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Figure 1. Conceptual interpretation of geometrical induction in construction.
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Abstract

This paper develops a rigorous interpretation of geometrical induction for building construction. The term
is used here to mean the controlled extension of a verified geometric building unit, bay, floor, fagade cell,
or structural module from stage k to stage k+1 under a repeatable set of dimensional, structural, interface,
and constructability rules. This interpretation combines the logic of mathematical induction with modular
coordination, parametric geometry, Building Information Modeling (BIM), Design for Manufacture and
Assembly (DfMA), and off-site construction. The proposed framework begins with a base construction
unit P(1), defines a geometric transformation T that creates P(k+1) from P(k), and requires invariant
constraints—such as grid alignment, load-path continuity, connection compatibility, dimensional
tolerances, egress continuity, and service-zone coordination—to remain satisfied at every extension.
Worked applications are presented for repetitive floors, an L-shaped block model, fagades, trusses, and
volumetric modules. The paper concludes that geometrical induction is most useful not as a substitute for
engineering analysis, but as a design-control principle that converts repeated building geometry into
verifiable rules.
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1. Introduction

Verified base unit - repeated rule - scalable building state

Stage 1 Stage 2 Stage 3 Stage 4

Figure 2. Geometric repetition from a verified base unit to successive construction stages.

Building construction is inherently geometric. Columns are placed on grids, floors repeat at controlled
elevations, facade panels tessellate surfaces, trusses extend by bays, and volumetric modules are
assembled into larger spatial systems. Conventional practice often treats these repetitions as drafting or
production conveniences. A more powerful interpretation is possible: repetition can be formulated as an
inductive construction rule in which a verified geometric state is extended one stage at a time while
preserving required invariants.

In pure mathematics, induction proves a proposition P(n) for all positive integers by establishing a base
case and proving that P(k) implies P(k+1). In building construction, the analogous idea is not a
mathematical proof of structural safety. Rather, it is a disciplined rule for generating and checking repeated
geometry. If one floor, bay, panel, or module is fully defined and verified, and if the operation that adds
the next unit preserves all necessary constraints, then a multi-unit building can be generated systematically
with fewer arbitrary geometric decisions.

This concept aligns naturally with modular coordination. 1ISO 2848 establishes principles for coordinating
dimensions and positions of building components, equipment, and assemblies. Contemporary DfMA
research similarly emphasizes standardized dimensions, repeatable configurations, manufacturability,
assemblability, and rule-based design (ISO, 1984; Laovisutthichai & Lu, 2025).

The purpose of this paper is to formulate geometrical induction as a practical bridge between mathematical
reasoning and modern construction technology. The study asks: How can induction be translated into a
geometric rule system for buildings? Which construction problems benefit most? How can BIM,
parametric modeling, prefabrication, and DfMA operationalize the method?

2. Literature and Technical Background

2.1 Mathematical Induction as a Design Analogy

Mathematical induction has two essential components: verification of an initial case and verification of a
transition rule. For construction, the initial case can be a single structural bay, room module, fagade panel,
stair segment, or floor plate. The transition rule is a geometric transformation—translation, rotation,
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reflection, scaling within limits, or a constrained combination—that adds a new unit. The construction
difference is that the transition must preserve physical, dimensional, regulatory, and interface conditions,
not merely a symbolic proposition.

Base case: P(1) is valid.
Inductive step: P(k) valid A C(k,k+1) satisfied = P(k+1) valid.

Conditional conclusion: P(n) is constructible for n =1, 2, ..., N, subject to all stated assumptions
and global verification.

Here C(k,k+1) denotes interface constraints between the existing stage and the added stage. The
conclusion is conditional: loads, stability, fire protection, egress, progressive collapse, differential
movement, fabrication tolerances, and code requirements can change with building height or scale and
cannot be assumed invariant without analysis.

2.2 Modular Coordination

Modular coordination provides the dimensional foundation for inductive building geometry. 1ISO 2848
applies modular coordination to building design, component production, and construction. In an inductive
system, a reference module establishes a lattice on which dimensions and interfaces are placed.
Coordinates can be represented as integer or rational multiples of the module, reducing incompatibility
between independently produced components.

