Cohen’s coefficient on that
table returns 0.0409, reproducing the measured 0.041. The
kernel carries the finding that the surface reading is the
optimistic one, so the perturbation carries bias as well as
scatter, which is what an agreement of 0.041 means. Its
effect can be stated simply: at that agreement a redrawn
grade is very nearly a draw from the marginal.

Flood exposure is redrawn from the detector’s measured
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per-area confusion structure. In the Kwara window an
undetected link is truly exposed with probability 0.293 and a
detected link with probability 0.378, compounded over the
fifteen acquisition dates under an assumption of
independence across dates. In the Osun window, where the
detector found nothing, an undetected link is truly exposed
with probability 0.013; the Osun structure is therefore very
nearly, but not exactly, null.

Population is redrawn by sampling the catchment radius
from 1, 2 and 3km, a definitional uncertainty in the rural
access literature, with a multiplicative lognormal at
g = 0.21 applied on top. Travel time is redrawn by
propagating the perturbed condition grades through the
speed table and re-routing, with the whole speed table
additionally scaled log-uniformly over a factor of 1.5 either
way. Health facilities are dropped independently at 0.1052.
Market access is redrawn by moving the threshold across
2,000 to 10,000 persons, which regenerates the center set
and re-routes.

The coupling between condition and travel time is
deliberate. Condition enters the composite directly and
indirectly, through the speed table determining network
travel time. Drawing the two independently would let a link
be graded as failed and routed at sealed-road speed, and
would understate the movement a condition error produces
by splitting it across two partially cancelling channels.
Propagating the perturbed grades through the speed table
keeps them aligned, at the cost of a full shortest-path
recomputation per draw.

A fourth arm draws weights and layers together.

4.5 Measures

Each draw produces a ranking compared against the base on
three quantities: Kendall’s T over all 7,068 links (Kendall
1938) [261: the top-decile overlap, the share of the base top
707 that the perturbed ranking also places in its top 707; and
the number of the base top ten retained. The last is the one a
decision maker feels, because a rehabilitation program funds
something close to a top-ten list.

Two attributions follow. One-at-a-time redraws a single
layer with the rest at their observed values, which is where
the measured kernels can be isolated from the assumed ones.
And the robust core is the set of base top-decile links
holding a top-decile place in at least 90 percent of both the
weight draws and the layer draws, reported alongside the
sets surviving each test alone.

4.6 What replicate variance and area variance each
measure

Replicate variance is the Monte Carlo noise of the
perturbation, estimated from five independent replicate runs.
Area variance is the difference between the two study
windows, which is geography. The first says whether the
experiment reproduces; the second is a finding. They are
reported separately in Section 5.6 and are never added.

5. Results

5.1 The base ranking, and how far the rule alone moves
it

The base ranking’s top decile is 707 links. Its geography is
lopsided: 394 of them, 55.7 percent, fall in the Kwara
window, which holds only 11.3 percent of the links. That
follows from the layers, because Kwara is where the flood
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indicator is nonzero and where market access is worst, and it
reflects the equal weights and the market threshold of the
base case.

Changing the aggregation rule, with weights and layers held
fixed, moves the ranking a long way. Against the weighted
sum, TOPSIS gives T = 0.688 and shares 75.1 percent of the
top decile; PROMETHEE II net flow gives = 0.789;
replacing min-max normalization with ranks gives 7 = 0.690.
Table 3 reports these.

Table 3: Agreement between the three aggregation rules and
between two normalizations, at equal weights

. Spearman Top- Top- . [95th
T

Comparison [Kendall P decile | 10 Median pet
overlapkept| shift |shift

Weighted sum vs
TOPSIS 0.688 0.827 |0.751 | 8 656 (2,871

Weighted sum vs
PROMETHEE 1T 0.789 0921 |0.805| 5 399 1,867

TOPSIS vs
PROMETHEE II 0.774 0928 | 0.598 | 4 | 465 (1,569
Min-max vs rank  co0 | 0866 | 0716 | 3 | 603 2,244

normalization

Note. 1 = 7,068 links, weights fixed at 1/5 each. Top-decile
overlap is the share of the 707 highest-priority links shared by the
two rankings; top-10 kept counts how many of one ranking’s ten
highest-priority links appear in the other’s ten. Shift columns are
absolute rank differences. PROMETHEE 1II uses a linear
preference function with indifference threshold zero and preference
threshold set to each criterion’s interquartile range.

