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5 Conclusion

In this paper we introduced a complex, modular, 1:1 scale model of the Hungarian residential housing market, which is based on
several empirical, micro-level datasets. This modelling framework enables policy makers to analyze detailed economic scenarios
with macroprudential, fiscal and monetary policies in a way which surpasses the analytic capabilities offered by traditional tools
— especially regarding the granularity and the precision of the results. This became possible by tackling at the same time several
of the fundamental challenges present in the literature, such as the cyclical behavior, the interlacements with the financial
sector, the geographic fragmentation and the large extent of heterogeneities among the agents on this market. The most
important features and improvements compared to the existing practices in these regards are the following.

To make it possible to analyze the effects of various economic policies at disaggregated levels (e.g. along geographic regions,
income deciles of households, etc.) we divided the country into 124 relatively homogeneous neighbourhoods. To ensure
the reliability of the model, we had to have sufficient amount of data at this level of granularity, which was only possible by
simulating the housing market with all the households and the housing stock in its entirety. To justify this modelling strategy, we
showed that the model is not scale-invariant, i.e. the long term averages of the generated main time series change considerably
depending on the number of agents. The main driver of the scale dependence is that buyers would place a bid with a high
probability only on flats with which they can obtain a consumer surplus close to that of their ideal dwelling. Fewer agents in the
economy would lead to lower transaction numbers, in which case the effects of policy shocks can be masked by the amplified
frictions.

The second significant contribution considers the characteristics of flats. Most of the papers consider only a single “quality”
measure to quantify the desirability of flats. However, our choice of characterizing flats by three attributes (&SI &d10S and
f20|'92y) have several benefits: (i) while the 3\S is constant over time (as it does not change even due to renovation), the
41U needs to be time-variant to make it possible to model decisions about renovations. (ii) According to the results of our
hedonic price regressions all of these attributes are highly significant, and they increase the goodness-of-fit considerably. (iii)
The regression results also suggest the outstanding importance of our neighbourhood quality variable (especially compared
to more coarse-grained administrative location variables), which contains every relevant information (public transportation,
health and education institutions, residents’ income situation, etc) about the location of the flats.

To account also for the changes in the housing stock, it is pivotal to represent the construction sector in a detailed way, which
criterion is not met sufficiently in the existing housing market literature. In this paper we emphasized the importance of this
modelling block using a threefold argument. Firstly, the building up of bubbles on the housing market can be substantially
influenced by the construction sector given its potential to offset the effect of excessive demand, but also by its sensitivity
to increased labor and material cost shocks. Secondly, we showed that the construction sector has important role on the
housing market also in the case of long-term demographic phenomena which can have heterogeneous implications across
regions resulting in different dynamics on the local housing markets. Lastly, the construction sector often has central role in the
outcome of various policies on the housing market. To capture the implications in a plausible way, the detailed representation
of the construction sector has become inevitable in the model.

To further increase the reliability of the model, we attempted to represent household’s decision making process in an innova-
tive way. When choosing a flat, households consider the consumer surplus according to standard utility maximization theory.
Since traditional functional forms in consumer theory are used in a different spirit, we did not constrain ourselves to a CES-
design, instead, we investigated alternative forms and eventually opted for an exponential function with multiplicative size and
state variables. In order to take into account the heterogeneity of agents’ preferences, each household in the model has been
assigned a reservation price function which was calibrated uniquely using a stochastic optimization procedure.

Regarding the financial connections of the housing market, models usually only include standard housing loans typically with
long maturity. In contrast, we propose two further loan contract types which are available for the households in the model:
(i) personal loans which can be used for renovation purposes and (ii) bridge loans for households wanting to buy a new flat
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and sell the old one simultaneously. The inclusion of these additional loan types has an important contribution to the model’s
suitability to analyse several aspects of the macroprudential regulation. Firstly, households have to comply with the real-life
LTV and DSTI rules in order to take out a loan, which enhances the plausibility of the model’s assumptions. Secondly, with this
detailed representation of the banking block of the model we could examine not only the volume of the new loans, but also
their distribution along the income deciles of the households, which analysis showed that the tightening of the credit supply
affects more heavily the households with lower income level.

In our model we also ensured the possibility of cycles’ emergence in the housing market by two mechanisms: (i) credit con-
straints and (ii) the impatience of the buyers. In the case of a tight housing market, some households might have to wait longer
to buy a suitable flat. The more they have to wait, the more tolerant they become regarding the price and the characteristics
of flats. This behavior exerts upwards pressure on the prices, however, after a while this effect will be overpowered by the
more and more often binding credit constraints. We compared and combined our strategy for generating cyclical behavior with
another mechanism, which is often applied in similar models. It is built on the assumption that households are willing to spend
more (less) on housing if the prices increase (decrease) on the market, which strengthens the trends in the price dynamics.

The model has been used for several further applications at the Central Bank of Hungary, e.g. assessing the effects of monetary
policy shocks, simulating fiscal subsidies for households to buy flats, analysing macroprudential policy changes, etc. However,
there are still ambitious plans for further development, most importantly to embed this agent-based housing market model
into a macroeconomic environment to be able to generate endogenous cycles and feedback mechanisms with the rest of the
economy. While this step would undoubtedly be a great challenge, the experiences regarding the versatile applicability of this
model suggest that it is worth further extending the frontiers of computational economics.
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Appendix A Details of the model

A.1 EXOGENOUS MACROECONOMIC ENVIRONMENT

The macroeconomic environment is exogenous and can be described by the following time series:

« 000, 00007 00008 0007 is the base real GDP index and OO0 is a time dependent parameter altering the
GDP according to the shock scenario (in normal times it is set to 1). In normal times individuals form expectations for the
GDP using 000/, but under a shock even for the expectations they consider 00 O OO0

e [ - price index

e [00{ - base interest rate

e OFPP -income tax rate

e The probability of becoming unemployed (0;;) is differentiated based on three possible educational levels of individuals
(0). The length of unemployment is defined with two variables (which are also differentiated along the same educational
categories): in each category individuals stay unemployed for at least DDDD periods, after which they get hired with the
probability of D[DD[.

A.2 FLATS
A.2.1 PRICING OF FLATS

In this section we only discuss flat prices without going into details about other characteristics of flats. Details on these can be
found in Appendix B.1.

We distinguish between the Y HSG LIOS (0 O, ), 147 LWOS (0 OF,), Wil-yal-0a2y LIi0S (0 07, ) and — in the case of newly built
flats — the 0240 1-4SR LINOS (0 07, ) of a flat 0 in period L.

In the case of used flats, the YI'NJ‘[@G LINOS of flat 0 is a preliminary estimation of the equilibrium price based on former trans-
actions. This will also be the first ask price of a flat after it is taken to the market. It is calculated from the transactions
of the previous period provided that there were at least two transactions (I O 00y, where OOy is the set of trans-
action records of period [ [ ) in the same neighbourhood in the previous period, for which the absolute size deviation
ratio (000yn; O (0000, O 0000,000000;) and the absolute state deviation ratio (000y; O 100000, O 000004,,00000004,;)
do not exceed the parameters 10°7” and 00777 respectively. To get the two closest records, we use the following distance
measure: O000py O 00000 O O%00045,, where 0% and O are exogenous parameters. If we cannot take the
two closest neighbours in a given period, we adjust the previous general market price by the increase in the nominal GDP
(005 0 002 O 0,000,000,5,000,,0). We calculate the market price of each flat in each period, but it does not
necessarily equal the ask price. Fora used flat 0, 00F, 0 00O 0000 10001 where 055 is the number of periods in the
market, and 0777 is the monthly price decrease.

Regarding the demand side, agents place bids on flats. If at the time of purchase, there is only one valid bid, the transaction
price equals the ask price, otherwise it equals the second highest bid price™, i.e. we follow the logic of Vickrey auctions.

In case of the forced liquidation of flats serving as collateral we use a somewhat altered formula. The ask price is similar to
the price of a used flat, but there is an additional discount term (L1[J), which can even be further augmented in the case of a
negative macroeconomic shock event, i.e. :

4 All bids must be greater than or equal to the ask price.
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007 if D00SY O 0op
002, 000F 00000909 0O ’ (A.1)
00 0 007 otherwise

where OO represents the augmentation term to the discount factor when the shocked GDP is less than 1007” fraction of the
base GDP.

In case of newly built flats, the ask price depends on the land and construction costs and the mark-up:

00F, O 0000 0000y0, 0 000y5,0000 0 0f4 0 (A.2)

where 00y is the land price in the neighbourhood of a given flat I in period [. To calculate Ol , we take the transactions
of period 0 O 0 in a given neighbourhood and calculate the unit sale price of flats™.

ad DD]DE is the construction unit cost in the region of the flat. For region [, it is calculated by taking a base cost (00 0") which

can be altered by the regional average wage (ﬁ][[), other unobserved region specific factors (D[DDD) and the nominal GDP
index (0,0000;):

000, 00008, 008000, (A.3)

0o00Y, 00,000, 0000° 000007990 (A.4)

where 0795 is an exogenously given parameter.

The construction mark-up (EIDD]D) depends on the tightness of the market which we capture by calculating as the ratio of newly
built flats sold under construction compared to all newly built flats sold in a given region (U DDD]DD):

0 O Opyp O Oggn O 0O (A.5)

where the constant ;5 and the coefficient U5 are exogenously given parameters.

