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Abstract. Demographic information can be used to analyze processes occur-
ring in a wide range of human social activity: in the area of management,
healthcare, social security systems. One of the leading methods of demographic
modeling is continuous simulation based on the system dynamics approach. Re-
ducing computation time for fast-running continuous model implementations en-
ables efficient development of hybrid models. In the hybrid simulation model,
the discrete-event simulation approach was used as one of the components. Tech-
nical and conceptual solutions to the observed problems were presented, experi-
ments based on demographic data from the Wroctaw region, Poland were per-
formed and it was indicated that an effective hybrid simulation will allow to in-
clude additional cause-and-effect relationships in the models.

Keywords: Operations research, Decision support, Improving the simulation
performance.

1 Introduction

Knowledge of the state of demography, i.e. at least the number of people who can be
classified into cohorts (groups distinguished on the basis of the age and sex) and trends
in phenomena affecting these quantities, is useful for studying issues such as: prediction
of premature mortality [2], support needs in certain age groups in the coming decades
[8], demand for housing [9], economic reform scenario analysis [3], consumption levels
study [7], long-term care expenditure analysis [10], methods of improving neonatal care
[13], long-term care capacity analysis [1], changes in the pension system [15].

Among the approaches used to model demographic dependencies, simulation in ac-
cordance with the system dynamics (SD) approach (continuous simulation) is widely
used. In addition to dividing the population into cohorts, this approach distinguishes
main elements as input flows: births, immigrations and ageing/growing up and output
flows: deaths, ageing/growing up, emigrations. Additional elements are: birth coeffi-
cients, death coefficients, transition time between cohorts. Studies using the SD ap-
proach are usually performed in accordance with the dynamic synthesis methodology
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presented e.g. in [13], i.e. creating a descriptive model (causal loop diagrams, CLD)
and then building a computer system dynamics model (SDM), composed of flows
(rates) and stocks (levels). CLD (a conceptual model) and SDM (a computational
model) form the modeling and simulation cycle [4].

2 Conclusions from previous studies. Discovered issues

This paper is one of a series of works on simulation modeling applications, i.e. the study
of demographic changes and the use of the discrete-event system (DES) modeling ap-
proach to modeling the demand for hospital services [11], the prospects of replacing
the SD approach with discrete rate modeling (DRM) in demographic research and how
cohort grouping affects these prospects [16], studying the impact of demographic sce-
narios on the intensity of the demand for medical services [12].
The usefulness of our models will be determined by measuring the differences between
historical and simulated cohorts. In the models built so far, it was possible to prevent
the problems noticed in [6], by assigning an increase in cohorts in the model to the
number of cohorts equal to the maximum age of people in the model, for each gender
(2*105). However, we have observed problems in the use of models built on the Ex-
tendsim platform [5], such as: e.g. assigning initial states in stock blocks (Holding
Tank) and slowing down the performance of models as the number of cohorts increases.
The simulation run lasted too long (about 1 hour) for our needs. We have decided to
apply a DES to pass values between streams and resources. All of the above problems
result in the fact that the discrete - continuous hybrid seemed difficult to implement.
Population data from 2006 were obtained from Statistics Poland [14] and concern the
Wroctaw region. The data used relate to the cohorts of human populations mostly 5
years wide (i.e. 17 cohorts from 0_5 to 80-84 years old) and one cohort supposedly
infinite width (the model included a 20-year cohort for persons 85-104 years old).
We built separate models: SD and DES. They must therefore be run separately. DES
has to wait for simulation results from SD model. It became necessary to construct an
additional structure (interface between models). Purpose of SD is to save the state of
the cohorts in a output file (e.g. a spreadsheet or a database file) at successive points in
time that are important from the point of view of calculations.
The main task of the SD module in hybrid is to generate the status (values) of individual
cohorts. The state of each cohort affects the parameters that control DES module, i.e.
the flux of objects representing events, the number of which depends on the number
(expressed in persons) of each cohort. An example would be the generation of objects
(representing patients) with characteristics that may indicate particular types of dis-
eases. It is assumed that these conditions may have a frequency depending on cohort.
Below is illustration of structure of hybrid simulation:

Input: Description of demographic processes

SD model

Output of SD — cohort predictions

Input: Description of the relationship between cohorts and studied phenomenon

ICCS Camera Ready Version 2024
To cite this paper please use the final published version:
DOI: |10. 1007/978—3—031—63759—9_21|



https://dx.doi.org/10.1007/978-3-031-63759-9_21
https://dx.doi.org/10.1007/978-3-031-63759-9_21

How to facilitate hybrid model development by rebuilding the simulation model 3

e DES model
e Output of DES — objects (individuals with properties)
¢ Results analysis — data resource usage, finance, well-being etc.