The number to note is 0.688. Switching from weighted sum
to TOPSIS, a choice most applications make on grounds of
familiarity, disturbs this ranking about as much as drawing
the weights uniformly over the entire simplex, which gives
0.669. Whatever a weight-sensitivity analysis is defending
against, it is not the analyst’s own choice of formula. Fig 1
places these against the perturbation arms.

Fig 1: Aggregation rule against perturbation on a common axis, in
(a) Kendall T and (b) top-decile overlap. The four purple dotted
bars compare aggregation rules on fixed weights and fixed layers:
weighted sum against TOPSIS, against PROMETHEE II, TOPSIS
against PROMETHEE II, and min-max against rank normalization.
The three bars right of the divider are the perturbation arms.
Switching from weighted sum to TOPSIS lands at T = 0.69,
indistinguishable from the 0.67 produced by drawing weights
across the whole simplex, so the analyst’s choice of formula moves
this ranking as far as abandoning the weights does. Layer
perturbation at 0.43 sits below both

5.2 A single measured layer against the whole weight
simplex

Table 4 reports the one-at-a-time layer attribution and Fig 2
places every source of instability on one axis.

www.multiresearchjournal.com

Weights and layers together

All five layers together

Condition layer alone, & = 0.041
Weights across the simplex
Aggregation rule, sum against TOPSIS

Itavel-time layers alone

Population layer alone

W Weight choice
B8 Aggregationrule  EE Both

B Layer error
Flood layer alone, Fi = 0.356 0.037

f T T T T
0.0 0.2 0.4 0.6 08 1.0
Rank disagreement with the base ranking, 1 -1

Fig 2: Every source of rank instability on one axis, as rank
disagreement 1 — 7 against the base ranking, so longer bars mean a
less stable ranking. Bars are grouped by kind: weight choice (blue,

solid), layer error (orange, hatched), aggregation rule (purple,
dotted) and both together (teal, cross-hatched). Error bars on the
weight and joint arms span the 5th to 95th percentile of draws. The
condition layer alone, at its measured x = 0.041, reaches 0.454
against 0.331 for weights drawn across the entire simplex, which is
the paper’s central comparison. The flood layer is last at 0.037
because the indicator is exactly zero on 95.9 percent of links

Table 4: One layer at a time: how much of the layer-driven rank
instability each indicator contributes on its own

Layer redrawn, others held  Kendall 1 —2SD of T Top-decile
fixed T overlap
Surface condition, & = 0.041 | 0.546 (0.454| 0.005 0.780
Travel time to market and to
health facility 0.838 |0.162| 0.017 0.820
Served population 0.955 |0.045] 0.002 0.972
Flood exposure, f1 = 0-336 | 0.963 [0.037| 0.002 | 0.880
All five layers together 0.435 10.565| 0.014 0.591
Weights across the simplex | 0.669 |0.331) 0.139 0.683
Note. 400 draws per layer, weights held at equal throughout. The
two rows below the rule are repeated from Table 5 for comparison
and use 2,000 draws. The condition layer on its own moves the
ranking further than drawing the weights across the whole simplex
does, which is the paper’s central result. The condition perturbation
is not a chosen noise level: it is the empirical cross-tabulation of
two independent readings of the same 155 OpenStreetMap ways,
whose exact agreement was 18.06 percent and whose K was 0.041

Redrawing the condition layer alone, at the measured
agreement, gives T = 0.546 . Drawing all five weights
uniformly across the entire admissible simplex gives
T = 0.669, A single indicator, redrawn at its own measured
reliability, moves the ranking further than abandoning all
knowledge of the weights.

This is the paper’s central comparison, and three properties
keep it clean. Nothing about the weights is at issue: they are
held at equal throughout the condition redraw. The kernel is
not a chosen noise level: it is the measured cross-tabulation,
and no other layer moves. And the comparator is the most
extreme weight uncertainty a five-criterion problem admits,
not a narrow neighborhood chosen to flatter the result.

The remaining single-layer results run travel time at
T = 0.838, population at 0.955 and flood at 0.963. Travel
time is partly a second channel for the same condition error,
since perturbed grades propagate through the speed table, so
it is not an independent effect.

