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Abstract:

Two-step floating catchment area (2SFCA) indices serve to measure accessibility in a ge-
ographical area. They were developed mainly to investigate the distribution of medical
resources to civilians. Recently, the 2SFCA methodology was introduced to a military
background where accessibility of field hospitals along a frontline is considered. This
article aims to develop a new composite index with a clear interpretation that allows
accessibility to be compared for two distinct situations in the following setting. In the
first situation, accessibility is calculated and then the situation changes which impacts
accessibility as well. The composite index that is developed in this article then interprets
the change and assigns to it an interpretable numerical value. The final composite index is
a weighted mean of eleven properties of accessibility indices. Furthermore, the developed
index is appropriated for the use in military environment to investigate the distribution of
field hospitals along a frontline.
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1 Introduction
The last two decades led to a fast development of a methodology that calculates accessi-
bility indices to measure hospitals’ distribution in a geographic area. This was probably
fuelled by an increase in computing power that is demanded by Geographic information
systems (GIS) and the data availability where data empower GIS calculations. Gravity
models and among them 2SFCA methodology seem to be the most prominent at the mo-
ment (see [1]).
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The two-step floating catchment area (2SFCA) method was developed in the 2000s
to investigate geographical accessibility in an area to health care providers. The method
works by aggregating supply-to-demand ratios for each healthcare provider and each pop-
ulation in two steps. Floating catchments localize the demand and supply into smaller
local areas where locations influence each other and are not too far away. The method was
developed primarily by [2-6], and it was later improved by subsequent authors in [7-15]
and others. The method calculates accessibility for each population which allows identi-
fying populations with low accessibility and comparison between populations to inquire
into the fairness of resource distribution.

Since its implementation, the 2SFCA method has drawn widespread attention and it
was later applied in other fields to measure the availability of firefighters [16], earthquake
shelters [17-19], and other public resources. Recently an effective distribution of field
hospitals in case of emergency was investigated [20-23] for civilian purposes. With a lack
of utilization of 2SFCA methodology in the military environment, a proportional 2SFCA
methodology was developed in [24]. In the process, the distribution of field hospitals along
a frontline was investigated.

In this article, we develop a composite index (CI) that allows comparing several situ-
ations and their accessibility indices to decide which situation is better based on numerical
value. The resulting composite index works similarly to other well-established indices,
see Human Development Index [25], Gender Inequality Index [26], and many others. As
a consequence, CI might be utilized in the future as a part of the multicriteria process for:

1. Identifying weaknesses in the allocation of field hospitals.
2. Improved allocation of medical resources.

Nevertheless, future work might be needed before this could be accomplished and this
article offers an addition to the overall picture.

2 Methodology
To understand the 2SFCA method better, we subsequently summarize how it works. As
the name suggests, the 2SFCA method is split into two steps. In the first step, we evaluate
supply-to-demand ratios R j for each healthcare provider as

R j =
S j

∑i Pi f (di, j)
(1)

where Pi-number of people that might need medical attention in population i, S j-capacity
(number of doctors, medical equipment) of the hospital j, di, j-distance (usually given in
units of time or physical distance) between location i and j, and f (di, j) is a friction of dis-
tance function. Function f introduces the assumption into the model that with increasing
distance the willingness of patients to travel decreases (see [6, 27], and others for further
details).

In the second step, we evaluate accessibility indices Ai for each population i by
adding supply-to-demand ratios R j of providers in an area around population i

Ai = ∑
j

R j f (di, j) (2)

We emphasize that only healthcare providers that are sufficiently near to population
i, which means closer than a constant cut-off distance d0, appear in formula (2) because of
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the function f . The usual interpretation of index Ai is that it measures how accessible is
medical help for each population i. However, this value is difficult to interpret on its own,
and it is usually applied to compare populations in an area between themselves.

