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Abstract

The problem of comparability between parking zones in terms of occupancy, especially when certain zones consistently
reach full capacity, remains a critical challenge in urban transport research. Once a zone reaches 100% occupancy, the latent
demand — drivers who would have parked but could not due to space constraints — becomes invisible in the data, introducing
systematic bias into comparative analysis. This paper proposes a methodology for restoring the true demand for parking in
zones that reach full capacity, based on modeling the inflow of vehicles throughout the day using the beta distribution. The
methodology reconstructs the flow of incoming cars, divides it into hourly cohorts, and applies "decay curves" to estimate
the proportion of each cohort that remains parked over time. By summing these cohort-based curves, the model provides a
dynamic estimate of the actual number of vehicles that would have occupied the zone under conditions of unlimited capacity.
The approach is tested on 17,000 real parking sessions, demonstrating both high accuracy in demand estimation and
applicability for practical parking management. Beyond parking systems, the methodology can be applied to other domains
where client flows exhibit beta-distribution patterns and where data is censored due to limited capacity — including banking
(branch workload forecasting), logistics (service queue management), and digital services (user activity modeling). The
results show that the proposed model not only improves the validity of demand estimation in congested urban environments
but also offers a transferable analytical tool for managing client flows in constrained-capacity systems.
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AHHOTANUA

[Ipobmema COMOCTAaBIMOCTH TAPKOBOYHBIX 30H C TOYKH 3PEHHS WX 3aIOIHAEMOCTH, OCOOCHHO B YCJIOBHSX, KOTZa
HEKOoTophle 30HbI JocturatoT 100% 3anmonHseMocTH, SIBISETCSA CIOXKHOHM 3amaueil. OCHOBHAS CIIOKHOCTH 3aKJIIOYAETCS B
ToM, urto mpu 100% 3amoHAEMOCTH HEBO3MOKHO TOYHO OMPEHCITUTh, CKOJIBKO €IIé aBTOMOOWIIMICTOB XOTEITH OBI
MIPUMAPKOBAThCSA B JIaHHOW 30HE, HO HE CMOTJIM 3TOTO CJHeNaTh H3-3a OTCYTCTBHUSI CBOOOJHBIX MECT. DTO CO3JaéT
HCKa)XCHUE B JAHHBIX WM 3aTPYIHSICT KOPPEKTHOE CpaBHEHHE MApKOBOYHBIX 30H MEXIy co0oil. B crathe mpemiaraercs
METOJMKAa BOCCTAaHOBJIEHUS TaKOTO «CKPBITOTO» CIpOoca Ha OCHOBE aHalu3a 3aperuCTPUpPOBAHHBIX CECCH U
CTATUCTHYECKON KOPPEKTUPOBKH MOTOKA MPUOBIBAIONITNX MAIIMH C MOMOIIBI0 OeTa-pactpenenenus. [loTok pa3dbuBaeTcs Ha
YacOBbI€ TMOKOJICHUsI (KOTOPTHI), M JUIA KaXJOW KOTOPTHI CTPOSATCS KPHUBBIC «BBITAIIMBAHUA» (TEHACHIUW YIEpKAHUS
KJIMEHTOB): Kakas JOJsI aBTOMOOMIIeH M3 MoKoneHus octaéres depes 1, 2, 3... gac(oB). Cymmupys BKJIaJX BCeX KOTOPT B
KaXIbIiI MOMEHT BpEMEHH, MOJYJaroTCs OIEHKY YHClia MAaIlMH Ha TapKOBKe. MeToa MpOBEpeH Ha pealbHBIX JaHHBIX
mopsiaka 17 000 mapKOBOYHBIX CECCHH: Pe3ylbTaThl IEMOHCTPUPYIOT BBICOKYIO TOYHOCTH OIICHKH IIOJIHOTO CIIpOCa U
XOpOIllee COOTBETCTBUE MEKIY NMPOTHO30M M MU3MEPEHHUSIMH B HEIHUKOBBIC M MHUKOBBIC Yachl. [IpeliokeHHBIH alropuT™
OCOOCHHO TOJIE3eH B YCJOBUSAX OTPAaHHMYCHHOCTH WH(POPMAIUU M MOXKET OBITh NMPUMEHEH HE TOJBKO K MapKOBOYHBIM
30HaM, HO W K JIFOOBIM KIHUCHTCKAM CEpBHCaM, T/ HMEETCS 3aperHCTPHUPOBAHHBIA IOTOK CECCH W HAOIIOIAroTCS
MIPU3HAKH IIEH3YpEl. MeTo 00iamaeT mpeuMyIiecTBaMi HHTEPIPETHPYEMOCTH, HEBBICOKOI BBEIYUCIUTEIHLHON CI0KHOCTH
Y IEPEHOCUMOCTH B pa3HbIE TOPOJa U BUJBI YCIYT.

