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Abstract.
The total death rate or Case Fatality Rate (CFR) due to COVID-19 in Surabaya is high,
that is almost twice of the global CFR (1.4%). Utilization of high-resolution data has the
potential to explore COVID-19 cases, not only recording cases at the district or city
level but also at the patient’s domicile level so that they can provide more detailed
spatial information. Meanwhile, research exploring the risk of death from COVID-19,
especially in Surabaya using spatial point process model, has not yet been carried out.
In this study, an analysis of the risk of death from COVID-19 in Surabaya will be carried
out using the inhomogeneous Poisson point process model with covariates or external
factors used including the density of the COVID-19 referral hospital location and the
proportion of confirmed COVID-19 population aged > 60 years per districts. Our model
shows that referral hospitals (exp( ) = 1.03295) and places of worship (exp( ) = 1.03835)
have a significant effect on death risk from COVID-19. So, there is a need for special
handling for areas that have a population with a vulnerable age (> 60 years) where at
this age the human immune system will decrease.
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1. INTRODUCTION

The COVID-19 pandemic is a global pandemic that affects most countries in the world.
WHO declared COVID-19 as a pandemic and since March 16th, 2020 this pandemic
has begun to spread in East Java Province [1]. Surabaya became the epicenter of the
spread of COVID-19 from 38 regencies/cities in East Java with the highest number of
positive COVID-19 patients, namely 70729 cases and 2564 deaths [2]. The government
has made several efforts to reduce the rate of spread and death of COVID-19, such
as health protocols, large-scale social restrictions (PSBB), and vaccination programs.
Despite these efforts, there are still many cases of death reported in the province of
East Java, especially in Surabaya. The total death rate or Case Fatality Rate (CFR) for
Surabaya is quite high, namely 2.57% above the Global CFR (1.4%). Research on the
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risk of COVID-19 with spatial analysis has been done before [3], especially in Surabaya
using high-resolution data has been carried out previously but only focused on the
risk of spreading [4–6]. Meanwhile, research exploring the risk of death from COVID-19,
especially in Surabaya in a spatial model, has not yet been carried out.

Several factors are suspected to be the cause of the high risk of death in COVID-19
cases, including health facilities and demographics. Health facilities include the density
of COVID-19 referral hospital locations in each sub-district. The high number of active
cases and deaths or the Case Fatality Rate (CFR) causes various impacts, such as
increasing the occupancy of hospital beds or the Bed Occupancy Rate. If this condition
is not immediately addressed, it is certain that the number of deaths will continue
to increase. Demographics is also one of the factors causing the death of COVID-19
cases in Surabaya. This demographic includes the proportion of the population with
confirmed COVID-19 aged >60 years. Elderly or commonly referred to as the elderly
are very vulnerable to being exposed to COVID-19 because the immune system has
decreased and has a higher risk of severity and death due to complications arising from
COVID-19 [7]. In Indonesia, the elderly are aged 60 years and over. This is confirmed
in Law Number 13 of 1998 concerning the welfare of the elderly in Chapter 1 Article 1
Paragraph 2 [8].

Previous research on cases of death due to COVID-19 using the Geographically
Weighted Random Forest method to estimate the nonlinear relationship between
COVID-19 mortality and 47 risk factors including environmental and socioeconomic
factors [9]. Then, previous research using spatio-temporal analysis on the risk of
spreading COVID-19 [4, 10, 11]. Based on this background, this study will conduct
an analysis of the risk of death from COVID-19 in Surabaya using the inhomogeneous
Poisson point process model associated with several covariates or external factors such
as health facilities including the density of the COVID-19 referral hospital location and
demographics including the proportion population with confirmed COVID-19 age > 60
years.

2. RESEARCH METHOD

2.1. Dataset

This study uses several data, namely the addresses of patients confirmed to have died
from COVID-19, the proportion of patients with confirmed COVID-19 age >60 years, and
the number of referral hospitals for treating COVID-19 patients in the city of Surabaya.
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This data is secondary data obtained from the Surabaya City COVID-19 Task Force and
the Surabaya City Health Office, from the beginning of the COVID-19 case in May 2020
to April 4, 2021. The experimental unit is the location of the address point for the death
of COVID-19 patients in Surabaya.