The flood layer moves the ranking least, and that is not
reassurance. Flood exposure is exactly zero on 95.9 percent
of links, so the indicator is very nearly constant and
perturbing a constant has little to move. A layer stable
because it is empty is not a stable layer, and no statistic in
Table 4 distinguishes the two conditions.
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5.3 All five layers together
Table 5 reports the four perturbation arms and Fig 3 shows
the distributions.

(a) (b)
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Kendall T against the base ranking
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Top-decile overlap (share)

Top-ten links kept

Weight perturbation ——- Layer perturbation —-~ Both together

Fig 3: Distributions of the three stability measures across 2,000
draws per arm: (a) Kendall T against the base ranking, (b) top-
decile overlap, and (c) the number of the base top ten retained,
plotted as the share of draws attaining each count. Weight
perturbation (blue, solid), layer perturbation (orange, dashed) and
both together (teal, dash-dotted). The layer distribution is not
merely lower than the weight distribution but far narrower, because
its kernels are fixed while the weight simplex is sampled
uniformly. Panel (c) shows the practical consequence: weight
draws are centered near six of ten retained while layer draws
concentrate on zero to two

Table 5: Rank stability against the base ranking under weight
perturbation, layer perturbation and both

Top- | Top-

T

Kendall decile | 10

Source of instability | Mean | SD Sth | 95th overlap | kept
pet | pct

Weights drawnnear | 15 19939 | _ | 0912 | 8.87

equal weights
Weights drawn across
the simplex
Layers redrawn within| 43510 01410 410/ 0.456 | 0.591 | 132
measured error

Both together 0.341 0.079/0.194/0.459| 0.497 | 1.20

0.669 0.1390.417/0.872| 0.683 | 6.21

Layer losio(;\sfer weight 1L71% 1.29% 229
Draws in which layer 92.8% 75.4% (94.6%

error is worse
Note. 2,000 draws of each kind, ™ = 7,068 links. The headline
weight draws are uniform over the five-dimensional simplex, so
they cover every weight vector an analyst could defend; the first
row instead draws from a Dirichlet concentrated on equal weights,
which is the narrower regime the surrogate-weight literature works
in, over 1,000 draws. Layer draws hold the weights at equal and
redraw the indicators inside their own error: condition through the
cross-tabulation measured between two independent readings of
the same OpenStreetMap ways, Cohen’s ¥ = 0.041; flood exposure
through the detector’s measured skill, f1 = 0356 in the Niger
floodplain and zero detections in the Osun basin, population
through the catchment radius and a multiplicative lognormal; travel
time through the speed table’s own published span. The ratio row
divides one minus the layer mean by one minus the weight mean,
and for the top-10 column divides links lost rather than links kept.

Weight perturbation across the simplex gives mean
T = 0.669 top-decile overlap 0.683, and 6.21 of the base top
ten retained. Perturbing all five layers together, with weights
fixed at equal, gives T= 0435  overlap 0.591, and 1.32
retained. On rank disagreement that is 1.71 times the weight
arm, on top-decile loss 1.29 times, and on loss from the top
ten 2.29 times. The layer draw is the less stable of the two in
92.8 percent of paired draws.
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Because every layer moves at once, that arm is an upper
bound on layer-driven instability.

Against the local weight regime the arithmetic gap is much
larger, at 6.8 times the rank disagreement. That figure
depends on the marginal standard deviation of 0.05 defining
the local weight regime, discussed in Section 4.3.

5.4 What happens to an individual link

Aggregate correlations understate what a decision maker
experiences, because a program acts on specific roads. Fig 4
traces the base top-ranked links through both perturbations
over 500 draws, and Fig 5 shows the decile transitions.

w

s

Rank in the base ranking

=)
o

10° 10 10? 107
Rank after perturbation, 5th to 95th percentile over 500 draws
==+ No movement

®  Weight perturbation O Layer perturbation

Fig 4: Rank intervals for the 25 highest-ranked links under each
perturbation, over the same 500 draws. Each horizontal bar spans
the 5th to 95th percentile of the perturbed rank on a logarithmic
axis, with the median marked: weight perturbation (blue, solid,
circles) and layer perturbation (orange, dashed, squares). The
dotted line marks no movement. Layer intervals are wider than
weight intervals across most of the top 25, and several links whose
weight interval stays within the top ten have layer intervals
reaching past rank 100
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Fig 5: Decile transition matrices: the share of each base decile
landing in each perturbed decile, under (a) weight perturbation and
(b) layer perturbation. Under weight perturbation the diagonal
holds, at 0.68 for the top decile and 0.63 for the bottom. Under
layer perturbation the top decile retains 0.59 and every interior
decile falls to between 0.16 and 0.27, so the middle of the ranking
is close to reshuffled