Newly built flats can be sold even under construction using the cost-based price (no matter how many periods are left until
completion). After 0" periods after completion, the construction sector starts adjusting the ask price to converge to the
market price of the given flat according to the following formula:

002, 000Y%, 00002, 000900000000 00%°09 0 (A.6)

where DED is the number of periods passed since completion and [ is the monthly price convergence rate.

A.2.2 FICTIVE FLATS

There are three occasions in the simulation where we use fictive flats to support the decision making process of agents: (i)
One is to determine the optimal level of renovation (see A.4.2 and A.2.3). (ii) The second is to determine an ideal choice in

'5 At this point we filter for outliers regarding the size of flats and we only consider flats with relatively low state value (i.e. below D[D[DEDDD).
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the housing market which can serve as a reference for households and help the construction sector estimating demand for
different types of newly built flats. Since flats for sale in the market can vary period by period (or even within a single period),
this ideal choice represents the flat which is worth waiting for at current market prices for a given household. (iii) Finally, we use
fictive flats also to determine the ideal choice in the rental market to help investors estimate rental demand. Intuitively we can
interpret this — and also the situation of the construction sector in (ii) — as conducting a market survey supporting investment
decisions.

To determine the ideal choice in the housing market, in each period, we generate the set of fictive flats 0“7, which contains O”
flats in all the buckets in every neighbourhood, randomly selecting a size and a state within the intervals of the bucket. This list
includes newly built flats as well. For all these flats, we determine an ask price, which equals the market price in case of non
newly built flats and which equals the cost-based price in case of newly built flats. In each period [ every household [ selects its
ideal flat D[[nu out of the fictive sample based on the consumer surplus (see Appendix A.4.2), considering its preferred regions
(see Appendix A.4.3).

A.2.3 RENOVATION

The &l-iS of flats deteriorates every month at a predefined rate O, which can be compensated by the households through
renovating their apartment. Each period, households are selected with probability D0 to renovate their homes. In this case,
they calculate the optimal level of renovation using the strategy described in Appendix A.4.2. Flats in the rental market are
automatically renovated in every period to offset the deterioration of flats.

The cost of renovation of flat [ to state OI0I0; is denoted by 00050 and calculated the following way:

OO yge O 000000, O 000000 O 0000y, O 000y (A.7)

where U0 Uy is the renovation unit cost in the region of flat [. In region [

000, 00005, 0057950, 005550 1, O Oy (A.8)
000%, 00,000,0000%00000FR5m (A.9)

where 000 is the base renovation unit cost which can be altered by regional mark-ups (D[DDD) and is always adjusted by the
nominal GDP index. 0F'"Y and 05"Y are exogenous parameters. OO0 can be altered as a function of the regional average
wage (O ;7). We also take into account the extent to which the renovation volume in period [ deviates from the long term
average within the region (Ug;;). This captures the sudden imbalances between supply and demand factors.

A.3 INDIVIDUALS

Individuals may be referred to as adults or children. Children live with their adult parents until they form an own household.
Individual [ is characterized by the following attributes:

e [yt Age of individual J'in period [

e [;: Educational level of individual [

. D?: Real starting wage of individual [

e Oyt Work experience of individual Jin period [

e [00;: Sex of individual [

Each individual may live up to 0 periods, but in each period it may die with probability 00 which is dependent on 000,00,
and 0y Each individual starts working at age D]DD and retires at age DHD. Individuals may get wage income or pension income.
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In addition to these, households can get rent income and transfers. The net potential income of an adult individual [ is

; ~ B0,000, 00007770009 000y 0, ] ifind. s active

o (A.10)
) EDDDDr 00,000,000007°7000f 0000y, 0 ifind. Dis retired,

where [J DDD]DDDE] is the wage ratio of a given educational level and work experience. [1 [ is exogenously given and based on
empirical data. Its elements can be interpreted as multipliers. The real starting wage and the multipliers of [1[] define the
wage dynamics of an individual. This is then adjusted with the nominal GDP index. Pension income is a DDDD[ fraction of the
last real wage earned (pension replacement rate), again, adjusted with the nominal GDP index. The net income of an individual
(Ogp) equals DDD[[ if an individual is employed or retired, and 0 in case of unemployment.

We also introduce a lifetime income of individuals (00 Up) which is taken into account in the decision making process of house
purchases. It is updated every month and it consists of two parts: earned (already accumulated) wage income (00 DDD[[) and
expected future income (00 0%,).

000, O 000%, O 00030 (A.12)

where

0005, 0000, 000007990007 000, 40y [ for employed individuals

ooog, 00O (A.12)
' 00050 otherwise
I0min00=CPI0RED
0oof, O (I 0005 000, 000005720008 0 O 0p qq,,, (A.13)
ooooo
an if0007 00
00,00 (A.14)

0007 00000y, M 0007 00

When calculating expected future income, the individual considers 0°"" periods, or the number of periods left until retirement
age (D]D[E), whichever number is lower. In normal times, the individual do not consider the possibility of being unemployed,
as opposed to crisis periods, in which they adjust downward their expected income, governed by UUq;;. According to these
formulas, the lifetime income keeps growing, and hence, households will be willing to pay more for housing. The available
lifetime income reaches its maximum O°C periods before retirement, at which point they can access all their lifetime income

using the credit market.

A.3.1 DEMOGRAPHIC EVENTS
aldim-as

An unmarried woman [ tries to marry an unmarried man with probability DDDD[]DDD:, which indicates that it depends on the age
and the educational level of the woman. Before making couples we group the unmarried men into groups according to region,
age, educational level and starting wage. Then, for each marrying woman we randomly select a group of the same region and
then we assign a husband from this group. The probability of selecting a specific group has been determined by looking at
the characteristics of couples identified in the Central Credit Registry. For the sake of simplicity, the parameters of the newly
formed household will be the same as those of the wife’s previous household.

MK 3dy3
In each period, every married woman gives birth to a child with probability DDEJEDD—DEDJU , where 03, is the number of previous

births of woman [. These probabilities were determined using the identified childbearings in the Pension Payment database.
The child inherits the educational level of the more highly qualified parent as well as the higher starting wage of the two parents.
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581K

In each period, individuals may die with probability DD%[DD]DDDD[D]' If they die and they were the last adult of a household, they
bequeath their properties and deposits to an inheritor. If they had children, the oldest child gets the inheritance, otherwise we
randomly select a household to inherit.

A.4 HOUSEHOLDS

Households may consist of one or two adults (U;; denotes the set of adults in household [lin period [I) and children (U;;; denotes
the set of children in household [ in period [).

An individual [ forms a new household when marrying or when reaching age D]DD.“3 When a child leaves its parents’ household
and forms a new one, it inherits the parameters of the parents’ household (e.g. for the utility function). If the parents own a
home, then the child inherits a fraction 07" (deposit inheritance ratio) of the parent household’s deposits. Additionally, individ-
uals may also inherit a deposit which is worth the market value of the parents’ home. The probability of such an inheritance
increases as the average starting wage of the parents increases. These rules are set in a way to compensate for the missing
capital income in the model and to match the empirical down payment data of first-time buyers.

A.4.1 CONSUMPTION

The level of consumption depends on several factors (described below), but most importantly on the wage and size of the
household; furthermore it might be constrained by the available deposits. Hence, it is important to establish the order of
cash flows for the households to determine their consumption. Firstly, we account for the transactions in the housing market.
Secondly, households receive their wage (or pension) and they pay/get rents. Only after these they can make their decision
on the level of consumption by taking into account their ideal saving rate as well as their monthly installments in the following
way:

In each period [, a household [ calculates a target savings rate (I00;;;) and a minimum consumption (DED). It aims to save a
fraction [00y; of its actual household income (DDDI) upon paying monthly installments (] DDDD]) and the rent ([IDD]D) and consumes
the rest of DDD]D, but before making any savings it tries to achieve the minimum consumption. So the consumption (I:IDD]D) can be
calculated as follows:

05, 00000000 0005, 0080 if0d, 005 000,08 0008, 00f,

0L, o00" .
min00y;0 g0

(A.15)

where 0 contains the sum of the net income of the adults (.5, O U, Uy, 00 0 Upyp) and also family benefits [ 0%, which is
set by the government depending on the number of children under 18 in the household. We define DED] as the deposit at the
time of the consumption decision, because the amount of deposits can change within one period in the model.

0% and OF; are calculated in a straightforward way:

O0%, 0 O 0000 0 Oy (A.16)
i
0 [ID]TD if household [ rents a flat [
O 00 ™ (A.17)
Ol otherwise

6 When children leave the parents’ household they do not necessarily buy or rent an own flat, but they start accumulating deposits. This represents
the period of young adults’ life when they still live with their parents, but they already have started to make savings. The lower their starting wage
is, the longer this period lasts.
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where Uy is the set of active loan contracts of household [ in period [ and [0, is the monthly installment on loan L.

The target saving rate ([00;;) depends on the actual net income of the household without family benefits:

000, O 029 0 0% O logO 2, O 00000 (A.18)

0oo 0oo
it 0

where and are parameters.