KuarwueBsble ciioBa: CIpoC  Ha  TApKOBKYy, OeTa-paclpeieneHne, CKpPBITBIH  CIIPOC,  MOZEIHPOBAHHUE
3arpy’K€HHOCTH, IUIAHHPOBAaHME TOPOJACKOrO TPAHCHOPTA, OTPAHUYEHUS MPOMYCKHOU
CIIOCOOHOCTH

KonduukT MHTEpPeCcOB: asrop 3asBiseT 06 OTCYTCTBUM KOH(DIIMKTA HHTEPECOB.

Jos nuTupoBanus: Epémun U. P. AiropuTM OLEHKHM peajbHOTO CIpoca Ha MapKOBOYHBIE MECTa Ha OCHOBE
OTPaHMYCHHBIX [JAaHHBIX: MOAXOIBI, pEATU3alMs ¥ NOpaKTHYecKoe npumeHenue [/

CoBpemenHbie nHpOpMaMOHHbIE TexHoNMoruu u UT-o6pasosanme. 2025. T. 21, Ne 3. C.
429-436. https://doi.org/10.25559/SITITO.021.202503.429-436
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@

Introduction

peanusanys U IMPakKTHICCKOE IIPUMEHCHNE

From the perspective of the attractiveness of paid parking
and the comparability of parking zones, occupancy data is
not always suitable due to the 100% limit. Furthermore, if
the analysis is based on the Service dataset, occupancy rates
may be distorted by drivers not registered in the system. In
any case, the limited number of spaces in a parking zone
makes it impossible to estimate the number of drivers
seeking parking, i.e., to determine the actual demand at the
current rate. For example, if a zone has 50 spaces and all
are occupied, it is impossible to estimate how many more
drivers would have liked to park but were unable to. This
leads to an underestimation of demand in the most popular
zones and makes it impossible to accurately compare zones
with lower occupancy rates. Using indirect data to estimate
demand, such as analyzing the time drivers spend searching
for parking or data on the number of cars passing by the
parking zone, requires the implementation of monitoring
systems [1-3].

It's worth noting that the owner or manager of a paid
parking service only operates on registered session data and
does not have access to vehicle flow data (if it even exists).
Using indirect data to estimate demand, such as analyzing
the time drivers spend searching for parking or the number
of cars passing by a parking zone, requires the
implementation of monitoring systems that record driver
attempts to park, even if they are unsuccessful.

Zones with 100% occupancy may appear equally
"congested”, but the actual parking demand in them can
vary significantly. For example, one zone may be full due
to high traffic, while another may be full due to a lack of
parking spaces. Without considering "unmet demand" (the
number of drivers who were unable to park), it is
impossible to objectively assess the load on a parking zone.
Understanding actual demand is essential for infrastructure
planning and parking zone management. However, at 100%
occupancy, demand data becomes unavailable, making
forecasting and decision-making difficult. In other words,
street attractiveness analysis poorly explains the situation in
which two zones with hourly rates of 50 rubles and 100
rubles in similar areas have identical occupancy rates of
100%.

Traditional occupancy analysis methods (such as counting
occupied spaces) do not account for unmet demand. This
makes them unsuitable for comparing zones with different
occupancy rates.

Literature Review

The problem of reconstructing the full demand for a
parking zone under conditions of 100% occupancy spans
several interrelated research areas: arrival rate modeling,
analysis of parking durations and session survival,
censoring observations, and reconstructing latent demand,
as well as empirical studies of parking load distribution and
pricing effects. The proposed method for reconstructing
real demand fits into several areas of literature.

Arrival Rate Modeling. Studies [4-6] show that the daily
dynamics of the flow of cars entering a parking zone are
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asymmetrical, with a pronounced peak in activity and a
gradual decline in intensity.