3 Modeling approach

The paper presents a description of the key places in the model built in the Extendsim
simulation environment [5], where model is grafically created by placing blocks from
various libraries into the working area, linking them using connectors, adjusting param-
eters and, to a lesser extent, creating programs in the ModL (similar to C) language. It
seems that the proposed solutions to the outlined problems will also be useful when
using tools with similar architecture and methods of operation (using the push-pull ap-
proach). In the author's view, Extendsim is distinguished by the intuitive structure of
the models, however, obtaining results requires additional efforts of the modeller.

The following suggestions for model implementation were made:

e Supplement the simulation run with an additional year (step) preceding the initial
year to assign baselines to all cohorts based on the values stored in the spreadsheet.

e Use ‘Go’ connectors (triggering calculations on demand) and careful select and ar-
range signals triggering calculations (inputs and outputs) - in Equation blocks.

e Use Equation blocks rather than elementary Math blocks (such as Add, Subtract,
Multiply, Divide) when it does not reduce the readability of the models.

o Use of internal databases (increase the calculation speed) for intermediate results.

o Store initial data and state variables in the course of the simulation (dynamic birth
rates) and results in spreadsheets (preferably a single .XLSX file), in separate sheets
but with permanently assigned sheet columns for each cohort.

e During the test experiments, it seems useful to store the initial states of individual
cohorts and the simulations results concerning the state of cohorts in one worksheet,
in distant groups of rows (first the initial states of the cohorts, then the space for the
simulation results).

4 Technical solutions

For the sake of simplicity, we consider a simulation model for female cohorts. The male
part of the model differs only in that male cohorts do not affect the birth stream and
have their coefficients (except duration of residence in the cohort).

First, the initial values are loaded from the spreadsheet cells (see Fig.1) selected by
additional control module (Fig. 2).

The situation will be similar for saving the results, but the space will be shifted by
several dozen (e.g. 20) rows down (the offset will depend on the size of the space re-
served for input data when testing the model). The task of the lower part of the sub-
model is to determine which simulation step number we are dealing with; The block on
the left generates auxiliary objects at fixed intervals (1 year). The first auxiliary object
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will be generated as soon as the simulation is run. The variable signal2 changes its value
from 0 to 1 only when the second helper object arrives — this fixes the row representing
the initial data "set back by 1" and correctly sets the initial data in the Holding Tank
(HT) blocks (representing the term "level" used in the continuous approach). The value
of the signal variable is equal to 1, of course, after the arrival of the second object in
the control stream, but it is calculated and used as a double "message" running calcula-
tions in "cohort™ blocks for the first year actually processed (the point is that the streams
incoming and outgoing from the blocks implementing the "level" concept, i.e. the HT,
are updated after assigning initial values to the HT blocks (via the Init connector) and
update (resulted in) also saving the new value of the HT. Without the above described
action, the result of the calculation would cause the state of the HT block to change
only after the arrival of a new control object, despite the fact that the streams associated
with the HT are already updated (by the first message).

Secondly, the number of live births in a given step of the simulation should be calcu-
lated (see Fig. 3). The birth rate stream is directly affected by the increase in the number
of people (in this case, women) aged 0 (belonging to the FO_4 cohort).

IEMEGL  Ageing | BirthsCoef | Migrations | DeathsCoef | Births

Fig. 1. Actual data on the initial population — excerpt from worksheet
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Fig. 2. Continuous model control submodule. It ensures that the initial values of the stock blocks
(Holding Tank, outside the figure) and the inflow and outflow streams are correctly assigned

The non-standard settings of the Equation block are marked with red lines (see Fig. 3)
on the input and output connectors. The markings denote that the calculations are
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performed only when a signal is sent to the block about a new, upcoming object in the
object stream (a submodule built according to the DES approach, but this does not apply
to the first object generated at the start of the simulation). The model contains a lot of
other submodules, e.g. for the total inflow (birth + growing up + immigration).
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row_number ——j0 y=iix) 8 dicono

object_number ; . O ®mJicont
signal2 ————— O B disitns
18 H | L . "'JID \\““
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Fig. 3. Sub-module that calculates the birth rate in the first cohort (it uses data on the size of
female cohorts and fertility rates (newborns, e.g. females))

5 Experiments

We want to test whether the model results are close to the real data. Therefore, devia-
tions (differences) between the above values in individual cohorts will also be observed.
From several tests, the long simulation time - 10 years was chosen to present (see Fig.
4). The actual data is the same as in the papers [11, 12, 16, 17]. The data refers to the
female population of the Wroclaw region (Poland), begins at 2006, was divided into
cohorts 5 years wide (from cohort 0_4 to 80_84). The model is fed by size of individual
cohorts, birth rates (for individual female cohorts), death rates, migration rates.