The link ranked first in the base list holds first place in 2.4
percent of layer draws. The comparable weight figure is not
quoted here, because the weight winner frequency was
computed on a separate 1,000-draw regime run and the two
are not like for like. What the rank trajectories do support,
being computed on the same 500 draws for both arms, is the
shape in Fig 4: the top-ranked links carry visibly wider layer
intervals than weight intervals across most of the top 25, and
several links whose weight interval stays inside the top ten
have layer intervals reaching past rank 100.

Fig 6 shows the same thing as a probability of holding a top-
decile place.
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Fig 6: Top-decile acceptability. Panel (a) gives the probability that
a link holds a top-decile place against its rank in the base ranking,
on a logarithmic rank axis, for weight perturbation (blue, solid,
circles), layer perturbation (orange, dashed, squares) and both
together (teal, dash-dotted, triangles); the dotted vertical line marks
the 707-link decile boundary. Panel (b) gives the cumulative
distribution of that probability across base top-decile links, with the
dotted line at the 0.90 threshold used to define the robust core. The
layer curve in (b) lies well to the left of the weight curve, which is
why the two tests certify different sets

5.5 The robust core, and what each test alone would
certify

Table 6 reports the links surviving both perturbations at the
0.90 threshold: 77 links, 10.9 percent of the base top decile,
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294km of road. Relaxing the threshold to 0.80 gives 156
links and to 0.50 gives 395. Fig 7 maps them.

(@) Osun River basin
(b) Niger floodplain
900 ;
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= X &
> 880 1 4 1000 4 ™ <
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= Holds only under weight change === Robust core, holds under both

Fig 7: The robust core across (a) the Osun River basin and (b) the
Niger floodplain windows, in UTM zone 31N. Base top-decile
links unstable under both perturbations (slate), links holding only
under weight change (dark blue), holding only under layer change
(orange), and the robust core holding under both (black), against
the rest of the network (light grey). 69 of the 77 core links fall in
the Kwara window, inverting a frame that is 89 percent Osun by
count

Table 6: The robust core, and replicate variance and area variance reported separately

Retention threshold

Links of the base top decile that 0.90 0.80 0.50
Holds under weight change only 112 237 557
Holds under layer change only 161 241 437
Robust core, holds under both 77 156 395
Robust core, share of top decile 10.9% 22.1% 55.9%
Robust core, length (km) 294 488 1,031
Robust core in the Osun basin 8 20 110
Robust core in the Niger floodplain 69 136 285

Replicate variance: SD of the mean T across 5 independent replicate runs, 400 draws each

Weight perturbation 0.0046
Layer perturbation 0.0005
Area variance: mean T computed within each area
Weight perturbation, Osun basin / Niger floodplain 0.666 /0.653
Layer perturbation, Osun basin / Niger floodplain 0.389/0.480

Note. The base top decile holds 707 links. A link enters the robust core if it holds a top-decile place in at least the stated share of both the
2,000 weight draws and the 2,000 layer draws. Replicate variance and area variance are reported separately and must not be added: the first
is the spread of the perturbation draws and is small, the second is geography and is not. The between-area gap in mean T is 0.014 under
weight perturbation and 0.091 under layer perturbation, the latter being 175 times the layer replicate standard deviation.

The operational point is that each test on its own certifies
links the other rejects. At the 0.90 threshold, 112 top-decile
links survive the weight test alone and 161 survive the layer
test alone, while only 77 survive both. An agency running
the conventional weight-sensitivity analysis and stopping
there would hold 112 links it believed robust, of which 35
are not. An agency running only the layer test would hold
161, of which 84 fail the weight test. Neither test subsumes
the other, and the intersection is smaller than either.

The stronger claim, that the weight test is the more
permissive of the two, does not hold. At the 0.80 threshold
the layer test certifies 241 links against the weight test’s
237, so which test is more permissive depends on where the
threshold is set. What does hold at every threshold
computed is that both sets exceed the intersection, which is
the reason to report the intersection.