Gaussian-based friction of distance

fG(di, j) =


exp

[
− 1

2

(
di, j
d0

)2
]
− exp(− 1

2 )

1− exp(− 1
2 )

di, j ≤ d0

0 di, j > d0

(3)

seems to be nowadays used the most in the literature [8, 17-19, 23, 28, 29]. However, in
the article [24] a proportional friction of distance was developed to better include into the
model the requirements of military during the frontline conflict. This function is derived
in the following way. Let us start with a matrix D whose elements are distances di, j
(with the usual matrix notation that the element di, j lies in the i-th row and j-th column).
Moreover, we will need another matrix D̃ in which are rows of D ordered from left to right
in ascending order. By σi( j) we will denote a system of bijections such that di, j = d̃i,σi( j)
for all i, j. Finally, let there be a function

β

(
d̃i, j

)
=

d̃i, j
d̃i,1

d̃i, j
≥ 1− 1

j

0 otherwise

and then the friction of distance function is given as

fP(x) =
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together with the supply to demand ratios R j and accessibility indices Ai as

R j =
S j

∑i Pi fP

[
β

(
d̃i,σi( j)

)] , Ai = ∑
j

R j fP

[
β

(
d̃i,σi( j)

)]
In fact, we work under the assumption that accessibility index Ai represents one pa-

rameter of how endangered each unit is with the lower value representing a bigger danger.
Hence, we assume that the most endangered units need the most protection and Ai offers
a tool for measuring units’ danger levels.

In this article, we develop a composite index (CI) which serves as a comparison
between two sets of accessibility indices Ai and AMOD

i under the assumption that the num-
ber of populations n remains constant. In fact, we intend to measure the importance of
each health care provider j by considering how much accessibility changes from Ai to
AMOD

i when one of the providers j is eliminated. Furthermore, we consider the setting
of a frontline where populations are military units and health care providers are field hos-
pitals. Composite index CI is thus developed under assumptions that are necessary for
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its potential application by military. From here onwards, A, AMOD will denote vectors of
accessibility indices (A1,A2, . . . ,An) or (AMOD

1 ,AMOD
2 , . . . ,AMOD

n ).
The proposed CI itself consists of several multiparametrical components C1, C2, C3,

and C4 that are combined linearly as

CI =
4

∑
i=1

wM,iCi

where wM,i ≥ 0, ∑
4
i=1 wM,i = 1 are weights. Each component Ci represents a different

aspect of the change between A and AMOD.
1. Component C1: This component monitors an overall shift in the accessibility from

A to AMOD. It is given as

C1 =
3

∑
i=1

w1,i
[
Qi(A)−Qi

(
AMOD)]+w1,4

[
HM(A)−HM

(
AMOD)]

where w1,i ≥ 0, ∑
4
i=1 w1,i = 1 are weights for the component C1 and Qi(x) represents

1st Q1(x), 2nd Q2(x), and 3rd Q3(x) quartile of x, and HM(x) is harmonic mean
of x. The harmonic mean is included here because it works well with ratios (see
definition of R j in (1) and (2)). Overall, component C1 is positive if the values of
AMOD decrease and negative if values of AMOD increase.

2. Component C2: This component serves to quantify the change in variability or
inequality in accessibility from A to AMOD. It is given as

C2 = w2,1
[
s
(
AMOD)− s(A)

]
+w2,2

[
GI

(
AMOD)−GI(A)

]
SC

+w2,3
[
T
(
AMOD)−T (A)

]
where w2,i ≥ 0, ∑

3
i=1 w2,i = 1 are weights for the component C2 and s(x) is sample

standard deviation of x,

GI(x) =
∑

n
i=1 ∑

n
j=1 |xi − x j|

2n∑
n
i=1 xi

is a Gini index of x (see [30-33] and many others), T (x) is range of x given as

T (x) = max(x)−min(x)

and SC is the scaling coefficient that we calculate as

SC =
Q2(A)+Q2

(
AMOD

)
2

Sample standard deviation s(x) together with range T (x) measure variability,
where s(x) works better for larger data sets and T (x) better for smaller data sets.
Gini index GI(x) measures the inequality in the distribution of Ai. The scaling
coefficient SC is a midpoint between A and AMOD medians. It is necessary because
the Gini index is a scaleless value from 0 to 1 (meaning that if we work with 10 ·Ai
then quartiles will change but the Gini index will remain the same).

