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Approaches to Parametric Configuration
Modeling and End-to-End Digital Identifier
Generation in Industrial Modular Housing
Systems

To meet the national target of commissioning 120 million square metres of housing annually, the Russian con-
struction industry is transforming its technological approaches. Traditional construction methods, characterized by
high labour intensity on-site and unpredictable processes, are giving way to industrial prefabrication. Large-scale
modular housing construction represents one of the most promising technologies in construction, allowing up to
80 % of labour to be transferred to controlled factory conditions. However, the widespread adoption of this tech-
nology is hampered by issues associated with information gaps at different stages of the building lifecycle. This
paper presents a scientific and methodological toolkit aimed at eliminating existing gaps through the use of para-
metric modelling of building configurations and an end-to-end digital object identification system. The study devel-
ops a mathematical model for generating architectural planning solutions based on constraint vectors that include
geospatial, regulatory, production, and business requirements. The structure of a unique digital identifier designed
for use as a key element of end-to-end management is presented. Research has shown that the transition to algo-
rithmic design and digital certification of building system modules improves their organizational and technological
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reliability by reducing the risk of interface conflicts and optimizing production and logistics processes.
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urrently, the investment and construction sec-

tor is facing a depletion of resources previ-

ously utilized in extensive management mod-
els [1, 2]. The current paradigm, which views con-
struction as a sequence of loosely coupled stages, is
ineffective for large-scale residential construction
projects [3]. In light of the Russian Construction De-
velopment Strategy to 2030, which prioritizes indus-
trialization and modular technologies to increase pro-
ductivity, the relevance of this problem has increased
significantly [4].

Large-scale modular construction (LSMC) is
currently going beyond simple prefabricated build-
ing elements. It is a special type of industrialized
construction in which the building is perceived as
a product created using mechanical engineering
principles. Modern factory production conditions al-
low for precision of up to 2 mm, significantly exceed-
ing the capabilities of currently common monolithic
technologies on construction sites. Despite the enor-
mous technological potential, the implementation of
modular construction projects is often hampered by
issues arising from the interaction of rigid, immutable
modules with imperfections in the foundation or ad-

jacent structures. In this research paper, these is-
sues will be referred to as “interface conflicts”.

These conflicts may arise due to the lack of
a unified digital system and synchronization that
could conceivably connect the design concept with
the production pipeline and installation stages. Ex-
isting building information modelling (BIM) typically
relies on the creation of 3D models, which can lose
their accuracy and information completeness when
transferred between different software environments
used by various project participants. To overcome
these obstacles, it is necessary to transform the stat-
ic model into a dynamic parametric function. This
function will be controlled by a comprehensive digi-
tal identifier system that will ensure continuous and
flexible control over the object (Table 1) [5].

MATERIALS AND METHODS

A parametric modelling approach to modular
building configurations

This study proposes a design system that utilizes
mathematical modelling to find the optimal solution in
a space with multiple constraints. a distinctive feature

Table 1. Comparative analysis of the life cycle of building systems

Life cycle stage

Monolithic construction technology

Modular construction technology

Design Discrete creation of drawings and the possibi- | Parametric modelling, fixing the module configuration at
lity of modifications at later stages an early stage

Production Delivery of building materials to the site Manufacturing of high-readiness modules at the factory

Logistics Flow of supplies of various building materials | Synchronized delivery of prefabricated large-sized modules

Installation Long wet processes, weather dependent High speed of module assembly (1 floor in 3-4 days)

Data management | Fragmented management, resulting in

a predominance of paperwork

End-to-end digital identification, digital technical data
sheets of module elements
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of this methodology is its form, which is not limited to functional re-
quirements but also takes into account the capabilities of the manufac-
turing process [6].

Mathematical model of constraint vectors

For the design system to function, a clear definition of four con-
straint vectors is necessary, which form a corridor of feasible solu-
tions [7].

1. Geospatial and physical constraint vector (Cy,,,).

Formalizes the context of the construction site:

Cen\/ = {GS/[ev SSO//’ ngY Ase/sv Rcl/'m}v (1)

where G, is the geometry of the site;
S, is the bearing capacity of the soil, which determines
the maximum mass of the building;
L, is the estimated groundwater level;
Ageis is the seismicity, which dictates the requirements for
the rigidity of the module frame;
R are the climatic parameters that determine the thick-
ness of the enclosing structures [8].
2. Vector of urban planning and regulatory restrictions (Ce,).
This vector allows us to ensure the legality of the project within
the framework of current legislation:

Creg = {Hmaxv KdensY K/'nsv Fclass}v (2)

where H,,,, is the maximum permissible height of the object ac-
cording to land use and development regulations;
K 4ens is the coefficient of the maximum permissible develop-
ment density of the site;
Kins is the regulatory requirements for the duration of insola-
tion of residential premises;
Feass 18 the functional fire hazard class of the building, dictat-
ing the requirements for materials and evacuation routes.
All requirements of the Land Use and Development Regulations
(L&D) regarding the height and density of development are taken
into account.
3. Vector of production and logistics constraints (C,)-

The vector sets the boundaries of technological feasibility:

Cprod = {Dimmax' Wmod' TcycleY Trlim/t}v (3)

where Dim,,, is the maximum overall dimensions of one module
(length, width, height) that the plant can produce;
W, 0q 18 the maximum mass of the module, limited by the ca-
pacity of the crane equipment;

Teyeie is the cycle time of the production line (the time it takes
to produce one finished product);
Thimir 18 the overall restrictions along the delivery route
(the height of bridges, the turning radii of roads).