To calculate Dg[, we apply the following strategy. Firstly, we define the subsistence level of a household (DDD]D) based on its
size (which is independent of the household’s income). Then we define a second consumption level (0%-)) which is in contrast
based on the income of the household. This is calculated as the 07" fraction of the net potential income of the household
without family benefits (DDD[[D). The household tries to achieve a minimum consumption of whichever of the two consumption
levels is higher, but if it does not have enough deposits to do so, in practice it starts reducing the effective income-based
consumption target DE]D, approaching the subsistence level DE[[ in 090 periods. These rules can be specified according to the

following formulas:

0%, 0 0p O 0 (A.19)
0%, 000905 (A.20)
o maxdIL 000 if 0%, O max002,10%.0
O 0 : 007 n00RAn D0 0 i : (A.21)
Uy O min00500=-000%* O 005, OO0 otherwise.

where DEDD is the number of periods since the household has to spend all its deposits trying to achieve the minimum con-
sumption, D[DDD][ is the per capita minimum subsistence level of the household and O is the number of unit equivalents of the
household. The first adult’s equivalent is 1, and for any other member above age 0777, it is O""Y, below that it is 0779,

A.4.2 UTILITY FUNCTION

Each household in the model has a reservation price function which assigns a utility to flats expressed in monetary terms. We
calibrated several different functional forms'®, and chose the one fitting best to the empirical observations. Our final choice is
shown by the following equation:

O00q0 00002, 0 00000.00000%, 00, 000, (A.23)

where 00y is the reservation price of household [ in period [ for flat O, U IZIDD]DD]D encompasses flat characteristics (size and
state), 00 DDDDD]] captures neighbourhood quality, 10 DDD]D is the available real lifetime income (00O DDD]D 0 O, 00000 U Ogg)

and D]D[[ is the additional utility in case of newly built flats.

7 Since there are many households in Hungary living under the legal subsistence level, we could not take simply the legal subsistence level as DE:D]D.
Hence, besides the official (upper) per capita subsistence level we also introduced an effective lower subsistence level (0°™™F and 0""™), and DD]:D[]

can vary within this range, depending on the net potential per capita income of the household (D]D:DD o4, D]D:DD]DDDD][ 0 000xp0000 O Ogg):

0% O " O ont
goooegi o 257 g ppiooo 0 (A.22)

000 ppooon
Oppg 000
HO%% o e O 0079 0 070 0 otherwise

O
0oo =
0 00,0000,0

where 00" and 0OP90 are threshold parameters regarding EI]D:DD.

8 The detailed description of these calibration results can be found in 3.2.
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As it can be seen in Equation (A.23), flat characteristics and neighbourhood quality are handled separately. The intuition behind
thisis that the utility gain of living in a given neighbourhood captures aspects such as commuting time, air quality, public security,
noise and night pollution, etc. which are the same regardless of the size and state of the flat itself.

The expansions of the parts regarding flat and neighbourhood characteristics are the following:

. ooo ooo
oo%, 00 ooon® ooooot™ oooms? o (A.24)
DDD]

nDoooo O
7T 000 explO O, 00700

(A.25)
where 0000y, 00000y, and O are respectively the size, state and neighbourhood quality of flat 0, while [P0, guoo, gooo - pooo,
U, and Oy are parameters determined by the calibration process.

The interpretation of the sigmoid function form in the case of neighbourhood quality is that each household might have a
preferred quality level from which it would be very costly to deviate downwards in terms of utility, but at the same time moving
upwards would only mean less and less additional gain.

Moreover, the reservation price function also contains an additional utility gain in case of newly built flats. Two factors are
contributing to this component: (i) in Hungary, households can get a transfer from the state in case of purchasing a newly built
flat, and so this transfer 0 DDD[[ directly increases the reservation price. (ii) Secondly, there can be an inherent motivation of
households to live in a newly built environment. We assume that this gain interacts with the size of the flat similarly to the base
case, and is more pronounced in higher quality neighbourhoods:

0% 0 0% 0 0p 0007 0000;° 0 000% O 0050if0 is newly built

005, 00
0] otherwise

(A.26)

1 Ratzaay3 (KS NSESIG1-a2y LINOS 02yaiRSily3 ISy201-02y LI24310i 054

When purchasing a flat, we let I fraction of the households to consider renovation, hence, we also define DDDDJG as the reser-
vation price for a flat with optimal renovation. To determine the optimal level of renovation for flat I, we apply the following
strategy. Firstly, we generate a set of fictive flats (DD:) which are identical to the flat in consideration except for their state
attribute?°. As a next step, we calculate for each of these fictive flats (0 O DDD) the consumer surplus (O DD[]DD) considering the
effective cost of renovation (O D]Dm; ):

00ggop O O0ggop 000, O 00%: (A.27)

where [J IZI:D[D is the ask price of the original flat. The effective renovation cost has two components: (i) market renovation cost
(O0gg0, see Appendix A.2.3) which is to be paid and (ii) a nonmaterial burden (including psychological costs and time demand)
captured as a fraction [ of the market renovation cost.

Households choose the renovation level ensuring a state with the highest surplus (and the underlying fictive flat 07). Finally, the

adjusted reservation price for flat 0 is the difference between 0”’s reservation price (O Uggoy) and the corresponding renovation
cost:

D[
0080y O O0g50 O 0080 (A.28)

' There can be arguments also for separating size and state, but the results of the calibration suggest some interaction between the two.

2% The state of these fictive flats is 00000y plus an integer multiple of 0007 (renovation interval), but state cannot exceed DDD[DJDD][DD.
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A.4.3 COMMITMENT TO REGIONS

Every household has a preferred region to live in, and they only consider the flats of that region in their housing decisions.
However, to take into account the most typical tendencies of Hungarian within-country migration we introduce an exception:
first-time buyers have the option to move outside of the region of their origin. Depending on region dependent probabilities
0°F, some first-time buyers can evaluate the flats of a second preferred region as well: for households from Budapest the second
preferred region is the agglomeration of the capital (Pest county), for all the other households it is Budapest. This affects all

the housing decisions of households (choice of ideal flat, the decision on moving, placing bids and rental decisions).

A.4.4 DECISION ON MOVING

Household [ in period [ may be selected to consider moving with probability DDDD]D based on the age of the oldest adult of the
household (0%,.):

Hoog't if 05, 0 07
0%, O 40050 if 02, 00 0P and 09, 0 OF (A.29)
%DDDD 0O000%%5  otherwise

where DDDD is the probability of moving under age OF, and [0 0 [ is the moving probablity decay parameter. This formula (with
the current parameter set) implies that most households would consider moving when reaching age DDD with probability 00F,
but there is a basic probability of moving as well, which is a decreasing function of age.

If household [ is selected to consider moving, it first compares the consumer surplus of its ideal fictive flat (D:DD]) and its own
home (Ogy), calculating the surplus deviation rate DDDD%D:

0000Z, O 000y 0 00y, 0000y, 0 (A.30)

If DDDDED] exceeds a threshold 000", then the household compares the market prices, the sizes, the neighbourhood qualities
of the ideal fictive flat and its own home, calculating the price deviation rate 0007, the size deviation rate 0005, and the
neighbourhood quality deviation rate 00%; in absolute terms:

0005, O 010 DED% 0004, 10005 (A.31)
i .

0005, O 00000gs 01 0000, 000000, (A.32)
0

000f, O 00p,,  00p, 00q, (A.33)

If any of these rates exceed 0007, and the household can finance the ideal fictive flat, then it decides to move and takes its
home to the market.

A.5 TRANSACTIONS IN THE HOUSING MARKET

There are three distinct types of purchases in the housing market: the purchase of the (i) construction sector, (ii) buy-to-let
investors and (iii) home buyers. The sequence of the purchases in the simulation also follows this order.

A.5.1 PURCHASES OF THE CONSTRUCTION SECTOR

The construction sector determines the additional quantity of flats to build in each bucket [ (I][':D']DD ). This decision is based on

the fictive choices of households in the housing market, i.e demand for newly built houses, and the stock of newly built flats of

the construction sector (05", including flats under construction). OF-C is set according to the following formula:
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0FP° 0Do0%, 0moooooooo® oogr (A.34)

where ﬁ['jm is the average demand for newly built flats in bucket [ in the past 17 P5 periods, 0 0 00 is the target buffer rate
of newly built flats, and 0" is the duration of construction expressed in periods. [ DDE]]D is the number of households planning
to buy a flat — let them be first-time buyers or movers — whose ideal fictive flat is a newly built flat in bucket [. For example, let
us assume that the average demand in bucket [ for newly built flats was 100, and there are 1400 flats under construction and
200 flats ready. If the buffer rate is 10 per cent, and construction takes 18 periods, then the construction sector aims to have
0000000 DI0 O 0000 flats in its stock, and so it plans to start the construction of 0000 O 0000 O 000 O 00O flats. If demand
stays constant, it will be able to satisfy the accumulated demand (due to the buffer even a slightly higher demand), and in the

long run it will start constructing 100 flats in each period. To avoid huge spikes, O -" may not exceed a fraction 155, of D OH..

In order to start building a new house, the construction sector must have free land area in the proper neighbourhood, which
is a fraction 0V of the area of the flat to build. Whenever the construction sector purchases a used flat, the flat area is added
to its free land area in the neighbourhood,?' and whenever the construction of a new flat 0 begins in the neighbourhood,
this land area decreases by I"" [0 0000;. In each period [ for each bucket [, the construction sector determines 02", and
determines the sizes of the flats to build randomly within the size interval of the given bucket. Summing the sizes of these flats
for each neighbourhood [ (D%), the construction sector needs to have a free land area of I°F [0 D%. If its land area is less,
then it starts purchasing flats in the neighbourhood until the land area exceeds the needed volume. The construction sector
buys flats sequentially, and every time it purchases the flat of the cheapest unit price (independently of its size) in the given
neighbourhood. In this case the transaction price equals the list price.