The work of Arnott and Rowse (1999) demonstrated that
equilibrium models of parking demand must consider not
only pricing but also search time costs [7]. Gillen (1978)
used a logit model of parking zone selection, which allowed
him to formalize the probability of decision making under
congested street conditions [8]. These studies confirm the
need to approximate time flows, which in modern literature
are often described by distributions close to the beta
function.

To describe such profiles in transportation research,
parametric distributions are used, among which the beta
distribution is a convenient tool: it has flexible form and
allows for adequate approximation of both morning and
evening demand peaks. Using a beta curve provides a
compact mathematical representation of the arrival flow
and allows for its division into "generations" (cohorts) of
customers by hour of day, a key step in the proposed
algorithm.

Cohort and survival analysis. For each hourly group
(cohort) of vehicles, the problem of estimating the parking
duration arises. Survival analysis methods applied in a wide
variety of fields-from medicine to marketing and banking —
are useful here. In transportation research, survival models
describe how the proportion of customers remaining in a
system (e.g., a parking lot) changes over time. A cohort's
"extinction" curve shows what proportion of cars entering
at a given hour continue to occupy spaces an hour, two
hours, and beyond. The combined superposition of these
curves allows us to obtain the dynamics of parking lot
occupancy at each point in time. This cohort approach
improves the interpretability of the model and allows for
the inclusion of additional factors. The literature on survival
models and their application in transportation/service
systems shows that retention models provide
interpretability and the ability to incorporate covariates
(fare type, distance from the center, weather conditions)
into survival parameters [9].

Goh and Lee (2019) demonstrated that a combination of
hybrid algorithms and statistical methods allows for the
description of customer flow dynamics [10]. Ren et al.
(2021) applied real demand models to dockless systems,
demonstrating how cohort analysis helps to adjust observed
data under limited information conditions [11].

Censorship and Latent Demand Recovery. A key issue is
that, when the parking lot is fully occupied, the observed
number of parked cars does not reflect the actual demand:
some drivers leave the area without finding space. In
statistics, this is described as "censored data" [12]. Modern
methods for recovering latent demand, including censored
Gaussian Processes, variational Tobit models, and neural
network regression models, offer a solution to this problem;
however, they often require significant computational
resources and large amounts of data [13-15]. Gragera et al.
(2021) proposed a model for estimating demand for on-
street parking considering censored observations [16]. Van
Ommeren et al. (2021) proposed a method for estimating
parking cruising and elasticity of demand, which is directly
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related to the problem of recovering latent demand [17].
The proposed methodology is based on a simpler and more
easily explained approach: the arrival flow is reconstructed
using a beta distribution, and then, using cohort survival
curves, the actual number of cars that would be in the zone
if its capacity were not limited is estimated. This achieves
the effect of restoring "lost" demand without resorting to
overly complex tools.

Empirical Research. Recent international and Russian
studies have focused on the practical aspects of occupancy
forecasting, fare management, and the implementation of
dynamic  management  algorithms  [18].  Sensor
infrastructure and loT systems are often used to measure
occupancy; however, such data is not always available [19].
Therefore, the proposed method, based on statistical
reconstruction from transaction sessions, may be
particularly useful in conditions of limited observability.
Spatial and Behavioral Factors. When analyzing demand,
not only temporal characteristics but also spatial parameters
play an important role — zone accessibility, the availability
of alternative free parking, and proximity to attractions. In
studies of transport geography and accessibility, such
variables are described as covariates — additional
explanatory factors included in the model to refine forecasts
[20]. Covariates can be quantitative (e.g., zone capacity,
fare, distance to the center) or categorical (zone type,
presence of a transfer hub), and their inclusion allows for
the construction of more accurate occupancy models. In the
proposed approach, covariates are not considered at the
stage of calculating full demand.

In the Russian literature, attention is focused on
institutional and organizational aspects. For example,
Naumenko (2012) demonstrated that parking infrastructure
analysis should consider both actual occupancy and
transport connectivity to the surrounding network, which
allows for an accurate assessment of the effectiveness of
parking space management [21-25].

Thus, the proposed methodology combines three ideas:
parametric approximation of arrival flows using a beta
distribution, cohort survival analysis of parking durations,
and data correction for censored conditions at full
occupancy. Unlike complex machine learning models, this
approach remains interpretable, requires a moderate amount
of data, and yet allows for adequate recovery of latent
demand. This makes it applicable not only to transport
planning but also to other service areas with similar
customer flow structures, particularly in the context of data
limitations and  explainability  requirements  for
municipal/budget applications.