The 0.90 threshold is a choice and the core’s size is sensitive
to it: 77 links at 0.90, 156 at 0.80, 395 at 0.50. That
sensitivity restates the result rather than undermining it. If
the ranking were stable the count would be flat in the

threshold, because links would hold their place nearly
always or nearly never. Instead it more than quintuples
between 0.90 and 0.50, so a large middle band of the top
decile holds its position somewhere between half and nine
tenths of the time. An agency choosing a threshold is
choosing how much of that band to fund, and the honest
presentation is the curve rather than a point on it.

The core’s geography inverts the network’s: 69 of the 77
core links are in the Kwara window and 8 in Osun, against a
frame that is 89 percent Osun by count. What survives both
perturbations is concentrated where the flood layer carries
any signal at all.

5.6 Replicate variance and area variance

Across five independent replicate runs at 400 draws each,
the standard deviation of the mean Kendall T is 0.0046 for
weight perturbation and 0.0005 for layer perturbation. The
experiment reproduces to the third decimal place, and none
of the differences above is within reach of Monte Carlo
noise.
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Area variance is a different quantity and a larger one. Within
each window, weight perturbation gives mean T = 0.666 in
Osun and 0.653 in Kwara, a gap of 0.014. Layer
perturbation gives 0.389 and 0.480, a gap of 0.091. On top-
decile overlap the layer arm gives 0.473 in Osun against
0.353 in Kwara.

The two are reported apart and never added, because they
answer different questions. Replicate variance says the
experiment reproduces; it does. Area variance says the
windows behave differently under layer perturbation, and
the direction is instructive: Kwara is the more stable on
Kendall T and the less stable on top-decile overlap. That
combination is what happens when one window’s flood
indicator carries real signal and the other’s is very nearly
constant. Pooling them into a single error bar would hide the
only interesting thing either says.

5.7 Benchmarks

Nine quantities were compared against published
measurement. Six of them meet a published range directly,
and those six divide evenly: two fall inside the range, two sit
at its edge, and two fall outside it. The remaining three
admit no verdict of that kind.

Inside the range are the rural population within 2km of a
road, at 81.7 percent, and the share of length carrying an
observed condition tag, at 44.2 percent. At the edge are the
sealed-surface share and the population-weighted travel time
to the nearest health facility, at 10.7 minutes including the
walk to the link. Outside are the population within one hour
of a market center, at 97.8 percent, which is above published
values and is not comparable without stating that our market
centers are population clusters rather than mapped
marketplaces, and the frequency with which the top-ranked
alternative survives a change of weights, at 46.8 percent
when the weights are drawn across the simplex, which is
below the published band in the direction the paper would
predict.

Of the three that admit no such verdict, one is consistent in
direction rather than in level: Mikou et al. (2019) B2 report
that changing the definition of a rural access indicator
moves it from 41.5 to 85.9 percent on the same country, a
definitional span far wider than any weight choice, which is
the same phenomenon this paper measures on a ranking
rather than a headline share. One is inside by construction,
the Osun flood null. And one has no available comparator,
and it is the paper’s own: we located no published study
reporting how often a top-ranked alternative survives a
perturbation of the input layers. That absence is the gap the
paper is written into.

Two checks failed on first running and both were acted on.
The travel-time comparison was rebuilt like for like, with
the walk to the link included, because the published figures
include it and ours did not. And the local weight regime was
added because the published winner-frequency band was
measured under near-consensus weights, so comparing it
against simplex-wide draws was not a comparison.

6. Discussion

6.1 What the comparison establishes

On this network, a single indicator redrawn at its own
measured agreement of 0.041 disturbs the ranking more than
drawing all five weights uniformly across the entire
admissible simplex, by 0.546 against 0.669 in Kendall T.
The conventional robustness check, run on this problem in
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the narrow regime such checks normally use, would have
reported T = 0.917 and 8.87 of the top ten retained.

The claim is a narrow one. The weight literature is right
about weights. What does not follow is that a robustness
analysis varying only the argument that is cheap to vary, and
reporting the result as robustness without qualification, has
established robustness. Equation 3 has two arguments.

6.2 What generalizes and what does not

The number does not generalize. It depends on how badly
the layer happens to be measured, and the condition layer
here sits near the floor. A prioritization built on surveyed
condition data would show a different balance and might
well show the opposite one.