At this stage, the maximum dimensions of the module are de-
termined, which are determined by the dimensions of the molds at
the plant (for example, up to 15.5 x 7.5 m), as well as the weight,
limited by the capacity of the crane equipment.

4. The vector is related to the economic part and reflects busi-
ness requirements (R,,).

The target performance function is formed for the developer:

Rb/z = {CAPEXtargs[v Sse//v M/Xf/arv RO/min}v (4)

where CAPEX ;¢ is capital expenditure;
See1 is the required useful (sellable) area of the building;
Mixﬂat is the specified apartment layout structure;
ROl in is the minimum acceptable level of return on invest-
ment.

At this stage, the desired apartment layout, budget and profit-
ability of the project are determined [9].

Algorithm for optimized generative design
and scenario-based alternative modelling

Specific optimization algorithms are used to synthesize
a space-planning solution. The objective function is aimed at maxi-
mizing the saleable area while minimizing deviations from the target
apartment matrix and complying with all constraints F(X) [10]:

F(X) = max(w; - Sge(X) = Wy AMIX(X) = wa COX)/CAPEX z15er). (5)

where w — project priority weighting factors.

This system can generate various layout options, depending on
the initial conditions provided automatically:

® “investment” option: the goal is to quickly sell properties.
The selection primarily includes studios and 1-2-bedroom
apartments;

e “balanced” option: the selection includes a balanced and op-
timal combination of 1-2-3-bedroom apartments. This satis-
fies mass market demand;

e “family” option: in this case, the selection includes a large
number of spacious 2—-3-bedroom apartments.

It should be noted that a key step in this system is the configu-
ration locking stage. This is a defined point of no return, after which
the possibility of changing the geometry is blocked. This is neces-
sary for a stable production flow.

End-to-end digital identification system for elements

To ensure an uninterrupted flow of information throughout
the entire lifecycle of an object, a universal digital identifier system
must be implemented. Under these conditions, the module be-
comes a unique element of the digital structure, containing a com-
prehensive data summary.

STRUCTURE AND SEMANTICS
OF A DIGITAL IDENTIFIER

The digital identifier of a module is not just a serial number, but
a semantically rich data structure integrated into the TIM model
(Table 2) [11].

RESULTS

As a result of modelling the target state of the lifecycle manage-
ment system using the developed methodology, the following pre-
dicted performance indicators were obtained:

1. Increased organizational and technological reliability (OTR).
This is achieved by enhancing reliability at all stages of the lifecycle
(design, production, installation, logistics). Design and production
collisions are eliminated through parametric control and the imple-
mentation of digital identifiers.

2. Reduction of the investment cycle. Using an algorithm for
recording the configuration of elements and end-to-end identifica-
tion, the construction period for a 10,000 sqg. m facility is reduced to
17 months [12, 13]. This acceleration occurs primarily at the design
and installation stages of the aboveground portion due to the elimi-
nation of downtime and rework [14, 15].

3. Cost reduction. The synergistic effect of implementing
the methodology ensures a reduction in project costs by approxi-
mately 10.35 % (Table 3).
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Table 2. Proposed structure of five functional blocks

installation zone index

Data block Composition of parametres Function in the management system
Metadata GUID, project code, module type (corner/row), Clear link to the TIM model and the plant's ERP system
production series
Spatial data Global coordinates (X, Y, 2), floor, cardinal direction, | Control of positioning accuracy, elimination of errors in installing the module

in the design position

Technical parametres
resistance limit

Dimensions, weight, centre of gravity, design loads, fire

Automatic selection of a transport trailer and calculation of the slinging scheme

Engineering saturation Equipment specifications, network routing, article

numbers of finishing materials

Control of plant assembly and support of operational processes

Dynamic status Current phase (Project/Plant/Logistics/Installation),

quality check log

Synchronization of flows, predictive monitoring of deadlines, activation of works

Table 3. Forecast of cost reduction

Forecast of reduction

Cost item Optimization factor in expenditure item, %

Materials (supplied mainly to the plant) Production of blocks using parametric cutting, taking into account precise specifications 1.35

Logistics Improving the efficiency of transport loading and deliveries 1.50
Construction and installation works Reduced lead times, no rework 3.00

(carried out at the construction site)

Overheads Reducing the site maintenance period 2.00

Finance (As part of the payment Acceleration of the turnover period of funds 2.50

of interest on the loan)

TOTAL Complex effect ~10.35
CONCLUSIONS 5. SP 501.1325800.2021. Buildings from Large Modules. Design

As a result of the conducted scientific study, the following con-
clusions can be drawn:

1. The considered parametric design system, under constraint
vectors, can enable high-level implementation of technical solu-
tions with the ability to resolve conflicts during the assembly stage
of modular units.