G={xy,z) :x=1my,y=jmy,z=~{m z; i,j,0 € Z}.
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Figure 3. Modular coordination represented as a geometric reference lattice.
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2.3 DfMA, Prefabrication, and Parametric BIM

Figure 4. Visual context for prefabrication, modular lifting, and rule-based construction.

DfMA transfers manufacturing logic into building design by considering how components will be
produced, transported, handled, connected, and assembled. Yuan, Sun, and Wang (2018) proposed a
DfMA-oriented parametric design process for prefabricated buildings using BIM. Dong et al. (2023)
demonstrated modular and parametric design methods for precast components. Laovisutthichai and Lu
(2025) identify repeated module shapes, dimensions, spatial relationships, and standardized configurations
as important patterns in modular building design. These findings support an induction-oriented
interpretation: a repeated module is most valuable when its geometry and interfaces are explicitly encoded
rather than copied informally.

Recent modular-home research also emphasizes integrating DfMA principles to improve efficiency and
sustainability. Together, this literature suggests that standardized geometry, digital parametric rules, and
manufacturing-aware interfaces are mutually reinforcing.

3. Definition of Geometrical Induction for Construction

For this paper, geometrical induction is defined as a staged method of generating a building configuration
by repeatedly applying a verified geometric transformation to a base unit while maintaining a specified
set of invariant design and construction constraints.

3.1 Elements of the Framework

Base Unit B |-=| Transform T |—=| Invariants | |- | Boundary Bc |— | Verification V

Accept S(k+1) only when geometric and construction constraints pass

Figure 4. Core elements of the proposed geometrical-induction framework.

e Base unit B: the smallest verified geometric construction unit, such as a bay, panel, room, floor, truss
cell, or volumetric module.
e State Si: the complete geometric and metadata description of the building after k stages.
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e Transformation T: the rule mapping Sk to Sy by translation, rotation, mirroring, arraying, or
constrained parameter substitution.

e Invariants I: properties that must remain true, including grid alignment, interface compatibility,
clearances, service zones, and selected engineering constraints.

e Boundary conditions Bc: non-repeating conditions at foundations, roofs, corners, setbacks, transfer
floors, entrances, and terminations.

e Verification operator V: geometric, engineering, BIM-clash, tolerance, and code checks required
before accepting the next state.

Sie1 = T(Sk, 0x), subjectto I(Si+1)=true, Be(Sk+1)=true, and V(Sy+1)=pass.

3.2 Transformations and Invariants

The most common transformation is translation. If a structural bay has width b, the next bay can be created
by vector t = (b,0,0). A repetitive floor is created by t = (0,0,h), where h is floor-to-floor height. Fagade
patterns may use two-dimensional translations; radial plans may use rotation by a fixed angle a; and
adaptive modular systems may allow a controlled parameter vector 6, within an approved range.

Translation: T(p)=p+t. Rotation: T(p)=R_z(a)p. Parametric module: M(6), 6 min<6<6 max.

Typical invariants include centerline alignment of columns and walls, continuity of vertical load paths,
consistent bearing and connection zones, standardized opening and embed locations, tolerance envelopes,
uninterrupted shafts and risers, fire and acoustic separation, corridor and egress widths, facade anchorage
zones, and transportation limits.

4. Research Methodology

This study uses a conceptual design-science methodology. Mathematical induction is translated into a
construction-state model; the model is compared with modular coordination, BIM, DfMA, and parametric
prefabrication; representative systems are formulated as inductive examples; and a hypothetical mid-rise
modular building demonstrates how local rules can control a larger assembly. The purpose is to establish
a logically consistent framework that can later be validated experimentally or through project case studies.

Geometrical-Induction Research Workflow

1. DEFINE 2. VERIFY 3. TRANSFORM 4. MODEL 5. CHECK 6. IMPLEMENT
Base module +»| Geometry & loads | Apply rule T +| BIM/ parametric |®lashes & tolerance$» Fabricate
P(1) Interfaces P(k) -» P(k+1) assembly Code constraints Assemble

F

Feedback / redesign if a verification check fails

Accept the next construction state only after all required checks pass.