A.5.2 PURCHASES FOR INVESTMENT PURPOSES

Purchases for investment purposes can be made either by the professional investor or buy-to-let investor households. Since
the professional investor is a representative agent, it makes large-scale investment decisions in several segments of the market
at the same time. Its decision making mechanism partly differs from that of the disaggregated household investors, since while
single buy-to-let investors make binary decisions, the representative professional investor needs to make a decision on the
aggregate investment volume as well.

The basic logic in the case of the professional investor is the following: Firstly, it decides how much to invest in each neighbour-
hood 0 (O DD]ED), and it purchases flats sequentially until it reaches the desired investment volume. When choosing the next
flat to buy, the professional investor randomly selects a bucket [ with probability DD?D, and purchases the flat with the cheapest
unit cost in the bucket. In contrast, single households may invest by purchasing only one flat at a time. For each household,
we assign a neighbourhood [ with d5{S0a2y LIi261-61\i8 005, in which it tries to invest with lyBSaiY Syl Lii261-0ifii@ 007 . If the
household tries to invest in neighbourhood [, it selects a bucket the same way as the professional investor (with probability
DDHI). If it can manage to finance the purchase of the flat with the cheapest unit cost in the bucket, it will buy it, otherwise it
will not invest in the given period.

Both 000 and 005 depend on the expected return spread:

000, 0 00,5 000¢F (A.35)

where 007 is the base interest rate and (1[0, is the expected return on investment which is calculated as the average return
in renting out flats in neighbourhood 0 in the past 12 months:

0oo
00,0 O 00095000 (A.36)
0Oooog

2 Demolishing the purchased flat to increase the free land area does not have a cost in the model.
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where [0 D?[D is the monthly return which can be realized by renting out flats in neighbourhood [ in period [. It can be
calculated as:

000%, O 3 00,0 C3 002,00 0 Oyl (A.37)
] 0

Olif O is vacant
00,y OO (A.38)

O, if O is rented

where 00, is the market price, O is the set of flats in the rental market (rented or vacant) in neighbourhood [, 00 is
the rent income on flat [, and DEE is the market rental price of flat [ (see A.7).

After calculating OO0 using (A.35)-(A.38), the planned (expected) investment value by the professional investor in neigh-
bourhood U is:

0004, 000999 00909000,,0 0 3 008,400 O Oyggp! (A.39)
0

where 05" and 05'"F are exogenous parameters and [ is the set of flats of the rental market (rented or vacant) in neigh-

bourhood 0 in the previous period.

Consequently, as the expected return spread increases, the professional investor plans to invest a higher fraction of the market

value of the flats at the rental market. However, we also apply an upper constraint, 0 [ DD%D may not exceed [ DD:E]DDDD, which
is a fraction 0555 of the total market value of the flats in the neighbourhood:
alifm[aln
000z U 05580 O O3 00R0n00 O Opgan (A.40)
0

Now we can also define the ly#SaiY Syl Li2ol-0lfli@ of households in neighbourhood 0, which is an increasing function of
D DDD]D:

Mif 000y, OO

00, 0O :
max000i4, 0° 00030 otherwise

0 (A.41)

where DD]DDD is the cap of household investment probability and 0” and 0, are exogenously given parameters.

The 5tS0a2y LIi261-0ifii8 of neighbourhood [ is proportionate to 05, which is the difference between the number of flats
needed to satisfy the estimated (fictive) rental demand (0 [J DDDDDD], see A.7) with a target vacancy rate of 0 0 [J and the actual
number of flats on the rental market in the neighbourhood (000 ;,,0):

057 0 0005000 00000 0 0004050 (A.42)

Finally, we need to elaborate on 002 for neighbourhood . We designed the investment mechanism such that the series of
single investment decisions tend to result in a more or less SASy@I-01-y0& ll-iS (00 O) across buckets in a given neighbourhood
(Op). Let 05 denote the number of flats missing in the rental market in bucket U to achieve the vacancy rate 00 0. We
calculate DD'?[ for every bucket in the neighbourhood and U0 U5 endogenously, by solving the following equation:

000 0 000ymmg O £300 003,000 0 00 Oyl 0 03,0 0 008, 00 O] (A.43)
0

where U U050 is the investment volume of household investors in period [ U in neighbourhood Uand [ IZIEDDL is the market
price of a &l-Y'LItS b1-i ly'66:0130 1 &K iKS Y'SI-y TS I-yR &il-iS 27 iKS 6320150 The left hand side captures the expected investment
volume of the professional investor and households together, using adaptive expectations for household investment. The right
hand side captures the financing need of purchasing the missing flats to achieve a vacancy rate 00 Oy.

Since investment decisions are directly governed by the expected return spread, the supply side can be temporarily detached
from the demand side, managing to generate disequilibrium outcomes in some segments of the rental market. This mecha-
nism is further amplified by the potential overshooting on the supply side coming from the asynchronous decision making of
autonomous agents. Additionally, the endogenous change in rental markups (see A.7) ensures the long term convergence to
an equilibrium state.
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A.5.3 PURCHASES OF OWNER OCCUPIERS

While the construction sector and buy-to-let investors purchase flats at the ask price, owner occupiers engage in a bidding
process. Every bid must be at least as high as the ask price, hence, owner occupiers on average will pay higher prices than the
construction and the investment sector. This enables the model to reflect the weaker bargaining power of owner occupiers.

Owner occupiers may purchase flats in multiple (") rounds. In each round households who are still willing to buy a home place
bids on flats. Then we go through the flats sequentially (in a random order), and the household with the highest bid purchases
the flat. If there is only one bidder, the transaction price equals the ask price, otherwise it equals the second highest bid, which
corresponds to the logic of a Vickrey auction. If a household purchases a flat, all of its other bids will be withdrawn, and the
household does not enter the next bidding round.

As discussed in Appendix A.2.2, each household has an ideal flat 0] in mind. It serves as a reference when actually deciding
which flats to bid on. In each round of bidding, households willing to buy a flat go through the list of U, available flats they might
be interested in (see Appendix A.4.3), and they evaluate at most O flats. For each evaluated flat, they calculate an adjusted
reservation price 00 O, as a function of DR which is the number of periods since they try but do not manage to buy a flat:
005! if055 00

000 0O
005 00005000 O 00q5,:0 O min00™000F %000 00 OPPP00 - otherwise

i (A.44)

where 0", 0,15 and OO0 O™ are exogenously given parameters. That is, we use the reservation price (considering also
optimal renovation, see Appendix A.4.2), which can be increased as the household spends more and more periods on the
market unsuccessfully. The maximum adjustment is an 00050 fraction of the difference in the consumer surpluses of the
ideal fictive flat and the flat in consideration.

The adjusted reservation price (00 O, implies an -RezaliSR 02yadY Si &ilfizd 00 0 O 00,00 O 0000 O 008, If
00Oy O O0OF,, then the household places a bid on flat 0 with a probability of 07:

0% O max000 00850057 O 00 0 00 Oy 00 Opgegs 00 (A.45)

where 0”05 is an exogenously given parameter. Hence, the closer the adjusted consumer surplus is to the consumer surplus
in the case of the ideal fictive flat, the higher the probability for a household to bid on a flat. This probability increases as the
household spends more and more periods on the market unsuccessfully. Placing more bids increases the possibility to be the
highest bidder for one of the bidded flats. However, a household can place at most 0" bids. If the number of bids would exceed
09, only the flats with the highest consumer surpluses will be considered.

The bid is the weighted average of the adjusted reservation price of the household and the ask price of the flat. Moreover, the
bid can be limited by the available credit on the flat:

m0Z, O min00°°000 0, 0000 090010 02,10, 0 0000002200 (A.46)
where 0P is the weight of the adjusted reservation price, [ is the amount of deposit and DOOO00H is the maximum

available credit for flat 0 for household [. (See Appendix A.6).

By assigning a relatively low value to parameter 770

, in most cases all the bids will exceed the ask price only by a slight margin,
however, the bidding mechanism is still capable of effectively allocating the flats to the bidders who value them the most. The
increase of [0 Oy (after spending more and more periods on the market) will increase both the probability of placing a bid
and the bid itself. Both mechanisms enhance the chance of purchasing a flat, though at the same time the household might

have to settle for a lower consumer surplus.

A.6 CREDIT MARKET

In the model there are three types of loans: regular housing loan, bridge loan and renovation loan. Housing loans and bridge
loans are mortgage loans, and each flat can serve as a collateral for at most one loan contract at a time. Regular housing
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loans and bridge loans are issued at the time of purchase while renovation loans are issued at renovation. Housing loans and
renovation loans are used for different purposes, from the bank’s perspective they are treated in the same way: both are annuity
loans and need to comply with the DSTI and LTV regulation.

Bridge loans can be issued for marketable flats which is defined by two criteria in the model: (i) the market price should exceed
a threshold 0O0PY (eliminating cheap rural houses) and (ii) the unit price of the flat should exceed the renovation unit cost in
the region of the flat. The bridge loan can be at most a ratio 27, of the market price of the flat. Each month, the principal of
the bridge loan is increased by the interest, based on the base rate (J0°000). The bridge loan principal is to be repaid at the
sale of the collateral.

Regarding regular housing loans and renovation loans, the monthly installment for loan [ (0 0;;) is calculated as an annuity,
which is affected by the interest rate (I[];) and the maturity (DDD) of the loan:

00, 0 0000, 000,000 000 000,009 (A.47)

The maturity of a newly issued loan is automatically 077 or 0PF periods for housing and renovation loans, respectively. The
interest rate of a newly issued loan is the sum of the base rate and a spread. The spread is set according to a regression on
InOY and OO0 and three age categories. The coefficients were estimated according to empirical data (Appendix B.4). Finally
the spread is adjusted according to interest rate fixation.

