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Abstract. This article is part of a broader study devoted to the computer implementation of the “Flexi-

ble Bracelet Method” for road alignment design. The paper addresses the problem of raster substrate 

transformation, which plays a crucial role in the transition from the internal coordinate system of the 

program to the real-world coordinate framework. Several approaches to coordinate transformation 

were tested, including affine and projective transformations. After comparative analysis, the similarity 

transformation was chosen as the most efficient option, since it preserves object geometry while allow-

ing scaling, rotation, and translation. The developed algorithm includes reference point input, calibra-

tion, scale and angle computation, raster offset determination, forward and inverse transformation, 

and accuracy verification. The implementation was tested on engineering raster maps in the context of 

BIM/GIS integration. The results provide a reliable mechanism for georeferencing raster data, extend-

ing the functionality of the “Flexible Bracelet” software and supporting further research in automated 

road alignment optimization. 

Key words: road tracing, flexible bracelet, coordinate transformation, similarity transformation, geo-

referencing, BIM/GIS. 

 
Introduction 

The idea of using a raster base (substrate) 

was widespread even before the era of computer 

technologies. Maps and plans served as such 

bases, from which individual points as well as 

contours of situational or relief objects were 

transferred to a new plan or map using needles 

or other instruments. 

The introduction of computer technologies 

has made this process more convenient and ac-

curate. However, the problem of software im-

plementation of raster substrate transformation, 

although solved in commercial software pack-

ages, has been insufficiently addressed in aca-

demic literature. The experience of solving this 

problem is presented in the present article. 

The problem of software implementation of 

raster substrate transformation is a part of the 

general implementation of the “flexible bracelet 

method” in road design. 

 

Analysis of publications 

The problem of raster data georeferencing 

has traditionally been addressed within Geo-

graphic Information Systems (GIS). Widely 

used tools such as QGIS Georeferencer and 

ArcGIS  

Pro provide functionality for raster transfor-

mation using affine and projective transforma-

tions based on ground control points [1–3]. Ad-

ditionally, libraries such as GDAL and toolkits 

like MathWorks offer algorithms for geometric 

transformations and image registration, which 

serve as the mathematical foundation for soft-

ware solutions in this field [4]. 

With the advancement of design technolo-

gies, the integration of Building Information 

Modeling (BIM) and GIS has become particu-

larly important, requiring the unification of 

coordinate systems. Azari (2025) provides a 

comprehensive review of existing georeferenc-

ing methods for BIM models, with special atten-

tion to data format incompatibility [5]. Zhu and 

Wu (2021) propose a unified approach to geore-

ferencing IFC-based models, thus facilitating the 

development of digital twins and improving 

BIM/GIS interoperability [6]. In turn, Diakité 

(2020) develops an automatic framework for 

transforming local BIM coordinates into geo-

graphic ones, significantly accelerating the inte-

gration process [7]. 

The use of BIM/GIS integration is especially 

critical in the field of utility mapping. Sharafat 

et al. (2021) introduce an integrated framework 

for underground utilities, linking ground-pene-

trating radar and UAV data with digital models 

[8]. Slongo et al. (2022) present the GEO-

BIMM4FM system, designed for underground 

infrastructure management through IFC-based 

BIM and GIS databases [9]. The study of Esek-

haigbe et al. (2020) highlights the advantages of 

moving from 2D drawings to 3D BIM for utility 

asset management, improving both reliability 

and safety [10]. 

Recent developments also include algorith-

mic solutions for aligning local and global coor-
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dinate systems. For instance, Kim (2025) pro-

poses an automatic algorithm for matching BIM 

local coordinate systems with GIS reference 

maps, reducing positional inaccuracies [11]. 
 

Research objectives 

The computer implementation of the flexible 

bracelet method involves the following steps. 

First stage. Modeling of the flexible bracelet 

itself, its geometry, and manipulation methods 

[12-13]. 

Second stage. Adding the function of sub-

strate uploading to the program. At this stage, it 

became possible to implement the principle of 

alignment using a “flexible ruler,” although the 

specification of geometric constraints was not 

yet available [13]. 

Third stage. Solving the problem of obtain-

ing the coordinates of the centers of the brace-

let’s segments in the internal coordinate system. 

Fourth stage. Developing an algorithm for 

simulating the physical model of the flexible 

bracelet. 

Fifth stage. Solving the problem of optimally 

fitting the flexible bracelet into a corridor simu-

lating situational or relief constraints. This oper-

ation was defined as the “beginning of optimiza-

tion.” 

Further implementation of the flexible brace-

let method requires a transition from the internal 

coordinate system to the coordinate system of 

the raster substrate. This transition cannot be 

carried out without specifying the coordinates of 

a certain number of points. 

This article describes the computer imple-

mentation of transforming raster substrates in 

GIS engineering networks, using the “Flexible 

Bracelet” program as an example.  
 

Implementation of raster substrate transfor-

mation in GIS for utility networks 

Coordinate transformation algorithm be-

tween systems includes: 

– step 1 – calibration process initialization; 

– step 2 – reference point input; 

– step 3 – transformation parameters calcula-

tion; 

– step 4 – raster offset calculation; 

– step 5 – forward coordinate transformation 

(GK → GDI+); 

– step 6 – inverse coordinate transformation 

(GDI+ → GK); 

– step 7 – transformation accuracy verifica-

tion. 