Figure 5. Proposed geometrical-induction workflow integrating design verification, BIM, and assembly.
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5. Applications to Building Construction

5.1 Repetitive Floor Construction

Multi-story residential, hotel, dormitory, hospital, and office buildings frequently contain repeated floor
plates. Let F1 be a coordinated floor containing structural grids, vertical shafts, stairs, fagade interfaces,
MEP risers, and room modules. The inductive transformation copies the floor upward by floor-to-floor
height h while connecting vertical systems.

Fk+1 = Fk + (0,0,h)
The transformation is accepted only when vertical members align or are intentionally transferred, shafts
remain continuous, floor openings match service routes, fagcade anchors remain within approved zones,

and cumulative tolerances are controlled. Transfer floors, podium levels, roof conditions, and mechanical
floors interrupt the simple induction and require a new base case.

Vertical Geometric Induction for Repetitive Floors

Inductive step: add one verified floor module
while preserving alignment, load path, and interfaces

AN

F5

Fa4

F3

F2

F1

Figure 6. Vertical induction of repetitive floors while preserving interfaces.

5.2 L-Shaped Block Model

An L-shaped block provides a useful two-dimensional and three-dimensional example of geometrical
induction. Let the base floor consist of five equal modular cells arranged as an L. The same verified floor
geometry can be translated vertically, while its structural grid, vertical service zones, facade interfaces,
and connection locations are preserved. The L geometry is especially relevant to corner buildings,
courtyard edges, residential wings, and modular academic or hospitality buildings.
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L-shaped base floor: 5 modular cells

Figure 7. L-shaped base floor assembled from five modular cells.

If each L-shaped floor contains five identical modules of volume v, then the repeated n-floor building
contains 5n modules and has module volume V,=5nv. For a rectangular module with dimensions axbxh,
V,=5nabh. The inductive step adds one verified L-shaped floor: Vi«i=Vi+5v=5(k+1)v. This arithmetic
relation is simple, but the construction rule is valid only when global structural behavior, egress, fire
separation, MEP continuity, and accumulated tolerances are rechecked as the building grows.
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Geometrical induction of an L-shaped building block

n=1 n=2 n=3 n=5
5n modules 5n modules 5n modules 5n modules

Figure 8. Vertical geometrical induction of the L-shaped block from one floor to n floors.

5.3 Fagade Panelization and Tessellation

Curtain walls, rainscreens, masonry patterns, and prefabricated facade panels are natural two-dimensional
applications. A verified panel cell can be repeated across a surface using horizontal and vertical
transformations. Benefits include consistent joint geometry, standardized anchors, simplified fabrication
data, and predictable installation sequences. Corners, parapets, entrances, and irregular openings are
treated as boundary modules.

Pi,j =Td Tf(Po,o), 0<i< Ny, 0 S_] <1,.

Rule-Based Fagade Repetition: a Local Pattern Extended Across a Surface

X X
X X X
X
X X X

Figure 9. A facade pattern generated by repeating a verified local cell.
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5.4 Tetromino Models for Flooring and Building Siding

Tetrominoes are geometric figures formed by joining four congruent square cells edge-to-edge. Their
finite family of seven free forms (I, O, T, L, J, S, and Z) provides a compact architectural module library
for rule-based surface design. In the geometrical-induction framework, one verified tetromino placement
IS a base case; subsequent placements are generated by translation, rotation, or reflection while preserving
module dimensions, joint widths, alignment, fabrication limits, and boundary conditions.

Seven Free Tetromino Modules for Architectural Pattern Design
1 o T L | s z

Figure 10. Seven tetromino modules used as a finite vocabulary for flooring and siding pattern
generation.

5.4.1 Tetromino Flooring Design

For flooring, a square cell of side a can represent one tile, paver, carpet tile, raised-floor panel, or other
finish module. Every tetromino contains four cells, so the area of one tetromino is A_T =4az2. If k tetromino
units cover a region without gaps or overlaps, A_k = 4ka2. The inductive step adds one verified unit:
A (k+1) = A k + 4a% = 4(k+1)a2. Rotations and reflections permit varied visual compositions while the
underlying grid remains dimensionally coordinated. Edge cuts, door thresholds, drains, movement joints,
and irregular room boundaries are treated as boundary modules rather than assumed repetitions.

Tetromino-Inspired Flooring: Modular 4-Cell Units on a Repeating Grid

Each colored field represents a four-cell modular placement; rotation and reflection can vary the visual rhythm.

