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Interpreting data collected from the mining rigedes challenge which is allevi-
ated with help of visualization techniques. A goasualization shows all the relevant
information at a glance and helps make decisiamgnihing the information can be
used for example to follow the concentration of thieed minerals, adjust drill settings
according the rock properties, track wear of dhils, make drill plans, detonation plans
and bolting plans in order to ensure efficient aafit work.

Visualizing methods include graphs such as linbardiagrams, interpolation and
extrapolation algorithms and mapping data spatiaiytemporally. When observing
data within single hole or comparing few holessitbest to use line graph and plot in
respect of depth or time. When trying to visualize whole mining pattern, such as the
tunnel face or drill field, the best way is to U@ and draw the holes in the scene as
cylinders or lines and color them along the depitih @ifferent colors representing dif-
ferent values of the visualized quantity. Interpiolas and extrapolations can be used to
spread the data in between and around the holdggiBD view. Interpolations can be
visualized by using planes with either color codeight maps representing the data
that can be moved around the space or by usingrisa®s. Isosurface is visible where
the data matches the examined value and by adjustenvalue isosurface changes ac-
cordingly.

This thesis concentrates on finding the best waygrésent the data from drilling
machines. It has three main points: 3D visualizafmr analyzing large batches of col-
lected drill data, real time drill visualizationrfase in the drill equipment during and
immediately after the drilling and interpolation fiod ways to interpret and expand
from the data available. All the features in thisdis are built into a DrillGraph soft-
ware, to be used as a basis for actual products.

Powerful computers available these days make #giplesto visualize the 3D scenes
in real time. It is easier to get the grasp ofdni# field when the visualization can be
panned, rotated, zoomed and moved around freethidrithesis it was found that even a
laptop can handle drawing real time visualizatiohmoderate size drill fields when the
heavy drawing operations were done using OpenGL.
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Porauslaitteilta keréatyn porausdatan tulkinnan apom hyva kayttaa visualisointi-
tekniikoita. Hyvan visualisoinnin avulla voidaanhoi& oleellinen tieto yhdella vil-
kaisulla ja toimia sen pohjalta. Kaivostoiminnasgaualisoinnin tarjoamaa tietoa voi-
daan hyddyntda muun muassa mineraalisuonien vabauselrannassa, poran asetus-
ten sdatdmisessa porattavan kiven ominaisuuksidaany poranteran kuluman seu-
raamiseen, poraussuunnitelmien, rajaytyssuunnieginf pultitussuunnitelmien teke-
miseen. Nopea ja oikea paatdoksenteko mahdollistagkkaan ja turvallisen tyoskente-
lyn.

Visualisointitekniikoita on monia, kuten viiva- pylvasdiagrammit, interpolaatio-
ja ekstrapolaatioalgoritmit, ja datan kartoitusnajai paikan suhteen. Kun tutkitaan vain
yhta tai muutamaa reikaa, ne kannattaa sijoittae@adiagrammiin ajan tai poraussyvyy-
den suhteen. Kun taas halutaan tutkia koko poraetal kuten tunnelinperaa tai po-
rauskenttaa, kannattaa reiat visualisoida 3D syi@ma tai viivoina avaruuteen kuten ne
on porattu toistensa suhteen. Data voidaan tapsé@kaessa esittaa vareina jolloin eri
varit kuvaavat eri arvoja. Interpolaatiota ja elptlaatiota voidaan hyddyntaa ar-
viomaan visualisoitavan datan arvot reikien valjldymparistéssa. Interpolaatiot voi-
daan visualisoita 3D maailmaan kayttamalla 2-uisietasoja joihin on varein kuvattu
data ja jota voidaan liikuttaa 3D porauskentdssésiinad voidaan hyodyntad tasa-
arvopintoja. Tasa-arvopinta on kuin massaa, jokayaain niilla kohdin visualisoita-
vassa mallissa, missa arvo vastaa tutkittavaa akwoa arvoa muutetaan, myds tasa-
arvopinta muuttuu vastaavasti.