Component C2 is positive if the variability and inequality in accessibility in-
creases and negative if the variability and inequality in accessibility decreases (we
consider this to be a mitigating factor).
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3. Component C3: This component serves to measure inner fluctuation from A to
AMOD and it is given as

C3 = w3,1PM
(
A,AMOD)SC +w3,2

∑
n
i=1

∣∣Ai −AMOD
i

∣∣
n

where w3,i ≥ 0, ∑
2
i=1 w3,i = 1 are weights for the component C3, n is the number of

elements in A. Function PM(x,y) then measures how the order of x changes in y
and it is given as

PM(x,y) = 1− 2
n(n−1)

n−1

∑
i=1

n

∑
j=i+1

H [(xi − x j)(yi − y j)]

where H is well-known Heaviside step function [34]. The function PM(x,y) takes
values from the interval [0,1], which is ensured by the factor 2

n(n−1) . The value
PM(x,y) = 0 means that the order of x remained the same in y. On the other hand,
the value PM(x,y) = 1 means that all elements of the vector x have been shuffled in
y. Function PM(x,y) is again scaleless and the scaling coefficient SC is used again.

Component C3 is always nonnegative and it serves the following purpose. If
AMOD is a rearrangement of A then the quartiles, sample standard deviation, har-
monic mean, Gini index and range stay the same (and thus C1 = 0, C2 = 0); how-
ever the situation is different for each particular i. This change is then reflected
only in the component C3. On the other hand, if for example AMOD

i = Ai +k, k ∈R
then PM

(
A,AMOD

)
= 0. A drawback of map PM is that it only measures whether

a change in the order occurred and not how big this change was. This purpose is
served by the second part of component C3.

4. Component C4: This component describes the effect of outliers and their changes
from A to AMOD. It is given as

C4 = w4,1
OUT

(
AMOD

)
−OUT (A)

n
SC +w4,2

[
min(A)−min(AMOD)

]
where w4,i ≥ 0, ∑

2
i=1 w4,i = 1 are weights for the component C4, function OUT (x)

measures the number of outliers in x (we have implemented this based on standard
MATLAB detection method). Change of minimal accessibility is included as well
but not maximal accessibility. This is because minimal accessibility has a higher
impact on the overall situation.

We have chosen each element of each Ci after careful consideration of whether this
element has any purpose in Ci. On the other hand, we do not claim that the components
Ci are perfect. Other aspects could be included in CI and other elements could be worked
into components Ci in follow-up research for further enhancement.

Overall, the negative value of CI illustrates what we consider a positive change in
accessibility Ai and positive values of CI illustrate what we consider a negative change
in accessibility Ai. Furthermore, this is based on our assumptions about military require-
ments. Utilization of CI in other areas might demand modifications to components Ci as
well as to its interpretation. Similarly, the choice of weights impacts the explication of CI.
Tab. 1 summarizes the weights that were used throughout this paper. The lowest weight
was assigned to component C3 as internal fluctuation is considered the least impactful for
military purposes.
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Tab. 1 Summarization of chosen weights for CI for each component. Component C3 has
the lowest weight as it is considered the least impactful for military purposes.

i 1 2 3 4
wM,i 0.3 0.3 0.1 0.3
w1,i 0.125 0.375 0.125 0.375
w2,i 0.4 0.4 0.2
w3,i 0.5 0.5
w4,i 0.5 0.5

Tab. 2 Values of components Ci and resulting index CI for different scenarios.
The values of the relevant weights are shown in Tab 1.

A 1 3 5 C1 C2 C3 C4 CI

I.a)
AMOD 1 3 5 0 0 0 0 0

I.b) 5 3 1 0 0 2.833 0 0.283
II.a)

AMOD
1.1 3.1 5.1 −0.117 −0.012 0.05 −0.05 −0.049

II.b) 1 4 5 −0.479 −0.002 0.166 0 −0.128
II.c) 0 3 5 0.827 0.551 0.167 0.5 0.580
III.a)

AMOD 1.5 3 4 −0.119 −0.716 0.25 −0.25 −0.301
III.b) 0.5 3 5.5 0.286 0.489 0.167 0.25 0.324

3 Results
In this section, we investigate first of all individual components Ci that make up CI on the-
oretical data. In the second part, we will describe possible applications of CI on partially
simulated data.