2.2. Inhomogeneous Poisson Point Process

The spatial point process is a randommechanism that generates a point pattern, which is
a collection of data that shows the spatial location of an object or event being observed
[12]. The realization form of the spatial point process is a spatial point pattern x={x1,…,x𝑛}
from n≥ 0 points that are in an observation window W [13]. x𝑖 is the location of the
research object represented by Cartesian coordinates, namely u= (longitude, latitude),
where u ∈ 𝑊 ,𝑊 ⊆ 𝑅2.

Inhomogeneous Poisson process is a Poisson process X in ℝ2 with intensity function
λ(u) which is not constant or varies according to changes in location and observation
window 𝑊 ⊂ 𝑅2 with μ(𝑊 ) > 0 if it meets the following conditions [12].

1. The number of random points in W namely N(W) has a Poisson distribution with
an average of µ(W).

2. The points N(W) is independent with the intensity function �(u) where 𝑢 ∈ 𝑊 .

3. The expectation value of the point in the W region is E(N(W))=∫𝑊 λ(𝑢) 𝑑𝑢.

4. If W1,W2,…,W𝑛 is a region that does not intersect from a space, then N(W1), N(W2),…,

N(W𝑛) are independent random variables.

5. If N(W)=n, then the n points have identical and independent distributions, with a
probability density function (pdf) as in equation (1).

f(u) = λ(𝑢)
𝐼 , where 𝐼 = ∫𝑊 λ(𝑢) 𝑑𝑢 (1)

The intensity function of the Inhomogeneous Poisson point process forms a loglinear
model that depends on the parameters θ and is affected by covariates [12][14], written
as follows

λβ (𝑢) = 𝑒𝑥𝑝𝑒𝑥𝑝 (β
𝑇𝑍 (𝑢)) (2)

where 𝑍 (𝑢) = (𝑍1 (𝑢) ,… ,𝑍𝑝 (𝑢))
𝑇 is covariate vector and β = (β0,… ,β𝑝) is the regres-

sion parameter for each predictor variable in the model [14].
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2.3. Homogeneity and Independent Testing

To detect a spatial inhomogeneity of the death cases distribution, we use the
quadrat.test function of the spatstat R package to apply quadrat counting test with
a null hypothesis of stationary Poisson process against an inhomogeneous Poisson
process closeness of the relationship between variables is correlation. In spatial point
process analysis, a very popular technique used to analyze correlations in point patterns
is the K-Function [15]. The concept of the K-Function is to calculate the distance d𝑖𝑗 =
||u𝑖 - u𝑗 || between all pairs of different points u𝑖 and u𝑗 in a point pattern x. With this
distance, the spatial pattern formed will be known. If the pattern forms groups/clusters,
almost every distance between pairs of points is of small value, whereas if the pattern
is regular then there are only a few distances between pairs of points of small value.

If the intensity is inhomogeneous, then the weight for u𝑖 is added by b𝑖=1/�(u𝑖). b𝑖 is
the intensity proportional to the points u𝑖. While the pair u𝑖 and u𝑗 will add a weight of
b𝑖𝑗= b𝑖 b𝑗 = 1/(�(u𝑖) �(u𝑗 )), so that the empirical K-Function formula with inhomogeneous
intensity can be written as in equation (3).

̂𝐾𝑖𝑛ℎ𝑜𝑚(𝑟) =
1

𝐷𝑝𝑊

𝑛

∑
𝑖=1

𝑛

∑
𝑗=1 𝑗≠1

𝐼
{

𝑑𝑖𝑗
λ̂(𝑢𝑖)λ̂(𝑢𝑗)}

ℎ𝑖𝑗(𝑢𝑖; 𝑢𝑗 ; 𝑟)(3)

with 𝐷 = 1
𝑊 ∑𝑛

𝑖=1
1

λ̂(𝑢𝑖)
where ℎ𝑖𝑗(𝑢𝑖; 𝑢𝑗 ; 𝑟) is the edge correction weight and 𝑖 − 𝑢𝑗

calculating the distance from point 𝑢𝑖to point 𝑢𝑗 .