Figure 11. Conceptual tetromino flooring field generated from repeated four-cell modules.
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5.4.2 Tetromino Siding and Fagade Design

The same module logic can be transferred from a horizontal floor plane to a vertical building envelope. A
tetromino may define a four-panel siding cassette, a rainscreen subassembly, or a visual grouping of
smaller cladding panels. The transformation T_x extends the pattern horizontally and T_y extends it
vertically. Valid induction requires continuous support zones, compatible fastener locations, drainage and
ventilation paths, allowable joint spacing, and coordinated interfaces at windows, corners, parapets, and
entrances. Tetromino arrangements can therefore create visual variety without abandoning standardized
fabrication and installation rules.

Tetromino-Inspired Building Siding / Rainscreen Panel Composition

Pattern fields can terminate at windows, corners, parapets, and entrances as controlled boundary modules.

Figure 12. Tetromino-inspired siding composition with openings treated as boundary conditions.

5.4.3 Integrated Flooring—Envelope Model

A useful building-scale interpretation assigns the same reference cell dimension a to both interior finish
grids and exterior panel grids. The tetromino family then becomes a shared geometric vocabulary across
horizontal and vertical surfaces. This does not require identical materials or details; rather, it establishes a
common parametric ordering system. BIM can store tetromino type, orientation, cell size, material, panel
ID, joint type, and installation sequence, allowing quantities and pattern changes to propagate from a
controlled rule set.
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SIDING: tetromino panel families

FLOORING: repeated four-cell units aligned to a construction grid
Figure 13. Integrated conceptual application of tetromino geometry to building flooring and siding.

5.5 Structural Bays and Triangulated Systems

A structural frame can be generated bay by bay when bay geometry and connection logic repeat.
Triangulated roof systems illustrate the principle clearly: a stable cell is extended along a span, and each
added cell shares nodes and members with the previous stage. Structural demand, however, does not
necessarily remain constant. Member forces, buckling, diaphragm effects, vibration, lateral stability, and
reactions can vary as total span increases. Geometrical induction can generate topology, but engineering
analysis must verify each governing global state.

Inductive Extension of a Triangulated Structural Bay

One stable triangular cell - repeated roof/truss bay

\VAVAVAVAVAVA

Figure 14. Repetition of a triangulated structural bay.

5.6 Volumetric Modular Construction
Volumetric modular construction is especially compatible with geometrical induction because each three-
dimensional unit has explicit dimensions, connection points, service interfaces, lifting points, and
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transportation constraints. A building state Sk can be extended by placing module M+ at a grid position
and checking adjacency and connection rules.

Skr1 = Sk U {AxriM}, where Ay is a rigid-body placement transform.

A hotel room module may repeat horizontally, while corridor modules and service cores form separate
families. The induction is therefore multi-type. A grammar of allowed adjacencies—room-to-room, room-
to-corridor, corridor-to-core—can be encoded in BIM or a generative design system.

6. Worked Mathematical Examples

Bay area Floor stack
Ax+1=Ax+bd Zn=Zo+nh
An=nhd GFA=nA
Interfaces Tolerance
I(n)=n-—1 |An|=ne
C(n)=q(n-1) o=vVn-o1

Figure 15. Visual summary of the four mathematical construction examples.

6.1 Repeated Structural Bays
Suppose a rectangular building consists of n identical bays of width b=6 m and depth d=8 m. The base
plan area is Ai=bd=48 m?. Assume P(k): Ax=kbd. Adding one bay gives:

Awrt = Ay + bd = kbd + bd = (k+1)bd.

The area relation follows by induction. For construction, the more important result is that the i-th grid line
is xi=ib. Beam centerlines, slab boundaries, ceiling grids, and facade zones can inherit the same parameter.

6.2 Repeated Floors and Gross Floor Area
If a typical floor has usable area A and n identical floors are stacked above a non-typical podium, the
repeated portion has total area nA. If floor-to-floor height is h, the top elevation is z,=zo+nh.

GFA repeat(n)=nA, z,=zotnh.