3.1 Theoretical data

This section aims to illustrate the meaning of the individual components of the coefficient
CI on theoretical data. We will focus on the following three types of scenarios.

I. The vector A does not change, or only the values of A are rearranged.
II. A constant increases all or particular elements of A.

III. The range of A’s elements will increase or decrease.
We now illustrate these scenarios in detail with concrete examples using the weights listed
in Tab. 1.

The first scenario I.a) is trivial. Here, there is no change in values and A = AMOD

holds-therefore C1 =C2 =C3 =C4 = 0 and thus the composite index CI = 0.
In scenario I. b) we describe the situation when the values of the vector AMOD are cre-

ated by permuting the values of the vector A. It can be seen that the vectors A and AMOD

have the same quantiles, harmonic means, variances, minimum values, Gini coefficients,
and outliers. Then the equality C1 = C2 = C4 = 0 must hold. The degree of permutation
of A’s elements is shown on the C3 coefficient. Hence, we get PM(A,AMOD) = 1 because
the vector A with three elements has undergone three permutations, which is also the max-
imum number of possible permutations. In addition, these order changes are also reflected
in the value of the expression ∑

n
i=1

∣∣Ai −AMOD
i

∣∣ = 8. In total, coefficients C3 and CI are
nonzero and the relevant values appear in Tab. 2.
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In scenario II. a) the values of AMOD
i are higher by 0.1 than the values of Ai. This

increase in accessibility values is highlighted by the coefficient C1 = −0.117 < 0. The
sizes of the other coefficients are (in absolute value) considerably smaller. The coeffi-
cient C2, which measures the change in variability, has a value of only C2 = −0.012.
The internal fluctuation is measured by the C3 coefficient. When calculating it, we get
PM(A,AMOD) = 0, since the order of the elements of the vector A does not change. How-
ever, the coefficient C3 is non-zero because the term ∑

n
i=1

∣∣Ai −AMOD
i

∣∣ is non-zero. By
calculating the coefficient of C4, we find that its first part equals zero since there are no
outliers in both sets. However, its second part is nonzero and C4 as well.

Scenarios II.b) and II.c) show additional properties of the components Ci. The index
C1 is negative if the elements of the vector A are increasing and positive if elements of
A decrease. However, in scenario II.c) the harmonic mean for AMOD is in fact undefined
because of the division by zero. In this case, value HM(AMOD) = 0 is used as a mathe-
matical extension of the harmonic mean. In scenario II.c), the index C2 is more than 40
times larger in absolute value than in scenarios II.b) and II.a). This is because in II.c) the
value range of the A file has increased significantly. On the other hand, PM(A,AMOD) = 0
because the order of the values of vector A has not changed.

Scenarios III.a) and III.b) show the behaviour of components Ci when the range of
A’s elements changes. Tab. 2 shows that the component C2 is positive when the range
increases and negative when it decreases.

3.2 Applications of CI

We base our empirical analysis on simulated data that depict a segment of the Ukrainian
frontline (see also [24]) at the end of January 2024, see [35]. Military units (57 in total)
were generated along this frontline with several wounded soldiers assigned to each military
unit. Locations for field hospitals were generated as well and distances from military units
to these locations were calculated in ArcGIS PRO software.

Fig. 1 Segment of eastern Ukrainian frontline together with simulated field hospitals
(red crosses) and military units (coloured circles). The colour represents current

accessibility indices Ai for scenario 1 (see Tab. 3) with dark colour representing the
lowest and yellow the highest Ai.
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Tab. 3 Distribution of field hospital capacities S j for scenarios where one of the hospitals
is lost. The first scenario considers decreasing capacities from north to south.

The second scenario considers bigger and smaller hospitals.

Scenario 1 2 3 4 5 6
1 35 30 25 15 10 5
2 30 10 30 10 30 10

Total hospital capacity ∑
6
j=1 S j was taken as 120 and it was distributed among field

hospitals based on several scenarios. Table 3 summarizes the distribution of capacities
for each scenario. The geographical distribution of field hospitals is shown in Fig. 1 and
hospitals are ordered from north to south (meaning, that hospital H1 is the one farthest
to the north). The colour scheme for military units depicts accessibility indices Ai (for
scenario 1, see Tab. 3) with the yellow colour indicating the highest Ai and the blue colour
the lowest Ai.