The dependence of the average percentage deviations on the number of years of simu-
lation was determined (Fig. 4). A monotonic increase in deviations is visible. The sim-
ulation run (15 years) takes approx. 12 seconds (Intel Core i7-10700). Shapes of graphs
of real cohort size distribution and model results (simulation) are similar (Fig. 5).

Years of simulation 1 2 3 4 5 6 7 8 9 [100|11]12]| 13 ] 14
Average of % |Error| 3,3(38|52(71]79|80]82]|89]|10,1|10,8|11,2|12,8|15,1|18,5

Fig. 4. The dependence of the average percentage deviation on the number of simulation length
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Fig. 5. Year 2016, the 10th year of simulation. Actual data, simulation results and deviations
between them. The highest percentage deviations are in cohort no. 15 (F70_74), the deviations
are irregular - an additional measure should be proposed

6 Hybrid simulation model. Discussion of the results

After providing fast calculations for continuous simulation, we will try to attach a DES
module. Two cohorts were selected for the study: F_30_34 and F_35_36. The actual
cohorts size and number of corresponding objects should be similar. However, the DES
module is driven by the values of the current continuous simulation results, not by the
actual size of the cohorts. It is noteworthy that the results of the simulation were more
and more distant from the actual values (see Fig. 6).

The 15-year simulation lasted about 1 minute and 10 seconds when the DES module
was tested for the two cohorts mentioned above. Taking into account the previously
given information about the length of the simulation time of the continuous module, we
can conclude that obtaining results from the discrete part of the model requires much
more computational time. We know that the time needed for calculations in a continu-
ous module does not depend on the size of the studied population, but only on the com-
plexity of the model, i.e. the number of cohorts. In DES models, we will want to observe
every object (person), even if the attributes assigned to it have stochastic values. We
can assume that the larger the nominal numbers of people belonging to each cohort, the
longer the time will be required to perform the calculations. As we can see in the ex-
ample under consideration, even with a population of 40,000 people, the time of calcu-
lations in a continuous model is negligible in relation to the time needed for calculations
in DES module, and this is the situation we wanted to achieve. In the models we used
previously (210 cohorts), the calculation time was approx. 40 minutes, which made it
particularly difficult to perform experiments for different variants — scenarios concern-
ing, in particular, the values of birth and death rates and migration. We estimate that it
will now be possible to include modules designed to model the above indicators so that
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they are a function of the current state of the cohorts or a function of their history. It
should be noted that graphs (see Fig. 6) roughly reflect the dynamics of the actual states
of the cohorts. However, as the simulation time horizon increases, the waveforms of
the simulation results move away from the trajectory of the actual values and these are
negative deviations (i.e., the simulation generates too few objects). These conclusions
coincide with the observations on the results of the continuous model. We presume that
they are due to the long, 5 years time span represented by the elementary cohort. There-
fore, heterogeneities in the age distribution of individuals in a given elementary cohort
are not taken into account.
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Fig. 6. A comparative chart of the actual size of cohorts and objects generated in subsequent
years in DES module. Two female cohorts in the 4th decade of life. Negative deviations of the
simulation results from the actual data are visible

7 Conclusions

Long calculation times and difficulties with the initial values assigning were observed
in the past. These implementation shortcomings made it difficult to create effective
hybrids of a continuous-discrete-event system. The architecture of the continuous
model has been redesigned. Construction solutions were presented to overcome the
current shortcomings of the implementation. A very high acceleration of calculations
and a reduction in the simulation time were achieved. This enabled the implementation
of an efficient and direct continuous-discrete connection (hybrid). The consistency of
the state trajectories of the selected cohorts was also tested in terms of actual data and
simulation results. The observed shortcomings prompt a modification of the model con-
sisting in increasing the number of aggregated (composite) cohorts and shortening the
time interval per elementary cohort. It corresponds to one of the recommendations [7].
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