2.4. Parameter Estimation

In the inhomogeneous Poisson processmodel with intensity λ (𝑢;β) there is a parameter
denoted by β. The likelihood function used to estimate β can be written as in equation
(4).

𝐿(β) = 𝐿 (β; 𝑢) = λ(β; 𝑢1)… λ(β; 𝑢𝑛)exp(∫𝑊 (1 − λ (𝑢;β)) 𝑑𝑢) (4)

Based on equation (4), a log-likelihood function can be formed as in equation (5).

Log L(�)=∑𝑛
𝑖=1 𝑙𝑜𝑔𝑙𝑜𝑔 λ(β; 𝑢 𝑖)- ∫𝑊 λ (𝑢;β) 𝑑𝑢 (5)

Based on equation (5), it can be seen that the log-likelihood function of the inho-
mogeneous Poisson process involves the integral of the observation window W. The
numerical quadraturemethodwas developed for the inhomogeneous Poisson Point Pro-
cess so that the likelihood function is close to the likelihood function of the Generalized
Linear Poisson Model. Using the numerical quadrature approach, then ∫𝑊 λ (𝑢;β) 𝑑𝑢
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can be approximated by ∑𝑛+𝑞
𝑖=1 λ(β; 𝑢𝑖)w𝑖, where𝑤𝑖 is the quadrature weight and q is the

number of dummy points so that equation (5) can be written as equation (6).

Log L(�)=∑𝑛
𝑖=1 𝑙𝑜𝑔𝑙𝑜𝑔 λ(β; 𝑢 𝑖)- ∑

𝑛+𝑞
𝑖=1 λ(β; 𝑢𝑖)w𝑖 (6)

The simple form of equation (6) can be written as in equation (7).

Log L(�)=∑𝑛+𝑞
𝑖=1 (𝐼 𝑖 𝑙𝑜𝑔𝑙𝑜𝑔 λ(β; 𝑢 𝑖 )- λ(u𝑖;�)w𝑖 (7)

𝐼𝑖 value 1 if 𝑢𝑖 is a data point, while 𝑢𝑖 he dummy point 𝐼𝑖 is 0. Equation (7) can also
be written as in equation [16]

Log L(�)=∑𝑛+𝑞
𝑖=1 (𝑦𝑖 𝑙𝑜𝑔𝑙𝑜𝑔 λ(β; 𝑢 𝑖 )- λ(u𝑖;�)w𝑖 (8)

where 𝑦𝑖 = 𝐼𝑖/𝑤𝑖, equation (8) is equivalent to the Weighted Poisson likelihood
function which is weighted 𝑤𝑖.

2.5. Model Assessment

The goodness of the resulting model can be checked using the K-Function envelope
plot and the BIC value. Envelope is the critical limit of the statistical test of the K-
Function function which validates the suitability of the point pattern data with the point
process model [12]. The model will be said to be good in modeling certain data if the
K-Function plot of the original point data is in the K-Function envelope interval data.
In addition to using the K-Function envelope plot, in this study the best model was
selected based on the smallest BIC value. The use of the BIC value takes into account
the large heterogeneity of the data and is preferred if the aim is to select the model.
Where the BIC criteria can be defined as in equation (9) [14].

𝐵𝐼𝐶 = −2𝐿𝑛(β̂) + 𝑝𝑙𝑜𝑔(𝑁(𝑊 ))(9)

where L𝑛 is a function of the log likelihood of the model and N(W) is the number of
points in an observation window.

3. RESULTS AND DISCUSSION

3.1. Data Characteristics

The cumulative number of deaths of COVID-19 patients in the observation area of
Surabaya City from May 1, 2020 to April 30, 2021 after pre-processing was recorded as
many as 254 cases of death, where the distribution is shown in Fig. 1.

