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AHoTauis

Y pobomi pozenanymo npobremy exkcnomenyiiiHoco 3pOCMAanHsA O0OYUCTIOBANLHOI CKAAOHOCMI RpU MOOENO8aHHT
HAanoGHeHHs MPAHCHOPMHO20 3Ac00y HA MICLKUX MAPWPYMax i3 GUKOPUCMAHHAM HedimKkux mHodxcun. Ilokazano, wjo
OucKkpemu3ayis YHieepcymie 3MiHHUX NPpU3B00uUms 00 POpmMy8aHHs 0eKapmogo2o 000YMKY MHONCUH HA KOHCHOMY KPOYi
po3paxyHky. [Iposedeno nopisHAHHA YUKAIUHO20 MaA PeKYPCUBHO20 NiOX00i8 00 peanizayii areopummy ma 00IpyHmMo8aHo
HeeekmugHicmy peKypcii npu 8eluKill KiTbKOCmi 8UKIUKIE. 3anponoHO8AHO UKOPUCIIAHHS NAPATIENIbHOI 0eKOMNO3UYii
obuUCIenb 34 He3aNeHCHUMU NIOMHOMCUHAMYU 3HAYeHb. Ompumani pe3ynomamu NiomeeposCyiomsv OOYINbHICIb
3aCcmMoCy8ants NapanenbHux 004uciens 0 3a0ay MpaHCHOPMHO20 MOOETIOEAHHA 3 HeUIMKUMU NAPAMEMPaMU.

Koaiouosi ciioBa: nporpamna iHeHepisi, HEUiTKa JIOTiKa, napajeibHa JeKOMIIO3UIIis, TPAHCIOPTHI TEXHOJIOTIT.

Abstract

The paper examines the problem of exponential growth in computational complexity arising in the modeling of vehicle
occupancy on urban routes using fuzzy sets. It is shown that discretization of variable universes leads to the formation of
Cartesian products of sets at each calculation step. A comparison between iterative and recursive approaches to algorithm
implementation is conducted, and the inefficiency of recursion under a large number of function calls is substantiated.
The use of parallel decomposition of computations across independent subsets of values is proposed. The obtained results
confirm the feasibility and effectiveness of applying parallel computing techniques to transport modeling tasks with fuzzy
parameters.
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In the process of modeling the organization of passenger transportation on urban routes, the calculation
of vehicle occupancy at each stop can be performed using the following recurrent relation:

Hy = Hy_q + P =V,

where Hj, is the number of passengers after the k-th stop, Py, is the number of passengers boarding, and
V is the number of passengers alighting [1].

In the absence of objective input data required for calculations, fuzzy sets may be applied. The use of
fuzzy sets leads to exponential growth in the volume of computations. If each of the variables H, P, and V is
represented by a discretized universe containing four possible values, then the transition to the next stop is
formed as a Cartesian product of the corresponding sets. The number of combinations at each step is therefore:

| Hy 1= Hyq |14 -4 =16 | He—q |.
Given an initial universe size of | Hy |= 4, after n stops:

For 10 stops:
| Hig |I= 4-16° ~ 4.4 x 1012,

Thus, the number of possible values grows exponentially with respect to the number of stops and
proportionally to the dimensionality of the fuzzy universes.
The total number of computational operations over 10 steps is approximately:
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z 16% ~ 1.17 x 1013,
k=1

Even assuming modern processor performance at the level of 10%simple arithmetic operations per
second, the estimated execution time would be [2]:

1.17 x 1013

109 ~ 11,700 seconds =~ 3.25 hours.

This estimation accounts only for arithmetic operations and does not include overhead associated with
memory management, array allocation, and data structure handling, which further increases actual execution
time.

Traditionally, such computations are implemented either using iterative (nested loop) methods or
recursively (through traversal of a combination tree). The recursive approach is methodologically convenient
because it naturally reflects branching during transitions between stops. However, each recursive call involves
stack frame creation, parameter passing, and additional processor-level overhead. When dealing with billions
or trillions of combinations, even an overhead of 20—50 nanoseconds per function call results in additional
minutes or hours of execution time. Therefore, the recursive method is inefficient in problems characterized
by exponential growth in the number of states.

The iterative method (nested or sequential loops) eliminates function call overhead and ensures better
memory locality. However, it remains fully sequential. For the example with 10 stops and 4 values in each
universe, the number of arithmetic operations exceeds 1013, which at a performance of 10%operations per
second results in more than 3 hours of computation. Consequently, even an optimized sequential
implementation requires significant execution time.

Analysis of the formation of the value set shows that computations for different elements of the set
Hj,_;are independent. For each h;, 16 new values of the form h; + p; — v, are generated. This means that the
computation can be decomposed into independent subtasks that can be executed in parallel.

Considering synchronization and scheduling overhead, the realistic acceleration coefficient is
approximately 0.7—0.85 of the number of processor cores. Suppose the system has 8 physical processor cores.
The theoretical maximum speedup under ideal load balancing is 8x, while the practical speedup is
approximately 5-7x.

Thus, the estimated execution time for the considered example can be expressed as [3]:

T Tsequential - 3,25 hours

parallel = 6 = 6 ~ 30-35 minutes.

For systems with 16 cores, acceleration of 10—12x is possible, reducing execution time to 15-20 minutes.

Therefore, in the presence of exponential growth in the number of combinations, optimization should
focus not only on algorithmic improvements but also on utilizing the capabilities of modern multicore
processors. Decomposing tensor computations into independent parallel streams reduces the sequential
iterative workload and provides a multiplicative reduction in processing time, which is particularly important
for transport modeling tasks with fuzzy parameters and large combinatorial datasets.
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