6.3 Interface Count

For n modules connected in a line there are n—1 internal interfaces. If each interface contains q
standardized connection groups, the total number of repeated internal connection groups is q(n—1).
Quantities, inspection points, and installation operations can therefore be generated from the geometric
model.
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I(n=n—1, C(n)=q(n—1).

6.4 Tolerance Propagation

If every module has maximum dimensional deviation +& and deviations are conservatively assumed to
accumulate in one direction, the worst-case chain deviation after n modules is ne. This is why an induction
rule should include survey control points, adjustable joints, shims, closure panels, or periodic datum re-
establishment.

|As| < ne (worst-case linear accumulation); o total ~ Vn'o (simplified independent-error model).

7. BIM and Computational Implementation

BIM-Centered Implementation Loop for Inductive Construction Rules

1 PARAMETRIC 2 BIM 3 VERIFY 4 FABRICATION 5 ASSEMBLY
GEOMETRY MODEL RULES DATA STATE

— — — —
Module rules + Coordinated digital Clash + constraint IDs + production Installed / accepted
parameters state checks metadata stage

r 3

FEEDBACK / REDESIGN IF VERIFICATION FAILS

PASS - continue to fabrication and assembly

Figure 16. BIM-centered implementation loop for inductive construction rules.

BIM transforms geometrical induction from an abstract principle into an executable workflow. A
parametric family can contain module geometry, connection coordinates, clearances, material properties,
classification data, and fabrication metadata. A script or rule engine then creates the next stage, evaluates
constraints, and records failures.

Data Class Example Parameters Inductive Role
Geometry width, depth, height, grid origin | defines transform and
placement

Interfaces bolt groups, weld plates, joints, | verifies compatibility
MEP ports

Constraints clearance, tolerance, maximum | tests invariants
span

Metadata material, fire rating, acoustic | preserves non-geometric
rating requirements

Sequence module ID, lift order, inspection | links geometry to operations
state
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7.1 Conceptual Algorithm
1. Verify base unit B.

2. Set Si=B.

3. For k=1 to N—1: generate U=T(B,0x); attach U; evaluate geometry, structure, MEP, tolerance, and
code checks; accept only if required checks pass.

4. Perform global analysis and boundary-condition verification on S_N.

Final global verification is essential. Local repeatability does not guarantee global performance. Tall
buildings and large modular assemblies can develop lateral drift, progressive-collapse vulnerabilities,
thermal movement, differential shortening, accumulated tolerance, dynamic response, and logistics
constraints not visible in the first module.

8. Hypothetical Case Study: Eight-Story Modular Academic Residence

Consider a hypothetical eight-story academic residence. Each typical floor contains twelve room modules
along a central corridor. A core provides stairs, elevators, and primary lateral resistance. The room module
is the base volumetric unit; the typical floor is a second-level composite unit; and the building stack is a
third-level inductive sequence.

8.1 Base Module and Floor Rule

Assume each room module has nominal plan dimensions 3.6 m x 8.4 m and height 3.2 m. Connection
zones are located at standardized corner nodes, while MEP connections enter a corridor-side service band.
Six modules are placed on each side of the corridor using horizontal translation.

Room(i+1)=Room(i)+(3.6,0,0), i=1,...,5 on each corridor side.

8.2 Building-Level Rule

After the typical floor is coordinated, it is repeated vertically. Inductive invariants include shaft continuity,
vertical bearing alignment, facade joint continuity, and service-riser alignment. The first floor, roof, and
mechanical levels are boundary states.

Floor(k+1)=Floor(k)+(0,0,3.2).
8.3 Quantity Implications
For eight floors with twelve modules per floor, the gross module count is 96 before special core and
boundary modules. If the first floor is non-typical and contains only eight standard room modules, the

standard repeated count becomes 8+7x12=92. BIM can then derive repeated quantities for wall panels,
bathroom pods, facade panels, connection plates, and inspection points from the same rule set.

9. Benefits of the Proposed Approach

e Design consistency through explicit generation rules rather than independent copying.
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e Constructability through standardized, checkable interfaces.

e Prefabrication readiness through stable dimensions and connection zones.

e Reduced coordination ambiguity through BIM constraints across architecture, structure, and MEP.
e Scalability from a verified unit to a larger traceable configuration.

e Automation of quantities, identifiers, fabrication geometry, and installation sequences.

e Controlled change propagation when base parameters are revised and re-verified.