Figure 1 shows that the central and northern areas of Surabaya City are the areas with
the highest COVID-19 death cases with a case percentage of 38.5% then spread to the
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Figure 1: Map of the distribution of death cases of Covid-19 patients in Surabaya from 1 May
2020 to 30 April 2021.

eastern region with a case percentage of 29.4% and the south with a case percentage
of 21.6 %. Figure 2 shows the density plot for the density of the location of the COVID-19
referral hospital and the proportion of the population with confirmed COVID-19 age >60
years. Based on Fig. 2 (a), it can be seen that the density of referral hospital locations
with high intensity is dominated in the central area of Surabaya City which spreads to
the north and south areas. Meanwhile, the density of the proportion of people with
confirmed COVID-19 aged >60 years as shown in Fig. 2 (b) has the highest intensity in
the southern and central Surabaya areas.

  
     (a)              (b) 

Figure 2: Density plot of covariate density in percent a) COVID-19 referral hospital b) Proportion
of population confirmed positive with age >60 years per sub-district. The brighter the density

plot, the higher the intensity or density.

3.2. Spatial Trend and Clustering Detection

To test data homogeneity of death cases due to COVID-19 in Surabaya using the Chi-
Squared test in equation (10) [12].

𝑋2
ℎ𝑖𝑡 =

𝑚

∑
𝑗=1

(𝑛𝑗𝑒𝑗)2

𝑒𝑗
=

𝑚

∑
𝑗=1

(𝑛𝑗 − 𝑛
𝑚 )

2

𝑛/𝑚 (10)
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Table 1: Chi-square test of Surabaya City COVID-19 death data.

Chi-Square Test

X2 931.68

df 79

p-value <2.2 x 10−16

Since the p-value less than � = 0,05 we conclude that the distribution of death
cases of COVID-19 in Surabaya is not distributed homogeneity. This is clarified by Fig.
3(a), there are areas with a large number of deaths, but in other areas there are small
deaths, namely in the eastern and western areas of Surabaya. The results of the Chi-
Squared test show that the pattern of address data for COVID-19 deaths in Surabaya is
not stationary (inhomogeneous), so a spatial correlation analysis can be carried out to
detect whether the pattern of address points for COVID-19 deaths in Surabaya tends to
be regular (away from each other), independent. (random), or cluster (clustered) using
the inhomogeneous K-function. Visualization results of inhomogeneous K-function using
border edge correction (green curve) and modified border edge correction (black curve)
are shown in Fig. 3(b).

    

(a)         (b) 

Figure 3: a) Quadrat count plot of the distribution of COVID-19 death cases in Surabaya b)
Inhomogeneous K-function plot data on COVID-19 death cases in Surabaya.

Based on Fig. 3(b), it is obtained that from testing with the inhomogeneous K-Function
plot, it shows that the short distance is around 0-4 km, empirical curve ̂𝐾 (r) (green, black
curve) above the theoretical curve ̂𝐾 (r) (red curve) but not too far away. So, in this study
using the Poison model according to the fact that there is no interaction between one
death and another in this case. We further test this using the envelope detected in Fig.
5.

3.3. Modelling Results

Table 2 shows the results of the parameter estimation and the parameter significance
test of the inhomogeneous Poisson point process model from the address data for
COVID-19 deaths in Surabaya.
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Table 2: Inhomogeneous poisson point process model parameter estimation.

Variable Coefisien Exp (coef) |Z-value| Significant

Intercept -0.754332 0.4703247 -5.7354 √
Spatial covariate:

COVID-19 referral hospital 0.032418 1.03295 10.2460 √
Proportion of positive confirmed popu-
lation aged >60 years per sub-district

0.037634 1.03835 4.19290 √

The critical value used is 𝑍α/2 =1.96 and all covariates have a test statistic value of
more than the critical value, so the null hypothesis is rejected, which means that at the
95% confidence level, it is statistically proven that all covariates, namely the COVID-19
referral hospital and the proportion of positive confirmed population aged >60 years,
have a significant effect on the intensity or risk of COVID-19 death in Surabaya.

Evaluation of the goodness of the inhomogeneous Poisson point process model
can be done using the BIC value and visualization of the inhomogeneous K-function
envelope. The comparison of BIC values is used to determine the best inhomogeneous
Poisson point process model in predicting the risk of COVID-19 death in Surabaya, which
is shown in Table 3.

Table 3: BIC value comparison.