Tassa diplomitydssa pyritaan l6ytamaan parhaat olkdet tavat esittdd dataa po-
rauslaitteista. Datan esityksessa on kolme paaossi visualisointi, milla pystytaan
esittdmaan isoja maaria kerattya porausdataa, Rigaakkymat, joita hyddynnetaan
porauksen aikana seké interpolointi, joka selvitt&hdollisuuksia tulkita ja laajentaa
kaytettavissa olevaa dataa. Kaikki ominaisuudetééadiplomitydssa ohjelmoidaan
DrillGraph-sovellukseen, jota kdytetaan mydhemnohjana varsinaisille visualisointi-
tuotteille.

Nykyisilla tehokkailla tietokoneilla 3D visualisdinvoidaan helposti tehda reaa-
ligjassa. Kun 3D mallia porauskentéasta voidaamtida, pyodritelld ja zoomailla vapaas-
ti, sen hahmottaminen helpottuu huomattavasti. & dggdomitydssa havaittiin etté jopa
nykyaikainen kannettava tietokone pystyy suoriutami&ohtuullisen kokoisen poraus-
kentédn 3D-visualisoinnista, kun raskaat piirtokdsgoritetaan OpenGL:lIa.



PREFACE

Writing this thesis was an interesting project gnde a learning experience. In the
course of the writing many parts of the softwarergéactored several times because the
specifications kept changing and each time | femhhaged to improve on the previous
iteration so it was visible during the project how skills as a programmer were im-
proving. The actual writing spanned lot longer thia@ actual software project it was
made to describe. Somehow documenting the resufistias much fun as making them
and when | did not finish the thesis immediatekgrénding the project, it was hard to
get started again.

| would like to thank my excellent examiner Profastommi Mikkola for all the
support and pushing he gave me to get this thesis.dAlso integral in the making was
Miika Huikkola who was leading the project and gawve this possibility. He had a vital
role in supplying background information and speations for the visualization needs
and confirming the results.

Jani Savuoja and Markku Pusenius gave invaluableteal assistance with many
aspects of the programming, taught me a lot aniah alll were very supporting through-
out the process.

Tampere 29.7.2015
PETRI AHO



TABLE OF CONTENTS

ADSTIACT ...t e e e e e e e e e e e e e e e e e e e eeeeraaaaaa I
THVISTEIMEA. ... ettt e e e e e e e e e e e e e e e et eeeneneeeeeeesansnnnnnns I
PIETACE . ————————————————————— 1]
1. INEFOTUCTION ... e e e e e e e e et et et b e nnanneernnnnns 1
2. Mining operations, needs and reqUIremMeNtS........ccoooeeeeeeeiieeeeeeiiiiineiinnn 3
2.1 MiNING PrOCESS .....coiiiiiiiiiiiiiiiiae e eeeeem s e e e e e e e s 3.
2.1.1 Drilling EQUIPMENT ..ottt e e e e 5
2.1.2 SUMace MINING ...uuueiiiiiiieie et eeeeeee s 6
2.1.3 Underground MiNING ........ueeueiiiieeee e ceeeeeeeeese e e e eeeeeeeeeinnens 7
2.2 MiNING DAt@.......ceoiiiiiiiiiiiieii et 8
2.2.]1 DaAta USBQE ... oo eiieiiiiieeeeeeieie et et e e e e e e e e neaa s 9
2.2.2 Visualization NEEUS.........coeiiiiiiiiiiieiceecee it 10
3. Data VisualiZation ...........coeeiiiiiiiiiiime et ae e 12
3.1 DALA TYPES et ea s 12
3.1.1 CoNtiNUOUS DaAta ........cceviiiiiiiiiiiiiiis s e e eeeeeaeeees 12
3.1.2 DISCrete Datal ....cccceveuriuiiiiiiieee e eeeeeeiiees e e 13
3.2 VisuAliZation TYPES ...ceeeiiiiiuiiiiiie ettt e e e e e e eeeeaeeees 13
3.2.1 Relative Charts .......coooiiiiiiiiiiiieee e 13
3.2.2 Spatial DIagrams .........coooeiiiiiiiiiiiiiiiiiii e 15
3.3 Interpolation and Extrapolation.............coeeeeiiiiiiniiieeiiiieeeiiis 16
3.3.1 CoNtiNUOUS DaAta ........cceeiiiiiiiiiiiiiiiees e e e e eeeeeaeeees 17
3.3.2 DISCrete Datal .....cccveeiviiiiiiiiieeee e eeeeeeiie e 18
3.4 Reliability of data .........ccoooiiiiiiiiiiiimmmme e 18.
3.5  Visualizing INterpolation ..............ooooesmceieeeee e 19
4. DrillGraph deSign ......cccoiiiiiiiiiiiiiiii e ———— 20
A1 TOOIS . e 20
Ot R O SO PPTUPPPTR 21
4.1.2 PYINON .o s e 21
4.1.3 Development enVIrONMENT ..........coeveiiiiiimmmmmmieeeeeee e e e e eeeeeeeeeneeens 22
A N (o] 11 (=10l (1] € PSP 23
4.2 MOUCL...oueiieiiii e 23
4.2.2 CONIONEI ... 24
A.2.3 VIBW ettt emmmm e e e e e e e e e e e e et e s 25
4.2.4 Inter-module coOmmUNICALION .........couvuiiiimeerereeiiiiiiiiire e 28
4.2.5 Load balanCing ........ccoooeiiiiiiiiiii e 28
5.  DrillGraph Implementation .............coooiiiiieeeieeiiiiee e 30
51 Datahandling ..o 30.
5.1.1 Loading and saving data............cceevuireeemmmmreenmiiiiieee e eeeeeeee 31
5.1.2 USING AL ..cciiiiiiiiiiiiiiiiie et 32