Materials and Methods

Many customer service systems allow you to record the
start date and time of each session (in this case, parking).
The customer flow calculated on this basis allows us to
identify certain dependencies and distortions. Previous
studies have shown that occupancy and the flow of
incoming cars (like all similar processes: customer flow at
bank branches, early repayments of consumer loans, etc.)
have a beta distribution (a skewed bell curve) (see Figure 1)
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[6]. The flow of incoming cars is well described by the beta
curve equation (R2 = 86.4%). Other authors have also
pointed to a similar distribution [4].

=== Beta distribution curve = GStream of incoming cars
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F i g. 1. Distribution of incoming users by time (quarters of an hour)
during the day — Zone 40 (weekdays, 4Q 2024)

Source: Hereinafter in this article all tables and figures were made by the
author.

At the same time, zones with 100% occupancy exhibit an
anomaly (see Fig. 2). While occupancy peaks at 100% (see
Fig. 3), the flow of incoming vehicles drops sharply to
almost zero and remains at a level equal to the outflow of
vehicles, as only those users for whom there is a space enter
(register and pay for sessions).

30,0%
25 0% = GStrearn of incoming cars

= {utflow of cars
20,0%
15.0%

10,0%

" J%
00%

F i g. 2. Distribution of incoming users by time (quarters of an hour)
during the day - zone 330 (working days 4Q 2024)
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F i g. 3. Daytime occupancy — zone 330 (working days, 4Q 2024)

In other words, in the example considered, the demand for
parking is likely significant. To remove the 100% limit and
adjust the occupancy rate, it is necessary to estimate how
many cars would be parked at 1:00 PM. For this purpose,
the following algorithm is proposed:
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1. Obtain a beta curve describing the distribution of the
flow of arriving cars without the limit.

2. Divide arriving users into "generations"
7:00-8:00, generation 8:00-9:00, etc.).

3. For each "generation", determine the "burnout" curve,
showing what proportion of the initial number of cars
remains in the parking lot after 1 hour, 2 hours, 3 hours,
etc.

4. Obtain the dynamics of the number of cars in each
generation over time in units. Divide the obtained
values by the number of parking spaces (the occupancy
formula).

(generation

Results

1. Calculating the Beta Curve Equation

As previously mentioned, the flow of cars entering the
parking lot follows a beta distribution (if there are enough
spaces and nothing obstructs it). A "break™ is observed in
zone 330, but the left and right sides "follow" the shape of
the beta curve. For these reasons, by minimizing the sum of
squared deviations between the observed and predicted
valuesusing an Excel analysis package (solving nonlinear
problems using the OPG method):

n

Z(}’i — 9% > min

i=1
The explanatory function is the beta distribution weight
function with parameters a, 8 and c (the coefficient that
corrects the weight value, since the resulting function
describes the distribution of the potential influx of cars that
is greater than the registered one), and the adjusted time
values are taken as x so that x falls within the interval [0,1]:

= faBc) = M
B(a,B)

= BETA.DIST(xi; a; B; the probability density function (False); 6:45; 23:45) - ¢
As a result, we obtained values for the share of daily
demand for each quarter of an hour (see Figure 4). In total,
17,816 cars used the parking lot in Q4 2024, while the
potential demand (based on the resulting equation) was
185,218.

As a result, we obtained values for the share of daily
demand for each quarter of an hour (see Figure 4). In total,
17,816 cars used the parking lot in Q4 2024, while the
potential demand (based on the resulting equation) was
185,218.

45,0% === Beta distribution curve

40,0% ’1’ \\‘ e Strearn of incoming cars
35,0% P “\ — Outflow of cars
M00% /; Y
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F i g. 4. Distribution of inbound users by time of day - Zone 330
(working days, 4Q 2024)
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2. Forecasting daily parking demand in units
Next, it's necessary to divide arriving users into
"generations™ (7:00-8:00 generation, 8:00-9:00 generation,
etc.) using the resulting equation. To do this, take the sum
of the weights for each hour and multiply it by the total
actual number of cars arriving (see Figure 5).