The design generalizes, with one caveat about its cost. Any
prioritization whose layers have a measured error can run
this comparison cheaply once that measurement exists.
Obtaining the measurement is the expensive part, and in this
case it was not obtained by fieldwork: two tag families
already present in the same volunteered data were compared
against each other, which costs nothing but measures
disagreement between readings rather than error against
ground truth.

Where no layer carries an error estimate, this comparison
cannot be run, and the defensible statement is that the
ranking’s reliability is unknown rather than that it is robust.
That is an uncomfortable thing to write in a report to a
funder, which may be part of why the weight-sensitivity
convention persists.

6.3 Relation to the composite indicator literature

The composite indicator literature has been close to this
point without quite arriving at it. Saisana et al. (2005) “!
argue that uncertainty and sensitivity analysis should run
jointly over data, normalization, weighting and aggregation
rather than over weights alone; Becker et al. (2017) 1 show
nominal weights and realized influence diverge sharply in
practice; and Paruolo et al. (2013) B71 note that what a
weight does depends on the variance of the variable it
multiplies. All three imply input error should matter at least
as much as weight choice. What has been available less
often is a case where the input error is independently
measured, so the two can be put on one scale. This setting
supplies that: the condition agreement and the detector’s
performance were both measured on the source data for
other purposes, so neither is our own estimate of our own
layer’s reliability.

The result also sits consistently with the rank reversal
literature (Belton and Gear 1983; Garcia-Cascales and
Lamata 2012) ® 211 and adds a quantity to it. Switching
aggregation from weighted sum to TOPSIS moves this
ranking to T = 0.688_ close to a uniform draw over the entire
weight simplex at 0.669. Two of the three choices an analyst
makes freely, the rule and the weights, move the ranking by
about the same amount, and one measured input moves it
further than either.

6.4 Implications for practice

Report the intersection rather than the ranking. The 77 links
surviving both perturbations are a defensible program; the
707-link top decile is not, and the 112-link weight-robust set
is worse than either because it carries unearned confidence.
Treat a stable indicator as suspect until its stability is
explained. The flood layer was the most stable of the five
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and the least informative, being exactly zero on 95.9 percent
of links, and no statistic in Table 4 separates those two
conditions.

And when reusing a published spatial product, verify that it
supports the operation being asked of it. The flood product’s
node identifiers are correct for the per-segment question
they were built for and produce a shattered graph for
routing, and nothing in the delivered data announces the
difference.

6.5 Limitations

The condition perturbation assumes the confusion kernel has
the same structure as the true error. A measured K constrains
the diagonal and not the full matrix, so a systematically
biased grader would produce different rank movement at the
same K, and the agreement itself is between two readings of
the same volunteered source rather than against ground
truth, which nobody has measured for this network.

The market layer is the weakest of the five, because
population clusters substitute for marketplaces rather than
measuring them, and the 67 mapped marketplaces across
two states are too few and too unevenly distributed to
validate against.

7. Conclusions

We built a multi-criteria prioritization of 7,068 rural road
links across 7,707 km in Osun and Kwara from condition,
population, market access, health access and flood exposure,
and perturbed it in the weights, as the literature does, and in
the indicator layers.

The comparison that carries the paper uses the one layer
whose error was independently measured. Redrawing
surface condition alone, at a measured agreement of 0.041,
gives a Kendall correlation of 0.546 against the base
ranking, while drawing all five weights uniformly across the
entire admissible simplex gives 0.669. One indicator at its
own measured reliability outweighs complete ignorance of
the weights.

Perturbing all five layers together gives 0.435 and retains
1.32 of the base top ten against 6.21 under weight
perturbation.

Only 77 links, 10.9 percent of the top decile and 294 km,
hold a top-decile place under both perturbations. The weight
check alone certifies 112 and the layer check alone 161, so
each test passes links the other rejects and the intersection is
smaller than either. That intersection is what an agency
should fund.

The practical recommendation is to stop reporting weight
sensitivity, on its own, as robustness where an input layer’s
reliability is poor or unknown, and to report instead the set
surviving perturbation of both arguments. Where layer error
has never been measured, that fact is the robustness result,
and it is more useful to a decision maker than a rank
correlation of 0.917.
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