When issuing a new loan (or extending an existing one because of renovation) households need to meet the two regulatory
requirements (LTV and DSTI) and the bank’s own prescription regarding a minimum consumption level. Regarding the LTV
regulation, the principal for flat 0 for household [ at the time of issuance (JOO0O,) may not exceed a fraction 000 P of the
ask price of the flat.22 The compliance with the DSTI regulation is calculated by taking into account all monthly installments:

U DDD]DJ 0 01 O 000 000 0oy, 05,00 O Ogy (A.48)
0

where [] Dujjnj is the monthly installment provided that household [ gets the loan for flat U and U0 0, depends on the length

of interest rate fixation and on DDD]D. The length of interest rate fixation is generated according to the empirical distribution of
the loan contracts in Hungary.?®

The household pays the monthly installments in the order of issuance. If a household cannot fully pay the monthly installment
of loan [, it pays as much as it can and the loan becomes nonperforming. By D?S we denote the number of periods since loan [
is nonperforming. If DDDI] exceeds a threshold 0777, the bank tries to restructure the loan, by increasing the duration at most to
095 periods, until the debtor would meet the DSTI requirements. If the household becomes able to fully pay the restructured
installment, the loan contract becomes performing again. However, if this intervention does not work and DDD]E exceeds 077,
the bank no longer tries to restructure the loan and the collateral will be liquidated.

If a loan contract reaches the stage of liquidation, the outstanding principal is accounted as a loss. If a loan is nonperforming,
and the actual payment does not cover the interest payment, the outstanding principal will be increased by this missing interest
payment. Until the collateral can be liquidated, the accumulation of interest payment continues, as well as the increase of the
losses.

If the collateral can be liquidated, we adjust the bank losses by the income of the bank coming from this transaction. In this
case the debtor only gets a 0°" fraction of the transaction price of the flat, then it pays all its obligations to the bank connected
to the given loan.

A.7 RENTAL MARKET

Renters pay the ask rental price in the rental market, so the ask rental price and the market rental price can be used inter-
changeably. For flat [ the ask (or market) rental price (I:I[ED]D) is a fraction 079 of the market price of the flat adjusted by markup

22]n the case of renovation loans, we use the market price since the ask price is not available.
23 We extrapolated the observed trend of the share of long term fixation converging to 1.
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0%, used throughout neighbourhood [ of the bucket of flat 0:

09, 00°° 0o0g 0000 09,0 (A.49)
08, 0 0500 0 0 Oy 0°° (A.50)

where [;D and D? are exogenous parameters, and U [ is the vacancy rate of the rental market in neighbourhood U in period
000, so the markup is a monotonically decreasing function of the vacancy rate.

If a household does not have an own home nor a rental contract, but needs to live in a separate flat, to select a flat to rent,
it looks through the vacant flats in the rental market in its preferred region and selects the one with the highest surplus. The
calculation of the rental reservation price (OO y;;) happens using the household’s utility function as in (A.23), but to get the
surplus, instead of the rental ask price we use D%DDDD in order to match the appropriate magnitude. Households come in

random order, and rent out a flat for O” periods.

Similarly to the fictive ideal own flat for households, we also define an ideal rental flat for those who are active in the rental
market. We determine the fictive rental demand for each bucket 0 (0 [107,,) based on this calculation, which is a contributing
factor to investment decisions (see Appendix A.5.2).

The probability of taking a vacant flat to the housing market in period [ in neighbourhood [ is DDDD]]D (rent sale probability). The
calculation of this consists of two components:

0020 O 0020 O 0090 (A.51)

where O0FP is a component which linearly depends on the expected return spread (with constant 05 and coefficient 05°).
DDDDID is an adjustment factor based on the vacancy rate in the given neighbourhood:

0oood
009o O —————1 A.52
© T 0000y (A.52)

where TVR is the target vacancy rate (see (A.42)).

A.8 SAMPLE MODEL - EMPIRICAL MODEL DIFFERENCES

The sample model has less features than the empirical model and we had to implement the generation of initial individuals,
households and flats. In the sample model there is only one region (and so first-time buyers do not consider moving to another
region). This region contains only four neighbourhoods which is enough to implement neighbourhood quality heterogeneity,
but within a neighbourhood we have the same buckets regarding size and state. This implies that even a model with 20-30
thousand households can have enough transactions in a month to have a properly functioning model (though we have seen in
3.4 that increasing the number of households leads to more accurate results). We tried to keep input generation (individuals,
households and flats) as simple as possible while minimizing the effect of demographic changes and trying to make the housing
stock more or less match the preferences of the initial population. Regarding individuals, the age distribution is even, every
woman gets married and they marry at the same age and give birth to two children at the same age, and every individual passes
away at the same age. We keep educational heterogeneity, but regarding income, the starting real wage distribution is normal.

In the beginning we match a husband to every woman above marriage age with a proper number of children and then we
calculate the lifetime income of households. We assign utility function parameters according to trimmed normal distributions
regarding the six parameters. Given the lifetime income and the utility function parameters, we can assign a flat to every
household. To do so we generate fictive flats for every bucket in the model which are linearly priced. Out of these flats we
assign the flat with the highest surplus to a given household. The initial deposit of households is a specific fraction of their
lifetime income.

In the sample model we turn the rental market off, so every household is an owner occupier (if it has already managed to
purchase a flat). Since buy-to-let investors rent out flats, this simplification eliminates investment purchases as well. We keep
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the housing stock constant as well, and so the sample model does not contain renovation nor a construction sector and newly
built flats. Finally, we keep GDP and the price level constant, so we disregard economic growth. (However, these features can
be activated in the code.)

Using a lower degree of heterogeneity, we can investigate some basic mechanisms with lower number of agents. This enables
us to run the model in a longer time horizon, and to investigate the cyclical behaviour of the model. And so despite the many
simplifications of the sample model, we add one feature, which is an additional cyclical rule. According to the Expenditure
Cascades Hypothesis Levine et al. (2010), when prices go up (down), households may decide to spend more (less) on housing,
mimicking the formation of habits or because they try to live in flats similar to that of their peer groups.

We implement this feature by generalizing the utility function by including a cyclical adjuster OO (which is set to 1 in the
empirical model):

00y, 0000, 0000005500000%, 00,000,000, (A.53)
00,000,000,0
o0, 00 oo———-2——"0 g .
: 00,000,000,0 (A.54)

where 0% is an exogenous parameter, and [, is the quarterly price index in period [. So the cyclical adjuster captures the
change in the price index to the nominal GDP or the change in the affordability of house prices. We can construct the aggregate
price index 0 [, by calculating and aggregating the quarterly price indices of the neighbourhoods. We can calculate the quarterly
price index for a given neighbourhood by regressing the price of the transactions of the 3 previous months and those of a base
quarter using the following regression function:

log 00000 O D5 005 log0000 O 05" 10g 0000 O D" 00000O0O0 (A.55)

where OO OO0 OO is 1 for transactions of the last 3 previous months, and 0 for the base quarter. The quarterly price index
(d DD][[) for neighbourhood [ is (O D]Dm O expDDDDED). To get the aggregate quarterly price index (O D]D), we use the weighted
average of the price indices of the neighbourhoods with the number of transactions as weights.

A.9 PARAMETERS

Table A.1: Parameter values of the empirical model

Parameter name Notation Value
minimal length of unemployment oo 356
(in periods, for three educational categories) . T
threshold for size deviation ratio for closest neighbour calculation goPoe 0.1
threshold for state deviation ratio for closest neighbour calculation gooos 0.1
weight of size deviation ratio goo 0.5
weight of state deviation ratio gee 0.5
monthly price decrease gHoo 0.015
discount factor for forced liquidation [N 0.8
augmentation term to the discount factor for forced liquidation oo® 0.5
shock threshold for the activation of the augmentation term oooe 0.95
maximum state of flat for land price calculation 00ooogse 2.07
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base construction unit cost ogof 150,000
base construction unit cost markup for Budapest, Pest county pooo 0.5,0.2
average wage coefficient for construction unit cost gooo 0.5
constant of construction markup Uon -0.1
sold ratio coefficient of construction markup Uom 0.5
monthly price convergence of newly built flats O 0.15
number of periods after completion to start price converge guao 4
number of fictive flats in a bucket 0" 5
monthly depreciation rate of the state of flats d 0.004
monthly probability of home renovation oo@ 0.02
base renovation unit cost good 100,000
base renovation unit cost markup for Budapest, Pest county phoo 0.5,0.2
average wage coefficient for renovation unit cost ogee 0.5
renovation volume coefficient for renovation unit cost oFoo 1.0
maximum lifespan in months Ugno 1080
beginning of working age in periods, by educational level oo [260; 240; 216]
retirement age in periods, by educational level g [780; 780; 780]
pension repalcement rate, by educational level ooo [0'805';8;)]'85;
number of periods to look ahead to calculate lifetime income guod 240
deposit inheritance ratio g 0.3
constant of target savings rate gad -4.5113
wage coefficient of target savings rate gma 0.3125
minimum consumption rate = 0.5
number of periods to reach susbsistence consumption gHo 48
age in periods to count as adult in subsistence per capita consumption goano 164
weight of additional adults in subsistence per capita consumption groed 0.75
weight of children in subsistence per capita consumption [Qoaoo 0.5
lower per capita subsistence level [oenn 60,000
threshold for lower per capita subsistence level e 100,000
upper per capita subsistence level goooo 90,450
threshold for upper per capita subsistence level goPooo 160,000
constant in additional utility gain of newly built flats 0000: 0.4
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neighbourhood quality coefficient in 000,