First of all, let us investigate scenario 1 where field hospitals’ capacities decrease
from north to south. Fig. 2 summarizes the situation which occurs if one of the field hos-
pitals is eliminated. Each group of connected points represents a scenario where a hospital
H j is eliminated and the left points represent Ai and right points AMOD

i with the colour
scheme representing values of Ai as well. Values above groups show components Ci in
blue with overall CI in red.

We observe in Fig. 2 what we would naturally expect. Units on the north of the
frontline have the highest values of Ai and after eliminating north hospitals H1 or H2 their
situation worsens to the level of other units. However, only the most well-off units were
affected and the situation did not become so much worse than it already was. This is

Fig. 2 Comparison of current accessibility indices Ai where one of the hospitals is lost in
scenario 1. The picture is separated into six groups for the loss of each hospital. The left

points in each group represent the original situation and the right points represent
accessibility indices after a given hospital is lost.
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represented by CI which is close to zero. Eliminating hospitals H3 or H4 that are in the
middle of the frontline leads to a slight worsening of the situation for each unit as is shown
with component C1. Eliminating hospitals H5 or H6 results in a slight worsening of Ai
but this time the change is larger for military units with the lowest Ai. Nevertheless, these
units were already suffering from low accessibility and eliminated hospitals were the ones
that had a small capacity to begin with.

Second, scenario 2 shows a situation with three large hospitals H1, H3, H5 and three
small hospitals H2, H4, H6. We observe that the loss of hospitals H2 and H4 does not affect
the situation too much and the effect of losing hospital H6 is larger as this affects units with
the lowest accessibility. The loss of H3 is not dramatic as it affects only the most well-off
units.

Nevertheless, losing hospital H1 results in a dramatic change for certain units where
their accessibility was more than halved. However, only a portion of units were affected
and the situation did not change much for most of the units. Furthermore, component C2
is close to a zero by which we see that the variability and inequality did not change as
well. Altogether, CI for H1 is double that for H3 indicating that hospital H1 deserves more
protection. Analogously, losing hospital H5 affects units with the lowest accessibility and
variability then rises as well. This situation then results in the largest CI and it indicates
that hospital H5 might be the most important one.

Other distributions of hospitals’ capacities were considered for measuring the impact
of hospital elimination together with scenarios 1 and 2 (see Tab. 3). However, studied
scenarios produced comparable results and therefore we did not include them here.

Instead, we will investigate another potential application of CI. Let us assume that
we want to redistribute medical resources and need to compare the current situation with
the proposed options to choose the best option. Currently, all the resources are distributed
equally and there are 6 potential redistributions, see Tab. 4 that summarizes current and
proposed options, redistributions 1 and 2 are the same as scenarios 1 and 2 in Tab. 3. The

Fig. 3 Comparison of current accessibility indices Ai where one of the hospitals
is lost in scenario 2.
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Tab. 4 Current distribution of capacities together with a list of suggested redistributions
that will be compared to the current situation.

H j 1 2 3 4 5 6
current 20 20 20 20 20 20

3 5 10 15 25 30 35
4 10 30 10 30 10 30
5 10 15 45 15 25 10
6 15 20 25 15 10 35

current and proposed distributions are compared based on CI and the results are shown in
Fig. 4.

We observe that the redistribution 1 a 3 worsens the accessibility by a big margin.
Redistributions 2 and 5 might lead to a slightly worse situation where the units with the
lowest accessibility are affected. Redistributions 4 and 6 might be considered comparable
to the current situation (or if we ignore component C3, which measures internal redistribu-
tion, even advantageous). Therefore, redistributions 4 and 6 offer the best results and we
should choose one of them based on these results.

4 Discussion and limitations
Precedent examples illustrated possible applications of the composite index for compari-
son of accessibility indices on theoretical and simulated data.

