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EXPERIENCE IN SOFTWARE IMPLEMENTATION OF RASTER
SUBSTRATE TRANSFORMATION IN GIS FOR UTILITY NETWORKS

Musiienko I. V.
Kharkiv National Automobile and Highway University

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-
BIMMA4FM 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).

Setting Coordinates X

0 Click 3 points of the kilometer grid square in the following
order:

1. Bottom-Right point
2. Bottom-Left point
3. Top-Left point

After each click, enter the real-world X (North) and Y (East)
coordinates in Gauss-Kruger system,

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).

Coordinates for point 2 X
Enter coordinates for Bottom-Left (2) point-
e —
X (Noth).
6065000 b ls
Input Order:
ME 18R, 281, 3TL
(312000 |
oK Cancel

i 4 1(BR)

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:
Linternal = \'Bf +Bj H (1)

where B ,B ,—are coordinates.

— determining the basis directional angle in
GDI+ system:
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basis

=arctan| — |, (2
B

— calculating real basis length in meters;
— determining scale (pixels per meter):

Lintemal
S= - 3)

real

where L, —1is areal length (1000 m).

reai
Step 4 — raster offset calculation:
— determining expected position of third
point Ps assuming perfect square formation:

Veor=(~B,.B,). @)

where the vector is rotated 90° counter-
clockwise relative to the basis;

— calculating expected Ps coordinates;

— computing raster offset (Fig. 3):

E(gﬁ’set z(_AX,_Ay) 5 (5)

where A, ,A,— are difference between actual

and expected coordinates.

Calibration Complete X

Calibration successful!

Scale: 0,776 pixels/meter

Basis Directional Angle (GDI+): 178,1°

Raster Offset: AX=-1,46 pixels, AY=-7,32 pixels

1
L2 aty——7

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:

Xtem = A}IGK >
(6)
Ytem = _AXGK >

where AY,,AX, — are relative offsets;
— rotation by angle —©, . :

th _ COS(_®) _Sin(_®) Xtemp ( )
Y, | [sin(-@) -cos(-0)]| ¥, |’

— 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):

Transformation Accuracy X |

o Tran

Point 1 (BR):
Expected GK (X-North, Y-East): X=6065000,00, Y=313000,00
Calculated GK [X-North, Y-East): X=6064991,00, Y=313002,20
Discrepancy: AX=-9,50 m, AY=2,22 m, Total: 9,76 m

Point 2 (BL):
Expected GK (X-North, ¥-East): X=6065000,00, Y=312000,00
Calculated GK [X-North, Y-East): X=6065059,00, Y=313999,90
Discrepancy: AX=58,50 m, AY=1999,91 m, Total: 2000,76 m

Point 3 (TL):
Expected GK (X-North, ¥-East): X=6066000,00, Y=312000,00
Calculated GK [X-Morth, Y-East): X=6064052,00, Y=314069,%0
Discrepancy: AX=-1948,50 m, AY=2069,94 m, Total: 2842,76 m

- Overall Metrics ---

Average Total Error: 1617,76 m

Average X Discrepancy (North): 672,17 m

Average Y Discrepancy (East): 1357,35m

Raster Offset: AX=-1,46 pixels (X-axis), AY=-7,32 pixels (Y-axis)

Fig. 4. "Check Accuracy" window with verification
results

— expected GK coordinates;
— calculated GK coordinates;
— discrepancies: AX__,AY,

€erTor 2 error ?

— total error (Fig. 5):

A AXZ  +AYZ .. (8)

total — error

Calibration Information * |

Calibration Information:

Scale: 0,776 pixels/meter
Basis Directional Angle (GDI+): 178,05°
Raster Offset: AX = -1,46 pixels, AY = -7,32 pixels

Base Points (Internal GDI- Coordinates):
Point 1 (BR}: (207,90, 191,50}
Point 2 (BL): (-568,07, 218,15)

Base Points (Real-World GK Coordinates: X-North, Y-East):

Point 1 (BRJ: X=6065000, ¥=313000
Point 2 (BL): X=6065000, Y=312000

Fig. 5. "Debug Transform" window with detailed
calibration information
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Coordinate transformation algorithm flow-
chart shown in the figure 6.

Initialize Calibration Mode
Clear Previous Points

v

i=1
Points Required = 3

Yes

User Clicks Point i
on Raster Image

v

Input GK Coordinates:
X (North), Y (East)

.