Model BIC

Covariate model of the COVID-19 referral hospital and
the proportion of confirmed COVID-19 population aged
>60 years per sub-district

158.8779

Covariate model of the COVID-19 referral hospital 343.8003

Covariate model of the proportion of confirmed COVID-
19 population aged >60 years per sub-district

254.4867

A good model is determined from the lowest BIC value. Based on Table 3, the
inhomogeneous Poisson point process model with the covariate model of the COVID-
19 referral hospital and the proportion of confirmed COVID-19 population aged >60
years per sub-district has a lower BIC value than the other model. so this model is
the best model to explain the influence of spatial trends on the risk of death from
COVID-19 in Surabaya. Visualization of the inhomogeneous K-function envelope for the
inhomogeneous Poisson point process model with edge correction using all covariates
is shown in Fig. 5.

In Fig. 4 it can be seen that at close distances (under 5 km), ̂𝐾 (r) the empirical curve
tends to be relatively close to the Poisson process curve ̂𝐾 (r) and around the confidence
interval area so that the overall model is quite good. The intensity function shows the
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Figure 4: Envelope inhomogeneous K-function with edge correction on covariate model of
COVID-19 referral hospital and proportion of population confirmed with COVID-19 Age >60

years per district.

probability of observing a point in the address of a COVID-19 death in a very small area,
which is mathematically written by equation (11).

λ(𝑢) = 𝑒𝑥𝑝𝑒𝑥𝑝 ( −1.754332 + 0.32418𝑍1 + 0.37634𝑍2)(11)

The model equation 11 obtained shows that the risk of COVID-19 death in a location
is influenced by the density of the COVID-19 referral hospital, which means that every
additional 1 COVID-19 referral hospital in 1 km2 will increase the risk of COVID-19 1.03295
times compared to without increasing the number of referral hospitals. Meanwhile, if in
1 km2 there is an addition of 1% of confirmed COVID-19 population with age > 60 years,
it will increase the risk of COVID-19 death in Surabaya by 1.03835 times. Between the
two variables that have a large effect on the risk of death is the proportion of population
confirmed COVID-19 aged >60 years. So, there is a need for special handling for areas
that have a high proportion of population confirmed COVID-19 aged >60 years such
as vaccination for the elderly, tracing, and testing. Interestingly, health facilities have a
positive effect on the risk of death. This means that the higher the number of COVID-19
referral hospitals, the higher the risk of death from COVID-19. This is due to the similarity
of the pixel image between the point pattern of death and the covariates of the referral
hospital. There are also other things that affect it such as the number of COVID-19 cases.
it is possible that areas with small COVID-19 death cases do have a small number of
positive COVID-19 cases[4]. So, it is necessary to examine this covariate more deeply
for this covariate.
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3.4. Prediction

The prediction of the risk of death fromCOVID-19 in Surabaya using the inhomogeneous
Poisson Point Process model is shown in Fig. 5.

 

Figure 5: Predicted map of COVID-19 death risk in Surabaya.

The prediction of the risk of COVID-19 death in Surabaya is depicted in Fig. 5 which is
a prediction in the form of the intensity of the death of COVID-19 in Surabaya based on
the variable density of the COVID-19 referral hospital and the density of the proportion
of the population confirmed positive with age >60 years. The prediction of COVID-19
death cases in Surabaya as shown in Fig. 5 shows that the epicenter of the COVID-19
death cases is around Surabaya. It can be seen that the results of the prediction of the
risk of death from COVID-19 in the eastern Surabaya area are higher when compared to
other areas. Where the prediction of the risk of positive confirmed cases of COVID-19
is the highest, reaching around 7 cases per km2.

4. CONCLUSION

Apart from the fact that COVID-19 cases have decreased, very important to have a better
understanding of the pandemic and effective programs to control COVID-19. Areas with
a high incidence of infection in the population aged >60 years have a greater risk
of death. In addition, in future studies it is necessary to consider positive cases of
COVID-19 because it could be a high case of death in an area because the number
of positive cases in that area is also high. Although the results of the analysis on the
covariate of referral hospital density have a significant positive effect, further analysis
needs to be carried out by considering other covariates such as bed occupancy rate,
individual health status including vaccination status, comorbid disease status, and other
covariates so that more information is obtained about the risk of death due to COVID-19
in Surabaya.
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