Two simulated scenarios where a hospital was lost showed that the CI favours situa-
tions in which:

1. The units with the highest accessibility are affected, see Fig. 2 for hospitals H1 and
H2 that have lower CI as compared with hospitals H3-H6.

2. Where the difference in accessibility between units is reduced, see Fig. 3 for
hospitals H2 and H4 as opposed to other hospitals on Fig. 3 with larger CI.

On the other hand, CI produced medium values when units were moderately affected
and the largest values of CI were obtained when there was a dramatic change in acces-
sibility or when the units with the lowest accessibility were highly impacted. Similarly,
when options for redistribution of capacities were considered then CI refuted the situations
where the variability and inequality increased and the minimal accessibility decreased as
well, see Fig. 4 for distributions 1 and 3. We consider this to be a positive trait of CI for
military requirements where each life of a soldier is precious and might be endangered.

Investigation of theoretical small case situations, see Tab. 2, showed the effects of
individual components that are contained in CI. For example, raising each value by 0.1
in situation II.a) resulted in CI = −0.049. This can be interpreted as a marginal positive
change that occurred because of an increase in overall accessibility. On the other hand,
when one value was decreased to zero in II.c) this resulted in CI = 0.580 which indicates
a significantly worse situation on the frontline. Theoretical data therefore agree with our
intention how to develop the components.

The developed composite index is based on theoretical assumptions and tested on
simulated data. It lacks yet further rigorous investigation for the military’s requirements
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Fig. 4 A scenario where an initial distribution of hospital capacities is redistributed.
Each group represent one of six possible redistributions with the current accessibility

indices to the left and after the redistribution on the right.

that is necessary before index CI could be utilized in real applications. Additional devel-
opment with the help of military personnel might be necessary to appropriate the index for
the specific needs of any given military based on its doctrine, see also [36].

Nevertheless, the work done on the composite index could be utilized further for
civilian needs in guiding the effective allocation of resources, see on a similar note the
investigation of resource redistribution on Fig. 4. Where the military might consider po-
tential threats to any given hospital, civilian officials might consider several locations to
build a new hospital. In that case, a multiparametric index combining multiple factors and
not only CI could be utilized in these situations. See also the p-median method in [37] and
other indices in [32] for other factors that could be included. Furthermore, as far as we
know, the composite index has not been yet used for accessibility measurements and this
article then opens new avenues for further research.

We think that the strength of accessibility indices lies in the fact that it has an ap-
proachable interpretation and that they can be used in combination with real-time data and
processed algorithmically as an aid in decision processes, see Fig. 4 and the redistribution
of resources. It is our subjective opinion that distributions 3 and 5 are visually almost
identical and it seems to be difficult distinguishing them. However, composite index CI
shows that the distribution 5 is the better one. We also think that index CI should be
utilized cautiously in tandem with human insights to yield the best results. Similarly, ac-
cessibility indices Ai offer only one point of view on field hospitals and it might be useful
to implement them into a bigger decision-making process to generate the best result.

Similarly, composite indices might prove to be useful in other areas as well. For ex-
ample, for investigating a potential loss of a distribution centre on resupplying. However,
as we are not familiar with this field additional investigation might be necessary before
applying composite indices.
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We would like to emphasize, that certain parts of the change between A and AMOD

could be described via other means. For example, central tendency is described by the
median and quartiles in the component C1. However, central tendency can be described
also by the mean. Nevertheless, the role of mean would overlap with median and as a con-
sequence, certain parameters of the change between A and AMOD would be overshadowed
by this.

5 Conclusion
We have developed theoretically a composite index CI for comparing two sets of accessi-
bility indices and we have shown its potential usefulness in aggregating multiple properties
into one interpretable index. This in fact is the clear strength of composite indices as they
offer a way for comparison between several countries, armies, situations, and so on. How-
ever, there is also an obvious drawback to composite indices that they demand a series of
simplifications that might leave out potentially vital information.

Accessibility indices have been developed quite extensively in the last two decades
and they find their applications across multiple segments of civilian life. However, two-
step floating catchment area methods offer promising research direction as illustrated by
many recent papers on this topic, see [38-43]. Now with recent developments, see [24],
they might be applied for military purposes as well.
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