2. Digital identification of modular unit elements enables
the creation of a sufficiently comprehensive information system
from interconnected elements.

3. The considered algorithm allows for predicting the economic
efficiency of the system.

4. The considered system of end-to-end identification and
parametric design meets current requirements for the introduction
of digital technical passports (DTP) starting March 1, 2026.
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Nopxopabl NnapameTpu4ecKoro
MoaenupoBaHus KOHdUrypauum

M reHepauum CKBO3HbIX LUppOoBbIX
maeHTUMKaTOpOB B cUCTEME
MHAYCTpUanbHOro MoaynbHOro
AOMOCTpPOEHMUS

[na BbINOMHEHWSA HALMOHANBLHOW 3a4a4m No eXerogHoMy BBO-
Ay 120 MIH M2 Xunnba cTpouTenbHasa oTpacib Poccun npoxoaut
Yyepes npoLecc TpaHcdopmaLMm CBOMX TEXHONOMMHYECKUX NOA-
XO[0B. TpaguUMOHHbIE METOABI CTPOUTENBCTBA, OTIMYaroLmecs
BbICOKOW TPYAOEMKOCTbIO Ha NioLafke v HenpeackasyemocTbio
NpOLECCOB, YCTYNaT MECTO MHAYCTPUanbHON npedadpukaumn.
KpynHorabaputHoe MOAyfbHOE AOMOCTPOEHUE npeacTasnset
C0o601 0HY M3 CaMblX MEPCNEKTUBHbIX TEXHONOIMI B CTPOUTENb-
CTBe, N03BONAS NepeMecTutb Ao 80 % pabo4nx ycunuim B KOHTp-
onupyemble 3aBOACKWE yCnoBus. TeM He MeHee LLUMPOKOe pac-
NPOCTPaHEeHNe 3TON TEXHONMOIMM CAEepPXMBaeTCs npobnemamu,
CBSA3aHHbIMM C MHOPMALMOHHLIMU pa3pbiBamMy Ha pasHbIX 3Ta-
nax XW3HEeHHOro uukna s3gaHus. B gaHHon ctatbe npepcTas-
NEeH Hay4HO-MEeTOANYECKUA MHCTPYMEHTaPUI, HamnpaBneHHbIN
Ha ycTpaHeHue CyLLEeCTBYOLNX pa3pbiBOB 3a CHET NpuUMeHe-
HVSA NOAXOAO0B NapaMeTpU4ecKoro MoAennpoBaHns KoHurypa-
LMK 30aHMA U CUCTEMbI CKBO3HOW LIMPPOBOM naeHTUmkaymum
06bekToB. B nccneposaHumn pagpaboraHa matemaTnyeckas Mo-
Aenb AN reHepaunmn apxXuTeKTypHO-NIaHMPOBOYHbIX PELLEHNN,
KOTOpasi OCHOBbLIBAETCH Ha BEKTOPAX OrpaHNYeHunn, BKIo4Yalo-
LLIX reonpoCTPaHCTBEHHbIE, HOPMATUBHbIE, MPON3BOACTBEHHbIE
1 6usHec-TpeboBaHus. [pefactasneHa CTPYKTypa YHUKabHOro
LMPOBOro naeHTudurkaropa, npeaHa3Ha4eHHoro Ans Ucnorb-
30BaHNA B Ka4eCTBE KJIIOHEBOro 3/IeMeHTa CKBO3HOro yrnpas-
nexus. ViccneposaHus nokasanu, YTo Nepexoq K anroputMmmye-
CKOMY MPOEKTUPOBAHMIO 1 LIMhpOBOI NacnopTM3aumm Moaynen
CTPOUTESIbHBIX CUCTEM MOBBILLIAET UX OPraHM3aLMOHHO-TEXHOS0-
rMYECKYI0 HaAEeXHOCTb 3@ CHET CHUXKEHUS PUCKOB KOH(PNINKTOB
Ha nHTepdencax n onNTUMMU3aLmm NPOnN3BOACTBEHHO-NOrNCTUYe-
CKUX MPOLIECCOB.

Knro4eBble cnoBa: MOAY/IbHOE CTPOUTENILCTBO, apameTpuye-
CKOe MoaempoBaHue, UNpoBovi UBEHTUGDUKATOP, XUSHEHHbLIV
UMK 34aHus, HhopmaymoHHoe mogenuposaxne (TUM), opra-
HU3aLUNOHHO-TEXHONIOrNYecKas HafexHocTb, npegabpukaLums,
MPOMbILLIEHHbIV 4EBEIONMEHT
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