35000
30000 mArrived (beta curve)
mArrived (fact)
25000
20000
15 000
10 000
5000 I I
o l .
P HEP PSP H H P
& ) S Y S & 9
"9 @ 0 L <§5 S S F .0“'.@ <5 <§5 S
AT Y o N RN CIN PN DN RN B D R ﬂ,\‘ an .-\} r-:‘J

F i g. 5. Distribution of inbound users by hour during the day - Zone 330
(weekdays, 4Q 2024)

3. User generation survival curves

Next, for each "generation™, using actual data for Q4 2024,
we determined "amortization curves” (a term used in
banking to reflect the dynamics of principal debt over the
life of the loan). These curves show the proportion of the
initial number of cars remaining in the parking lot for 1
hour, 2 hours, 3 hours, etc. Based on actual data for Q4
2024, a clear difference is observed between the behavior
of the three generations of morning users and that of
daytime users: morning users park practically all day and
then begin to abruptly leave the parking lot towards the end
of the workday (see Figure 6).

100,0%
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G0,0%
700%
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a0,0%
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200%
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patking tirme from the start of the session

Fig. 6. User cohort survival curves

4. Occupancy forecast

800,0% === Occupancy (estimated)
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F i g. 7. Dynamics of occupancy during the day in zone 330
(estimated and actual)
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T able 1. Calculation of the dynamics of the number of cars by cohorts
Arrived Occupancy rate, cars
E:?J?‘t\ia) Cogorts 7:00 800  9:00  10:00  11:00  12:00  13:00  14:00  15:00  16:00  17:00
11 7:00:00 11 10 10 10 10 10 9 9 9 8 6
1499 8:00:00 1499 1445 1409 1383 1347 1314 1286 1257 1208 1031
7817 9:00:00 7817 7189 6 735 6315 5929 5 654 5 486 5261 4878
17 143 10:00:00 17143 1249 9164 6 889 5832 5223 4742 3781
25 444 11:00:00 25444 17260 10440 7 659 5981 4774 3567
29909 12:00:00 29909 17984 10924 7298 5438 4007
29759 13:00:00 29759 18580 10400 6778 4324
25 844 14:00:00 25844 17125 9825 4982
19834 15:00:00 19834 12143 6322
13 461 16:00:00 13 461 8520
8002 17:00:00 8002
4079 18:00:00
1717 19:00:00
559 20:00:00
125 21:00:00
15 22:00:00
1 23:00:00
0 0:00:00
Total 11 1509 9272 25750 46068 64005 72324 75787 72613 63637 49419
Occupancy (estimated) | 01%  150% 92,3% 2563%  4585%  637,0% 7198% 7543%  7227%  6333% 4?,/%)'8

Discussion and Conclusion

This article proposes a method for reconstructing the full
demand for parking zones with occupancy rates reaching
100%. The main difficulty with this analysis is that under
full occupancy conditions, it is impossible to directly
observe the amount of unmet demand, which leads to data
distortion and complicated comparisons between zones.
The developed approach is based on approximating the
flow of incoming cars using a beta distribution, which
allows for the adequate accounting of the nonlinear
dynamics of customer flow throughout the day.

Further division of the flow into cohort groups and the
construction of their "extinction" curves allowed us to
estimate the actual number of cars remaining in the zone at
any given time. This, in turn, enables the accurate
reconstruction of actual occupancy and comparison of
zones, including those experiencing congestion.
Calculations performed on a real-world data set (over
17,000 parking sessions) confirmed that the proposed
method not only reveals the amount of latent demand but
also generates a more accurate estimate of customer flow.
This improves the quality of paid parking revenue forecasts
and forms the basis for decision-making on rate
adjustments and the planning of new parking zones.

The proposed methodology is universal and can be applied
not only to transport planning but also to other areas where

system capacity is limited and customer flows with a beta
distribution exist. Such areas include banking, logistics, and
digital services.

However, the methodology has a limitation: reconstructing
the flow using a beta distribution does not consider user
behavioral characteristics, in particular the tendency to
arrive early to secure a parking space. This leads to a
possible overestimation of the flow rate at the beginning of
the day. Future studies may consider this circumstance by
introducing additional behavioral adjustments or using
combined distributions, allowing for a more flexible
description of the customer flow pattern.

Thus, the obtained results are of interest both to researchers
in the field of transport analytics and to practitioners
working with customer flow management systems, and the
identified limitations form the basis for further development
of the model.
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