additional utility gain of newly built flats 0.06
ratio of households which can consider renovation when making bids i 0.5
renovation interval oon® 0.1
renovation cap 00000538 2.71
additional nonmaterial renovation cost ratio 0 0.1
probability of considering moving at age of mandatory moving decision DDDD 0.7
age in periods of mandatory moving decision [IDD 540
probability of considering moving for young households DD[E‘ 0.006
threshold age in periods for lower probability of considering moving EIDD 540
moving probability decay parameter oo 0.95
threshold deviation rate for moving 0ogve 0.4
number of periods for the calculation of average newly built demand pooo 12
target buffer rate of newly built flats good 0.2
duration of construction in periods g- 18
cap of new construction to demand 085, 2
land area need ratio oot 0.2
constant in planned professional investment value ogee 0.0
coefficient of expected return spread in qooo 0.14
planned professional investment value C

cap of professional investment value ratio 05585 0.01
cap of household investment probability in neighbourhood [ID]DDD 0.1
coefficient of expected return spread for 00 10
household investment probability in neighbourhood

power of e>.(pected return spre.a.d f.or . 0, 5
household investment probability in neighbourhood

target vacancy rate gono 0.05
number of bidding rounds in the housing market 0" 10
number of flats to evaluate av 400
coefficient in adjustment regarding surplus difference goed 0.05
power in adjustment regarding surplus difference Oomo 1.25
maximum adjustment as a proportion of surplus difference ogoRoe 0.75
adjuster coefficient in probability of placing bid goeoo 1
maximum number of bids placed per household ov 10
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weight of adjusted reservation price in bid

threshold market price for bridge loan

maximum bridge loan to value

duration of housing loans

duration of renovation loans

loan-to-value cap

number of nonperforming periods to restructure loan contract
number of nonperforming periods to liquidate collateral
income ratio of forced sale

rent to price

coefficient of utilization ratio in rental markup

power of utilization ratio in rental markup

length of rental contracts in periods

constant in investment sale probability

coefficient in investment sale probability
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Appendix B Data generation

B.1 GENERATING THE HOUSING STOCK
wSLINSASytl-00SySaa 27 (KS K2daly3 4207

The housing stock of Hungary in the model has been generated with the motivation of approximating reality as closely as
possible. We attempted to achieve this by using several data sources, most importantly a realtor dataset consisting of 172-214
thousand transactions depending on the year between 2016 and 2020. These records were multiplied in a way to match not
only the size of the actual housing stock but also to mimic the empirical distributions of the flat characteristics which are the
most relevant for our model. (Although these distributions are based on micro-census data, the Hungarian Central Statistical
Office publishes only the aggregated statistics and not the granular data.) To accomplish our objective, the observed flats were
scaled up following an elaborated weighting strategy. As a first step, we assessed the differences between the micro-census
statistics and the realtor dataset based on the distributions of the variables observed in both cases, and we selected those
with the highest deviations. Ideally, one could use all the variables in the data to reweight the observations, however, this
would result in countless categories with a very small number of observations in each of them. In the end, we applied iterative
proportional fitting, i.e. raking procedure based on the region, the settlement type, the size and the price of the flats?*.

{148 1-yR y8iaKo20IK22R OKIHI-0iS a0

Besides the above mentioned traits, we also assigned state and neighbourhood characteristics (representing the quality of the
flats and their environment) for all the generated flats. To represent each of these with one continuous variable respectively,
we had to reduce the high-dimensional space of various characteristics of the flats. In the case of the all-iS, we compressed the
year of construction, the type of the building, the type of the heating system and the condition of the flat characteristics into
one categorical variable, and we divided the flats into 21 categories. Regarding the f2()|'92)/ofﬂats, we divided the country into
actual, interpretable neighbourhoods based on postal codes, the administrative category of the settlements, whether they are
in the agglomeration of a larger town, whether they are a touristic destination, the distance from the capital of the county and
the distance from Budapest®>. We created 124 neighbourhoods among which 40 can be found in the capital, and 84 cover the
rest of the country. The main principle in this process was to divide the country as homogeneously as possible from the point of
view of pricing while keeping the number of observations sufficiently high everywhere to be able to calculate neighbourhood-
level price indices.

To obtain continuous values, firstly we estimated a quality measure for both of these categorical variables by running a loga-
rithmic regression on the price of the flats:

100000000, O 0, O 0, O 1000000,0 O 0, O 100000020 0 0, O 10000000,0 O 0, 0 00000,0 00 (B.1)

As a second step, we estimated another variant of this regression using the continuous version of the variables. (We obtained
these continuous values using the coefficients estimated for each of the categories in the first stage.):

00000, O 0, O 0, 00000, 0 00, 0 0, 0 00008 0 00, 0 0, 00000, 000000, 0 00, 00, 000, 01 (B.2)

24 Since the size distribution is very different between the countryside and urban areas, we applied different size categorization depending on the
settlement type.

25We had to make several data cleaning steps in this process. Most importantly, the agglomeration of some towns were mixed up and had to be
disentangled based on postal codes; at some locations we could observe only the name of the settlements, but not their postal codes; the touristic
areas in the Danube Bend and at Lake Velencei were too broadly defined, so we narrowed these to contain only the areas directly connected to the
water.
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To enhance the data quality, we restored the missing location information for 2,000 cases based on the neighbourhood of the
flats. Furthermore, based on the results of the regression, we could impute the missing state observations too. As further
corrections, we modified the prices using the housing market price indices we calculated.

To make the results more stable we conducted the following outlier filtering steps: (i) We omitted the observations with the top
5-5% error expressed both nominally and in relative terms (9% of the observations altogether), and we rerun the estimation on
the remaining sample; (ii) we also omitted the observations where the state values were smaller than 0 or larger than 3.25.

wiLISaSylil-edSySaa 21 iKS (ll-yal-Oa2ya

To ensure that the transactions on the housing market in the model happen in a realistic way, we assessed the time of the deal,
the price, the size, the state and the neighbourhood of the flats in the transactions based on the empirical observations in a
dataset coming from the National Tax Authority between 2016 and 2017. As we cannot observe the &il-iS information for these
observation, we calculated it based on its distribution in the 2017 realtor dataset.

We also ensured the representativeness regarding the age of the parties in the transactions. For this, we could observe the year
of birth information between 2016 and 2018 in around 80% of the observations, i.e. for 411,000 transactions. Additionally, we
observed the age distributions of the inheritance events and the amount of savings.

51a1- 33083 1SR K208 LINOS TyRI0S

Our granular setup made it possible to calculate not only aggregated, but also county and even neighbourhood and settlement
type level housing price indices. We produced monthly and quarterly indices between 2014 and 2018 for three settlement types
in the 19 counties (villages, small towns and regional centers); and 22 indices for the districts of Budapest?®. Furthermore, we
also calculated the price indices at the level of neighbourhoods.

The data used in these estimations comes from the National Tax Authority. The methodology of the calculation is a full time
horizon, hedonic regression with time dummies to ensure the sufficient number of observations even at disaggregated levels.
We applied a two-stage outlier detection: (i) in the first phase we determined absolute lower and upper bounds for the size,
the CPI adjusted transaction price and the adjusted price per squared meter ratio; (ii) while in the second step we applied 4
statistical extreme value filtering techniques based on the predicted values of the regression.

wSLINSASytl-00SySaa 27 NSyISR bl-ia

We determine in the model which households live in rented flats based on empirical observations coming from the above
described realtor dataset. To see the ratio of households living in rented flats at a disaggregated level, we use the distribution
of the following household and flat characteristics: region, settlement type, flat size category, price category and the income
decile of the households. We decide whether a flat will be rented or owned by going over them in multiple rounds until
we approximate the empirical distributions sufficiently. During this procedure we introduce a few restrictions: (i) only young
households live in rented flats; (ii) and households with housing loans do not rent.

We also consider short-term renting activities to take into account the effects of the Airbnb-type business activities. We deter-
mine this external demand expressed in the number of flats in each neighbourhood and in each size and state category based
on Boros et al. (2018), Dudas et al. (2018) and Jancsik et al. (2018).

B.2 GENERATING INDIVIDUALS

Similarly to the housing stock, the objective of the individual generating process is to match the size and the empirical distri-
butions of the Hungarian population. To complete this endeavor, our starting point was to use the database of the Central
Administration of National Pension Insurance (CANPI) containing information about individuals’ age, sex, place of living (at
NUTS 1-3 and LAU 1 level) and starting wage. As the CANPI system stores information only about the part of the population

26 Due to the low number of observations we handled together district 22 and 23.
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which is active on the labor market (or receive social benefits after children), we contrasted its aggregated numbers with the
yearly demographic statistics coming from the Hungarian Central Statistical Office (HCSO). This way we could make corrections
to match the empirical data about the population pyramid of Hungary and we could also match the demographics of each of
the counties in Hungary.

Additionally, we had to make some adjustments to account for the fact that young adults tend to start working earlier in the
more underdeveloped regions of the country, so their regional distribution is imbalanced in the CANPI statistics. To correct for
this, we re-weighted the young population based on the data of more representative age cohorts.