Step 1 – calibration process initialization: 

when the "Setting Coordinates" button is 

pressed, the program enters reference point set-

ting mode; the user is prompted to sequentially 

indicate three corner points of the kilometer grid 

in the following order (Fig. 1): 

– Bottom-Right point (BR); 

– Bottom-Left point (BL); 

– Top-Left point (TL). 

 

 
 

Fig. 1. Window with instructions on point selection 

order 

 

Step 2 – reference point input: for each se-

lected point, the user enters corresponding coor-

dinates in the Gauss-Kruger system (Fig. 2): 

– X – northern coordinate (North); 

– Y – eastern coordinate (East). 

 

 
 

Fig. 2. Window with instructions on point selection 

order 

 

Step 3 – transformation parameters calcula-

tion: after entering three reference points, the 

coordinate system calibration is performed: 

– determining the basis vector between 

points P₁ (BR) and P₂ (BL) in pixel coordinates; 

– calculating basis length in pixel coordi-

nates: 

 

2 2
internal x yL B B  ,                   (1) 

 

where ,x yB B – are coordinates. 

– determining the basis directional angle in 

GDI+ system:  



Вісник ХНАДУ, вип. 110, 2025                                                                                             149 

y

basis

x

B
arctan

B

 
 





 ,                   (2) 

 

– calculating real basis length in meters; 

– determining scale (pixels per meter): 

 

internal

real

L
S

L
 ,                       (3) 

 

where realL – is a real length (1000 m). 

Step 4 – raster offset calculation:  

– determining expected position of third 

point P₃ assuming perfect square formation: 

 

 2 3
,P P y xV B B   ,                   (4) 

 

where the vector is rotated 90° counter-

clockwise relative to the basis; 

– calculating expected P₃ coordinates; 

– computing raster offset (Fig. 3): 

 

 ,offset X YR    ,                       (5) 

 

where ,X Y  – are difference between actual 

and expected coordinates. 

 

 
 

Fig. 3. Window with calibration results 

 

Step 5 – forward coordinate transformation 

(GK → GDI+) – to transform a point from 

Gauss-Kruger system to pixel coordinates: 

– calculating relative offsets; 

– transformation to intermediate system: 

 

temp GKX Y  , 

temp GKY X  ,
                      (6)

 

 

where ,GK GKY X  – are relative offsets; 

– rotation by angle basis : 
 

cos( ) sin( )

sin( ) cos( )

temprot

temprot

XX

YY

      
     

      
, (7) 

 

– scaling and offsetting. 

Step 6 – inverse coordinate transformation 

(GDI+ → GK): the reverse sequence of opera-

tions is performed with appropriate inversions. 

Step 7 – transformation accuracy verifica-

tion; for each reference point, the following is 

calculated (Fig. 4): 

 

 
 

Fig. 4. "Check Accuracy" window with verification 

results 

 

– expected GK coordinates; 

– calculated GK coordinates; 

– discrepancies: error errorX , Y  ; 

– total error (Fig. 5): 

 

2 2
total error errorX Y    .               (8) 

 

 
 

Fig. 5. "Debug Transform" window with detailed 

calibration information 
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Coordinate transformation algorithm flow-

chart shown in the figure 6. 
 

 
 

Fig. 6. Coordinate transformation algorithm flow-

chart 

Analysis of coordinate transformation  

in the “Flexible bracelet method” application:  

similarity transformation 

The coordinate transformation mechanism 

implemented in the “Flexible bracelet method” 

application, specifically within the Coordinate-

Transformer class, belongs to the category of a 

Similarity Transformation (also known as Equi-

form Transformation). This type of geometric 

transformation preserves the shape of objects 

(angles between lines and ratios of lengths) but 

allows for changes in their size, orientation, and 

position. 

Mathematically, a similarity transformation 

can be expressed as a composition of three fun-

damental operations: 

– uniform scaling: changes the size of an ob-

ject without distorting its proportions; 

– rotation: changes the orientation of an ob-

ject around a given point; 

– translation: moves an object to a new posi-

tion without altering its size or orientation. 

In the context of the provided Coordinate-

Transformer code, these components are mani-

fested as follows: 

– scaling (uniform): the key scaling factor is 

the pixelsPerMeter variable; it is calculated in 

the Calibrate method as the ratio of the meas-

ured length of the basis line (between basis-

Point1Internal and basisPoint2Internal) in 

GDI+ pixels to the actual real-world length of 

the same basis line, derived from the user-

provided Gauss-Kruger coordinates (basis-

Point1Real and basisPoint2Real); this ensures 

that all dimensions in the GDI+ drawing space 

are proportionally scaled to their real-world 

metric counterparts, preserving their intrinsic 

shape and ratios; 