10. Limitations and Engineering Cautions

Geometrical induction must not be confused with proof that a repeated building is safe. Gravity loads
accumulate down a building; wind and seismic effects depend on total mass, stiffness, height, and
dynamics; fire and egress requirements can change with occupancy and height; and fabrication tolerances
can accumulate. The inductive step must therefore include scale-dependent checks, and the completed
building requires full structural, fire, life-safety, geotechnical, envelope, MEP, accessibility, and code
review by qualified professionals.

The framework is less direct where geometry is unique, free-form, or highly irregular. Even there, local
induction may be useful for panel families, space-frame cells, reinforcing patterns, or fabrication details.
Hybrid systems—standard repetitive cores plus adaptive boundary modules—can balance architectural
variation and industrialized construction.

11. Discussion

The principal contribution of geometrical induction is conceptual clarity. Modern construction already
uses repetition, modular grids, parametric arrays, and prefabricated families. The inductive framework
adds a formal question: exactly what must remain true when the next unit is added? This shifts attention
from copying shapes to preserving verified relationships.

The framework suggests a hierarchy: Level 1 operates within a component; Level 2 across assemblies
such as panels or truss bays; Level 3 across rooms or volumetric modules; and Level 4 across floors. Each
level has distinct invariants and boundary conditions. BIM can connect these levels so that a change in
one parameter triggers checks at higher levels.

Induction does not require every unit to be identical. The transformation T may contain a parameter vector
0. As long as 0x remains within a verified domain and interfaces remain compatible, controlled variation
is possible. This supports mass customization while retaining standardized manufacturing and assembly
logic.
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12. Future Research

Future Research Roadmap for Geometrical Induction in Construction

1 PROJECT 2 BIM 3 STRUCTURAL 4 PATTERN

VALIDATION AUTOMATION OPTIMIZATION INTELLIGENCE
Completed projects Constraint checking Adaptive members Recurring modules
Performance metrics Rule verification Global demand Transparent rules

Evidence — Automation — Optimization — Explainable computational design

Figure 17. Future research roadmap from project validation to transparent computational design rules.

Future work should test the framework on completed modular and prefabricated projects and compare
design hours, coordination errors, fabrication rework, installation time, and tolerance deviations.
Additional research should develop automated BIM constraint checking, integrate structural optimization
so member sizes and connections adapt as global demand changes, and explore machine learning for
detecting recurring module patterns while retaining transparent engineering rules.

13. Conclusion

Geometrical induction offers a useful mathematical language for organizing repetitive building
construction. The method begins with a verified base unit, defines a transformation that adds the next unit,
and requires specified invariants to remain satisfied. Applied to modular grids, repetitive floors, facades,
trusses, and volumetric construction, the approach converts geometric repetition into a traceable design
rule.

Its value is strongest when combined with modular coordination, DFMA, BIM, parametric modeling, and
prefabrication. These technologies can encode dimensions, interfaces, tolerances, metadata, and
verification procedures directly in digital building models, improving consistency, coordination,
manufacturability, and assembly planning.

However, induction is a design-control principle rather than a substitute for engineering analysis.
Boundary conditions, scale effects, cumulative tolerances, global structural behavior, and code
requirements must be evaluated explicitly. Used within those limits, geometrical induction can serve as a
rigorous bridge between mathematical reasoning and industrialized 3-D building construction.
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Appendix A. Geometrical-Induction Verification Checklist

Verification Category

Question for P(k) — P(k+1)

Status

Grid

Does the new unit align with
approved grids and datums?

Structure

Is the load path continuous and
globally verified?

Connections

Are  connection  locations,
access zones, and capacities
compatible?

MEP

Do shafts, risers, sleeves, and
service ports remain
coordinated?

Tolerance

Is cumulative deviation within
the erection strategy?

Envelope

Are joints, anchors, drainage,
and thermal movement
resolved?

Life safety

Are fire separation, egress,
accessibility, and code
constraints maintained?

Logistics

Can the unit be fabricated,
transported, lifted, and installed
as modeled?

BIM

Are clashes, parameters, 1Ds,
and quantities updated?

Boundary

Is this repeated condition
standard, or does it require a
new base case?
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