5.2 Visualizing OPtiONS ......cooiiiiiiiiiiiiiiiie ettt e e e e eeeeeeeees 35



5.2.1 3D VIEW ..coooiiiiiiiiinnee
5.2.2 2D line diagram ...........
5.2.3 2D spatial visualization

5.3 Interpolations...........ccccc......
5.3.1 Continuous iNterpolationS..........cccoeeeeeeeeeeeviiiiiiiieeee e e e e e e

5.3.2 Discrete interpolations
6. CoNnclUSIONS ..o,
ReferenCeS .....ooveeeeee e e



1. INTRODUCTION

Mining is the process of extracting minerals frome fground. It has traditionally
been seen relatively expensive, slow and even dangevhile at the same time gener-
ating lot of waste. However modern mining technglbgs made big strides in making
it much easier, faster and cost effective. Evenllsm@arovements at the early stages of
the mining process can make big difference in pctdidy and profitability when it
carries over all the steps. Waste management dnedl ehvironmental side-effects have
become more problematic as legislation regardingdhhave gotten stricter and yields
smaller. Waste production can be minimized if th# dperator could minimize unnec-
essary drilling by detecting early if the drillimgynot hitting the vein.

Other ways of increasing productivity come fromadanalysis. Proper analyzing
tools can help increase the output and validaterdkelts fast and reliably by making
decision making easier. Knowing the characterigsticthe rock and the behavior of the
veins makes planning on site easier by directiegibrk more efficiently and avoiding
unnecessary work. Researchers can make the woHodseaind tools more suitable for
certain rock types or scenarios improving safetgdpctivity and predictability.

This thesis is about visualizing data collectedntiping drills in order to increase
efficiency and to understand the mining processeheThesis emphasizes on the re-
search needs, with some aspects of specific vistains for drill operators, chargers,
foremen and drill planners. The overall structuréne thesis is listed below.

Chapter 1 gives a brief description of the minindustry and explains the mining
process. There is also some explanation of theréifit mining types and drilling ma-
chines used in those.

Data gathering and usage are aspects that arechkgdke visualizing so the chap-
ter goes through what kind of data is availabley litas used now and what it could be
used for.

Chapter 2 gives an introduction to different vigzetion methods and gives exam-
ples how they may be used in the mining contexérpolation and extrapolation meth-
ods and data types are explained and explored heyare used in the visualization.

Chapter 3 is about the design of the DrillGraphvsafe which is used to prototype
and demonstrate the different visualizations. Trehitecture and module structure is
included here. The development tools are alsadibere along with all the libraries and
their versions.

Chapter 4 goes through the implementation detditeeoDrillGraph software. Data
handling is explained including how it is loadeded and stored. Implementation de-



tails of the visualizations and interpolations asplained, how they were made and
what problems do they solve. Some discarded mettiedalso described.