Although we also observe the occupational classification (ISCO-88) of the workers in the CANPI data, the number of employees
working in each category changes across cohorts. To stabilize this, we fix the proportions of the occupational classes based on
the 34 years old cohort (in the case of the 2018 CANPI observations), because we assume that people usually reach their final
occupation at this age.

Finally, we had to determine the age-dependent mortality rates of the individuals, for which we used the 2018 Demographic
Yearbook of the HCSO.

B.3 GENERATING HOUSEHOLDS

Additionally to the marital information of the CANPI, we can also identify couples empirically using the Central Credit Register
(CCR) of Hungary based on the co-debtors in the loan contracts. If the two debtors of a housing loan contract belong to the
opposite sex, they live in the same area and their age difference is at most 10 years we consider them a couple.

However, for that part of the population where we cannot directly observe the relationships, we must match individuals using
different strategies. Firstly, we assign a husband to all the women who are having children. We do this by assessing the attributes
(location of the place of living, salary, occupation, and age difference) of the members of married couples. We create new
couples by adhering to the empirical observations along these characteristics. As a next step, we turn to the individuals who
do not have children and younger than 30 years?. In these cases, we assign these individuals to parent households (located in
the same county), which are selected such that we follow the empirical distribution of the number of children per household.
Thirdly, we also create couples without children following similar principles as before but in an ordered way based on the
individuals’ age. (This way we ensure that the probability of being a single-individual household is higher for older people.) In
this step we also utilized the empirically observed probabilities of women becoming married, which we calculated based on the
differences of the ratio of married women between consecutive cohorts. Finally, we make sure that there is the same number
of households as the number of flats in each county?2.

Besides marital information, the CANPI data also contains records about several social welfare benefits, most notably the baby-
care allowance (CSED), childcare allowance (GYES) and child-care benefit (GYED) based on which one can identify birth giving
events. If the length of these social transfers exceeds the time interval available after the birth of a child, we assume the birth
also of a second child, thus we can also consider the birth order of the children. (However, we disregard the birth of twins or
disabled children for whom the length of the social benefits is extended.)

B.4 CLEANING AND IMPUTATION OF THE LOAN CONTRACT DATA

Although we can observe the loan contracts in the CCR data, there are some important missing information and also several data
errors which we had to handle based on the observed variables. Regarding the cleaning of the data, we made many corrections,
e.g. inthe case of maturity we observed some negative numbers; we corrected unrealistic installment and outstanding principal
numbers using annuity calculation; sometimes there were also inconsistencies between the loan-to-value (LTV) numbers and
the loan characteristics or between the installments and the incomes of the debtors.

However, most importantly we had to calculate the interest rates of the loans as this information is not part of the CCR dataset.
We did this in two distinct ways, firstly by using the amount of the outstanding principal, and secondly by using the original loan

27 |n the model we assume that individuals live with their parents until they have children, or until they become 30 years old.
28 To ensure this, we erase single-individual households where we could not observe the occupational classification.
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amount in an annuity formula. Since we know only the year but not the exact date of signing the loan contract (we assume it
to be in June in every case) the first version yields more accurate results, but the number of observations is significantly higher
in the case of the original loan amount. If we could obtain both results, we took the minimum of the two (but in the end we
only kept the values if they are below 20%).

As an alternative approach, we also performed a regression analysis, for which we used not only the CCR data, but also informa-
tion about the income of the debtors coming from income tax data and additional information about the loan contracts based
on the L11 data reporting at the Central Bank of Hungary. The predicted values of this regression can also be used to impute
the missing observations, but also we need them to be able to determine the interest rate of newly issued loans in the model.

The regression was estimated by using data only on housing loans in 2017. Firstly, we had to identify individuals belonging to
the same household (for which we used the income dataset), and collapse the data to the household level. Furthermore, we
filtered the extreme values in the case of the loan amount, the interest rate, the market value of the flat, the income, the age
and the LTV variables. In the end we only kept observations where the debtors’ age were between 18 and 50; their income
exceeded the minimum wage, but remained below monthly HUF 3 million (EUR 9000); the interest rate of the loan is fixed at
least for 10 years; the interest rate is between 2-8%. For the sake of efficient applicability in the model, we opted for a simple
specification consisting of only three explanatory variables: LTV, the logarithm of the net income of the household, and the age
of the debtors.

B.5 GENERATING UTILITY FUNCTION PARAMETERS

To determine the parameters of the function representing households’ preferences in choosing flats, we utilized the fact that we
can observe many households which are present simultaneously in the CANPI, in the CCR and in the realtor dataset as well. This
way we can see these households’ income, the educational level and age of the debtors, and also the flats belonging to these
households. There are around 9500 households which are observable in all the three above mentioned datasets. However,
after cleaning these observations, we could use around 8500 households. (E.g. we removed the observations where the life-
time income did not exceed the price of the purchased flat by at least 30%. In these cases at least one of the debtors in the
household had zero wage, and the remaining income could not cover consumption expenses sufficiently.)

Based on these pieces of information, we could calibrate each of these households’ reservation price function by finding the
parameter set for each household, with which the assumed function gives the highest consumer surplus for exactly the flat
that they own in reality (or for one which is very similar to it). By assigning unique parameters to every household, they can
compare flats in the model realistically, and make optimal decisions for themselves.

The exact reservation price functions of the households depend on their life-time income (D%:) and the characteristics of the

given flat 0 the following way:
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where the parameters to calibrate are 0, 05, U5, Oy, Ogag, Bop-

This way we can calculate the maximum amount of money a given household is willing to pay for a flat. By subtracting the actual
price of this flat one obtains the consumer surplus, which the households aim to maximize during the calibration process.

To perform this calculation, firstly we determined the expected life-time income of the households. This depends on the starting
wage and the educational level of the members in a given household. We assumed that households do not want to spend on
house purchases out of their pension income (not even in the form of installments). Consequently, we have taken into account
only the incomes which are due until an individual reaches the retirement age (65 years). Furthermore, we also assume that
households can take out loans, and the amount available from this source corresponds to the sum of the household members’
income for the next 20 years (or for the years until the retirement age, if it is less than 20 years). Hence, households can afford
more and more expensive flats as their members get older, and the whole amount of their life-time income becomes available
at the age of 45 due to the option of taking out a loan.
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We imposed some additional restrictions regarding the potentially available flats in the calibration process for a given household
based on three criteria: (i) year of the purchase, (ii) price and (iii) location:

e We only considered flats which were sold in the same time period as the observed purchase of a given household. This
way we could recreate the supply-side market conditions to some extent.

e  The price range of the flats among which households could choose during the calibration depends on their condition. If
the actually purchased flat of the household has low state value, the price deviation cannot be more than 10% downwards
and 30% upwards. In the case of flats with average state value both of these thresholds are 20%, while for flats in excellent
condition the price deviation can be at most 30% downwards and 10% upwards. This way the reservation price function
contains information also about the preferences between a cheaper flat which requires renovation or a more expensive
flat which is in better condition.

e If the empirically observed purchase happened in the capital, by default we consider flats in the same district, otherwise
we consider flats in the same county. To account for the possibility of migration within the country, we extended the
available flat list by adding 500 randomly sampled flats from the capital (within the parameters of the first two constraints
above). This represents the typical moving pattern in Hungary from rural areas to the capital.

During the calibration process households choose the flat with the highest consumer surplus from this list. As we want to find
the parameters which capture the observed behaviour of the households, we need to evaluate how close the characteristics of
the flat chosen during the calibration are to the empirically observed flat of a given household. We calculate the maximum of
the percentage differences between the two flats’ price, size, state value and neighbourhood quality score, and we minimize
the value of this function during the parameter search. We consider the calibration successful if the value of the objective
function is less than 20%. (The zero value implies that the household picked the same flat after the optimization as it did in
reality.)

To perform this task, we used a stochastic optimization tool called &Y tzfI-iSR Iyy/SI-ly3, which is an adaptation of the Metropolis—
Hastings algorithm. It is well suited to find the global maximum of non-linear, non-differentiable, multimodal functions such as
the one in our optimization problem. When choosing the hyperparameters of this process, we usually used the default values
of the QLJeY}\TI-GQ)/package in R. The lower and upper limits of the parameters were set to enable for extreme preferences.

In the end, the calibration was successful for 3 775 households (i.e. the success rate was 44.6%), among which we had perfect
matching in 454 cases.

B.6 MERGING THE DIFFERENT DATA SOURCES

After generating all the agents and other objects, we had to create connections among them. Most importantly, we connected
the households to flats, loan contracts, and utility function parameters. We observed some of these connections in the empirical
datasets, but we had to generate the rest of the links following the procedure described below.

There were many loan contracts in the CCR data for which there was no CANPI id, i.e. we could not identify the household to
the given mortgage contract. To establish these links, we divided the unmatched loan contracts and households into categories
which can correspond to each other. Households have been categorized based on the age and income quartiles they belong to
and the county? they live in. Loans have been divided based on the year of making the contract, the quartile of the amount
of the loan and the county of the debtors. Finally, we randomly matched the elements of the corresponding categories. (E.g.
a mortgage contract with a high loan amount which was made recently with a client from Fejér county has been assigned to a
wealthy household with young adult members in Fejér county.)