– rotation: the difference in orientation be-

tween the real-world coordinate system (Gauss-

Kruger: X-North, Y-East) and the internal GDI+ 

system (X-right, Y-down) is accounted for by 

basisAngleRad; this angle is calculated from the 

vector from basisPoint1Internal to basis-

Point2Internal; within the RealToInternal and 

InternalToReal methods, operations involve: 

swapping of axes (GK X ↔ GDI+ Y), inverting 

one of the axes (GK Y-up → GDI+ Y-down), 

application of the calculated basisAngleRad for 

rotation; collectively, these steps effectively 

perform the rotation (and, in a sense, a reflection 

due to axis inversion) necessary to fully align 

the orientation of the coordinate systems; 

– translation: several translation components 

are involved in the transformation process: ini-

tial points (realPoint or internalPoint) are first 
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translated relative to basisPoint1Real or basis-

Point1Internal, respectively; this is a standard 

part of transformation, where operations are 

applied relative to an origin; an additional and 

significant translation is applied via rasterOffset, 

this value is calculated from DeltaX and DeltaY, 

which represent the discrepancies between the 

expected and actual GDI+ position of the third 

calibration point (point3Internal); the rasterOff-

set mechanism effectively shifts the entire raster 

background to optimally align with all three 

provided control points, thereby improving the 

visual fit of the similarity transformation to the 

input data. 

It is crucial to distinguish a similarity trans-

formation from a more general Affine Trans-

formation. An affine transformation, in addition 

to scaling, rotation, and translation, can also 

include shearing, which distorts angles and 

changes length ratios. In this case, as Coordina-

teTransformer does not incorporate components 

that would cause shearing or non-uniform scal-

ing along axes, angles are preserved, and line 

segments are scaled uniformly. These are defin-

ing properties of a similarity transformation. 

 
Conclusions 

The conducted research is a part of the over-

all work on the implementation of the “Flexible 

Bracelet Method” for road alignment design. 

This article focused on the problem of software 

implementation of raster substrate transforma-

tion, which represents a necessary stage in the 

transition from the internal coordinate system to 

the coordinate system of the raster image. 

Several approaches to coordinate transforma-

tion were tested, including affine and projective 

transformations. However, in practice, the most 

feasible solution was the use of similarity trans-

formation, which preserves the shape of objects 

while allowing changes in scale, position, and 

orientation. 

A step-by-step calibration algorithm was de-

veloped and implemented, including reference 

point input, scale calculation, rotation angle 

determination, raster offset computation, and 

transformation accuracy verification. Special 

attention was given to integration with utility 

networks and the application of the developed 

algorithms in the context of BIM/GIS technolo-

gies. 

Thus, the presented material complements 

the previous stages of implementing the Flexible 

Bracelet Method (modeling, segment input, 

physical model simulation, and the beginning of 

optimization) and provides a foundation for 

further research related to integrating road 

alignment with digital cartographic and engi-

neering data. 
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Досвід програмної реалізації трансформації 

растрових підкладок у ГІС інженерних мереж 

Анотація. Проблема. У сучасному дорожньому 

проєктуванні дедалі більшого значення набуває 

впровадження цифрових методів, які поєднують 

автоматизацію інженерних розрахунків із вико-

ристанням картографічних та геоінформаційних 

даних. Одним із перспективних підходів є метод 

«гнучкого браслета», що дає змогу моделювати 

трасу автомобільної дороги з огляду на геомет-

ричні та ситуаційні обмеження. Важливим ета-

пом його реалізації є перехід від внутрішньої 

системи координат програмного середовища до 

системи координат растрової підоснови. Мета. 

Метою дослідження є розроблення та апробація 

алгоритму трансформації растрових підоснов 

для забезпечення коректної геоприв’язки в про-

грамному комплексі «Гнучкий браслет». Мето-

дика. У роботі розглянуто та протестовано 

кілька підходів: афінне, проєктивне та подібне 

перетворення. Для реалізації було розроблено 

покроковий алгоритм: введення опорних точок, 

калібрування, визначення масштабу та кута 

повороту, обчислення зсуву растра, пряме й обе-

рнене перетворення координат, перевірка точно-

сті. Результати. Порівняльний аналіз показав, 

що подібне перетворення є найефективнішим, 

оскільки забезпечує збереження форми об’єктів у 

процесі масштабування, повороту й перенесення. 

Реалізований алгоритм успішно протестовано на 

інженерних растрових підосновах, що підтверди-

ло його придатність для інтеграції з BIM/GIS-

технологіями. Наукова новизна. Удосконалено 

методику цифрової реалізації методу «гнучкого 

браслета» за допомогою розроблення універсаль-

ного алгоритму трансформації координат, який 

зважає на особливості дорожнього проєктуван-

ня та потреби інтеграції з просторовими показ-

никами. Практична значущість. Запропоноване 

рішення розширює функціональні можливості 

програмного комплексу «Гнучкий браслет», 

створює основу для подальшої оптимізації про-

цесів трасування автомобільних доріг та може 

бути використане під час поєднання з цифровими 

картографічними та інженерними базами даних. 

Ключові слова: трасування автомобільних доріг, 

гнучкий браслет, трансформація координат, 

перетворення подібності, геоприв’язка, BIM/GIS. 
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