Store Point Pair:
(GDI+ coords, GK coords)

!

i=i+1

Calculate Basis Vector:
B=P:-Ps

6 = atan2(By, Bx) -

L_internal = |B|

Y

Calculate Real Distance
L real = |P._GK-P:_GK]
Scale S =L_internal/l_real
(pixels per meter)

v

Calculate Expected Py
Ps_exp = P: + rotate90(B)
AX =Ps_actual - Ps_exp
Raster_offset = -A Y

]

1

1

Y :
Store Calibration:

8, S, Raster_offset,
P, P: coordinates

Fig. 6. Coordinate transformation algorithm flow-
chart

1
]

1

i Fowad (GK-GDI+) '

' 1. Relative offset fromP: 4

2. Coordinate mapping :

1

1

1

1

3. Rotation by -8
4. Scale and offset

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-
Pointlinternal 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-
PointlReal 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 basisPointlInternal to basis-
Point2Internal; within the RealTolnternal 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 basisPointlReal or basis-
PointllInternal, 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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JocBin mnporpamuoi peasizanii Tpancdopmanii
pactrpoBux minkaaaok y I'IC inxxkeHepHuX Mepex

Anomauin. Ilpoonema. Y cyuacnomy 0opodicHbOMy
NPOEKMYBAHHI O0edani OiIbuo20 3HAYEeHHA HaAOysae
8NPOBAONCEHHS YUPDPOBUX MemOoOi8, AKI NOEOHYIOMb
asmMoMamu3ayito IHICEHEPHUX PO3PAXYHKIE I3 GUKO-
PUCMAHHAM KAPMOSPAPDIUHUX Ma 2e0iHPOPMAYTUHUX
oanux. OOHUM i3 nepcnekmusHuUx nioxooie € memoo
«eHyuKo2o bpaciemay, wo 0a€ 3mozy MoOoen08amu
mpacy asmomobinbHoi dopoau 3 0210) HA 2eoMem-
puuni ma cumyayiiuni oomedicenus. Baocaueum ema-
nom uoeo peanizayii € nepexio 6i0 GHYymMpiuHbOL
cucmemu KOOPOUHAM NPOSPAMHO20 Cepedosud 0o
cucmemu KOopouHam pacmpogoi nioochosu. Mema.
Memoro docnidscennsn € pospobaenns ma anpobayis
aneopummy mparcgopmayii pacmposux ni0ocHo8
013 3abe3neueHHs KOPeKmMHOI 2eonpus’a3ku 6 npo-
epamuomy xomnuexci «l nyuxuii opacnemy. Memo-
ouxa. Y pobomi po3ensinymo ma npomecmosano
Kilbka Nioxoo0ig: aginne, npoexmuseHe ma nooioHe
nepemeopenns. [lna peanizayii 6yn0 pospobieno

NOKPOKOGUIL a2OpUMM. 66EOEHHS ONOPHUX MOUOK,
Kaniopyeanus, BUSHAYEHHS Macuwimaby ma Kyma
nogopomy, obuUCiIents 3cy8y pacmpa, npame i obe-
PHeHe nepemeopeHHs KOOpOUHAm, nepesipka moyHo-
cmi. Pesynomamu. [lopisnanvuuii ananiz nokasas,
wo nodibne nepemeopenHs € HalleeKmuHiuuM,
OCKINbKU 3a6e3neuye 30epedicents opmu 00’ ekmie y
npoyeci macuimady8anHs, NOGOPOMY Ui NepeHeceHHs..
Peanizosanuii ancopumm ycniwino npomecmogano Ha
IHOHCeHEPHUX pACMPOBUX NIOOCHO8AX, WO NIOMEepOU-
70 tloeo npuoamuicmv 01 inmeepayii 3 BIM/GIS-
mexnonoziamu. Haykoea moeuzna. Yoockouaneno
MemoouKy yugpoeoi peanizayii memoody «2HYuK020
opaciemay 3a 00NOMO02010 po3pObIeHHs YHigepcab-
HO20 aneopummy mpancgopmayii koopounam, axuil
36adcae Ha 0COOAUBOCTI OOPOAHCHLO2O NPOEKMYBAH-
HA ma nompebu inmeapayii 3 NPOCMOPOSUMU NOKA3-
nuxamu. Ilpakmuuna 3nauywiicms. 3anpononogane
DilleHHsT  pO3WUPIOE  (PYHKYIOHANbHI  MONCIUBOCHT
npoepammno2o  komniekcy —«Inyuxkuii  6paciempy,
CMBOPIOE OCHOBY 0JiA NOOdAabWoi onmumizayii npo-
yecie mpacysanHs asmomMoOIIbHUX O0pie ma Modice
b6ymu gukopucmaue nio yac NOEOHAHHA 3 YUDPosUMU
KapmozepagpiuHumuy ma iHxceHepHuMU 6a3amu OaHUX.
Knrouosi cnosa: mpacysanus agmomobinehux oopie,
enyukull  bpaciem, mpancopmayis  Koopounam,
nepemeoperisi nodibnocmi, eeonpus ‘azxa, BIM/GIS.
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