After matching the housing loans to households, we had to add the flats and the corresponding reservation price function
parameters to these households as well. First we do this for those cases where we observe the value of the flats. Both the
housing loan contract data and the housing market transaction dataset contains information about the county and the type of

29 Although Budapest is not classified as part of any county, in this context we divided it into three pseudo-county parts: city center, outer urban areas
and suburbs.
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the settlement where the flats are located. Furthermore, for these cases we could create quartile categories in both datasets
regarding the value of the flats. (We observe the transaction value in the transaction dataset, and the market value in the
housing loan dataset.) This would be enough to form categories (by using these three variables) and perform a random assign-
ment between flats and households. However, in order to match also the unique parameters of the households which govern
their reservation price formation we had to calculate households’ life-time income. (Consumption is calculated simply as the
difference between the life-time income and the value of their flat).

Inthe next step we assigned flats and parameters to those households who still had loan contracts, but there was no information
about the value of their flats. In these cases we tried to find the most suitable matching by choosing the best option for the
household among 100 randomly chosen flat and 5 randomly chosen parameter sets. Although this is a crude approach, we had
to match almost 700,000 households this way, which made it infeasible to apply more sophisticated solutions.

Finally we dealt with those households which were not present in the CCR data. Here we only used the county and the income
quartile versus flat price quartile information to form categories for the random assignment process. If there was not enough
flats in a county, we relaxed this constraint and allowed to pick flats anywhere in the region. If even this was too restrictive, we
only kept the income and price quartile requirement, and eventually we even had to make some completely random matching.
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Appendix C Sensitivity analysis

C.1 ROBUSTNESS ANALYSIS

Figure C.1

Results of the Welch's test statistics for 40 realizations of the main output variables of the model between two parameter
sets: original values and 10% perturbed values.

2018Q1 2018 Q2 2018Q3 2018 Q4 2019Q1 2019Q2 2019Q3 201904

New Loans
Purcases with loans
Prices

Budapest

Pest county

N. Hungary

N. Great Plain

S. Great Plain

C. Transdanubia

S. Transdanubia

W. Transdanubia

Transactions

Budapest

Pest county

N. Hungary

N. Great Plain

S. Great Plain

C. Transdanubia

S. Transdanubia
W. Transdanubia
Total

of newly built flats

LTV -50

LTV 50-70

LTV 70+

DSTI -20

DSTI 20-30

DSTI 30+
IncomeDecile -7
IncomeDecile 8-9
IncomeDecile 10

0.0001 0.0006 0.0082 0.0033 0.1695 0.0686 0.8244 0.3395
0.9222 0.3760 0.2514 0.6962 0.4745 0.2971 0.1141 0.2510

0.0004 0.0059 0.0620 0.0122 0.0561 0.0353 0.5181 0.1872
0.0001 0.0099 0.0208 0.0102 0.7126 0.2480 0.0604 0.0016
0.0004 0.0156 0.0089 0.1816 0.5042 0.0875 0.2890 0.0890
0.0163 0.3039 0.5466 0.8998 0.7897 0.3536 0.8945 0.4206
0.0000 0.0059 0.0025 0.1352 0.1787 0.4484 0.6746 0.8353
0.0000 0.0033 0.2829 0.5822 0.8578 0.3797 0.1982 0.0883
0.0017 0.0046 0.0254 0.1045 0.4089 0.0751 0.5358 0.5068
0.0071 0.0163 0.1616 0.3066 0.0456 0.5054 0.5421 0.6770

0.0003 0.7851 0.1186 0.0705 0.5573 0.6332
0.0000 0.0015 0.0018 0.0307 0.2902 0.8072
0.0001 0.0037 0.0397 0.3903 0.0011 0.0003
0.0003 0.0005 0.0227 0.2450 0.0017 0.0011
0.0000 0.0262 0.0159 0.6277 0.0576 0.0122
0.0000 0.0057 0.0011 0.0057 0.5411 0.7538
0.0004 0.0002 0.0009 0.0005 0.4071 0.9955
0.0001 0.0001 0.0018 0.0025 0.1232 0.6652
0.0001 0.0000 0.0003 0.0035 0.1005 0.0782
0.0001 0.1416 0.0137 0.0293 0.0071 0.5006 0.2251 0.3994
0.2206

0.1158

0.8423

0.0163

0.2322

0.0158

0.0151

0.0125

0.2891

MNB WORKING PAPERS 7 » 2022

63



MAGYAR NEMZETI BANK

Figure C.2
Results of the Welch's test statistics for 40 realizations of the main output variables of the model between two parameter
sets: original values and 20% perturbed values.

2018 Q1 2018 Q2 2018Q3 2018Q4 2019Q1 2019Q2 2019 Q3 2019 Q4

New Loans 0.0001 0.0043 0.1707 0.0742 0.9387 0.8088 0.2213 0.0318

Purcases with loans 0.0829 0.4940 0.9115 0.9440 0.9840 0.4510 0.1994 0.4356

Prices
Budapest 0.0042 0.0040 0.1352 0.0847 0.8672 0.6568 0.1423 0.0065
Pest county 0.0028 0.0103 0.0092 0.3716 0.7747 0.6752 0.0318 0.0435
N. Hungary 0.0001 0.0032 0.0121 0.2062 0.4946 0.7479 0.9787 0.6715
N. Great Plain 0.0058 0.6450 0.2856 0.0331 0.7965 0.2252 0.2981 0.1824
S. Great Plain 0.0001 0.0044 0.0160 0.1706 0.1465 0.4696 0.6719 0.7868
C. Transdanubia 0.0029 0.0816 0.2452 0.0909 0.0260 0.0324 0.0059 0.0081
S. Transdanubia 0.0016 0.0214 0.0278 0.9890 0.4136 0.7183 0.2401 0.0967

W. Transdanubia 0.0043 0.1641 0.1290 0.9615 0.8424 0.2715 0.0695 0.0010
Transactions

Budapest 0.0003 0.0373 0.1960 0.9660 0.1686 0.6003
Pest county 0.0002 0.7719 0.6712 0.3303 0.1122 0.1420
N. Hungary 0.0002 0.0514 0.7981 0.1382 0.0000 0.0000
N. Great Plain 0.0010 0.5845 0.8855 0.2986 0.0003 0.0000
S. Great Plain 0.0001 0.3648 0.4288 0.5549 0.0249 0.0220
C. Transdanubia 0.0003 0.3767 0.8166 0.8406 0.0489 0.1873
S. Transdanubia 0.0016 0.1735 0.6671 0.8677 0.1133 0.0025
W. Transdanubia 0.0001 0.4357 0.2623 0.5358 0.0720 0.0569
Total 0.0002 0.8482 0.8744 0.5949 0.0045 0.0056
of newly builtflats | 0.0022 0.3208 0.7633 0.0035 0.0052 0.8394 0.0077 0.0140

LTV -50 0.8579

LTV 50-70 0.2014

LTV 70+ 0.3857

DSTI-20 0.0265

DSTI 20-30 0.7096

DSTI 30+ 0.0049

IncomeDecile -7 0.0118

IncomeDecile 8-9 0.1116

IncomeDecile 10 0.0119
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Figure C.3

Results of the median test statistics for 40 realizations of the main output variables of the model across three parameter

sets: original values, 10% perturbed values and 20% perturbed values.

2018 Q1 2018 Q2 2018 Q3 2018 Q4 2019Q1 2019Q2 2019Q3 2019 Q4

New Loans
Purcases with loans
Prices
Budapest
Pest county
N. Hungary
N. Great Plain
S. Great Plain
C. Transdanubia
S. Transdanubia
W. Transdanubia
Transactions
Budapest
Pest county
N. Hungary
N. Great Plain
S. Great Plain
C. Transdanubia
S. Transdanubia
W. Transdanubia
Total
of newly built flats
LTV -50
LTV 50-70
LTV 70+
DSTI -20
DSTI 20-30
DSTI 30+
IncomeDecile -7
IncomeDecile 8-9
IncomeDecile 10

0.0001
0.2019

0.0004
0.0055
0.0608
0.3012
0.0006
0.0273
0.0005
0.0608

0.0074
0.0000
0.0082
0.0082
0.0000
0.0005
0.0055
0.0005
0.0000
0.0004
0.1225
0.2019
0.4966
0.0074
0.7408
0.0004
0.0022
0.0608
0.2725

0.0082
0.3012

0.1225
0.1496
0.3012
0.4966
0.2725
0.4966
0.0202
0.2019

0.6703
0.0202
0.0264
0.0029
0.0003
0.0033
0.0821
0.0007
0.0002
0.9048

0.0247
0.3012

0.9048
0.4966
0.3012
0.4966
0.2019
0.4966
0.0821
0.0608

0.2725
0.0247
0.0247
0.4966
0.0450
0.1225
0.0821
0.4066
0.1496
0.6703

0.0672
0.6703

0.6703
0.4066
0.9048
0.1225
0.4966
0.4966
0.1496
0.7408

0.7408
0.2019
0.4966
0.9048
0.2725
0.0821
0.0450
0.0608
0.1496
0.0055

0.7408
0.2725

0.9048
0.9048
0.7408
0.6703
0.4966
0.1496
0.1225
0.1225

0.0672
0.0247
0.0000
0.0012
0.3931
0.1225
0.4066
0.1225
0.0033
0.0672

0.1496
0.4966

0.1225
0.6703
0.0450
0.0608
0.7408
0.3012
0.4066
0.2725

0.0608
0.3012
0.0000
0.0000
0.2019
0.1952
0.1225
0.4966
0.0005
0.7408

0.6703 0.3012
0.0608 0.2725

0.2725 0.0273
0.0022 0.0018
0.0136 0.0074
0.0074 0.0022
0.2725 0.7408
0.0672 0.0608
0.4966 0.1225
0.0672 0.0247

0.0821 0.0247
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