Chapter 5 sums up the results of the visualizatitirgoes through the development
process and what was learned from it. Interpolati@thods and their benefits are listed
and brief mention is given of the new visualizatinathods that could be helpful.

Chapter 6 wraps up the process used in researtendrilling visualizations and

sums up the results of the thesis. It also brielglores what was good and bad in the
methods used.



2. MINING OPERATIONS, NEEDS AND REQUIRE-
MENTS

Mining is defined according to Castree as the dids/associated with the extrac-
tion of natural resources from the ground. Ext@cis either by subsurface tunneling or
drilling, or by removal of the surface materialsailigh quarrying, open-pit mining, or
strip-mining, i.e. the systematic removal of laegeounts of surface material (Castree et
al. 2013).

Mining has played a vital role in the developmehtigilization and even with ef-
fective recycling of the materials the demand & thinerals has increased steadily as
industry and consumption has expanded. Today'shgnioperations may require whole
mining towns with associated infrastructure, inahgdhospitals, air and seaports, power
plants, landfill facilities, and roads (Spitz & Tinger 2008). The mining equipment
has improved considerably in recent years; thd dgs have been outfitted with in-
creasing number of computers and sensors. As # eekrge amount of data is availa-
ble from the mining operations which can be usechédiately to monitor the progress
and help operator in adjusting the drilling paraenet This can affect the immediate
aspects of the mining, such as the efficiency aidrig) reliability, but also the follow-
ing phases such as blasting, hauling and crushirepwnore is known about the struc-
ture of the rock and it can be handled in the naffstient way for the equipment avail-
able.

Furthermore the data can be used in for researdhdamelopment of the mining
methods and finding new ways to improve productivit machine and tool design,
workflow planning, safety and other decision making

2.1  Mining Process

Mining is done by fracturing the rock into manadegteces that can then be pro-
cessed as the minerals are separated from thd®epending on the characteristics of
the rock material, different approaches can be .uSedsofter materials such as sand-
stone it may be enough to rip it with mechanicdting devices or breaking it with rock
hammers. In most cases the most effective wayaginfienting the rock is blasting. To
direct the explosive force into the rock, holesdnided into it and the explosive charg-
es inserted into the holes. This is called drildl d&ast method, which is illustrated in
Figure 1.
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Figure 1 Drill and blast cycle in tunneling . (Heind 1999)

In the drill and blast method, blastholes are tgjbycdrilled using either rotary or
percussive drilling methods. In rotary drilling.etihock is crushed and chipped by the
teeth of the rotating drill bits. Rotary drill headntains three separate rotating parts
which are pressed against the rock at constansymego crush it. It is necessary to
keep the bearings clean from the dust and partwidsair and water flow. Percussion
drilling hits the drill bit against the rock caugiminor fractures which then cause the
rock to chip. The bit is rotated so that buttortsshghtly different positions during each
strike. Water on air is used to clean the borehakkcool the drill. (Tatiya 2005)

In blasting phase the drilled blastholes are fillath explosives and in some appli-
cations sealed to concentrate the explosive fasc® ithe rock. Blasting is a crucial
phase to assure safety, generate suitable fragememtfor the loaders and crushers
available, e.g. avoidance of toes and other unwlamatek formations that would make it
difficult to load the rock material and to contindiling the rock face.

Correct drilling and communication between thel djlerator and the blaster is im-
portant in assuring correct blasting. The drill @ter should inform the blaster of any
fragmentation and changes in the rock quality witthie holes and possible deviations
from the drill plan.

Too big charge can cause vibrations in surroundirg@s. This can damage struc-
tures, send flyrocks and create shock waves tmat@ase danger, collapses and general
instability in the mine and could make it difficutt continue and might require extra
support structures. Too small charge can leave Buangd too big boulders that are dif-
ficult to handle and may not fit crushers. Humpsvent proper loading and execution



of the further drill plans. Manual hammering witbck hammers would be required to
remove humps and break too large boulders.

After blasting the fragmented pieces of rock amdkx and hauled to crushers for
further comminution then processed by various nutho increase the concentration of
the wanted minerals and to separate minerals fhengangue. Processes differ for vari-
ous minerals, but they depend on the physical arfdce chemical differences between
the extracted mineral and the other materials endite. Methods such as gravity con-
centration, froth flotation, electrostatic separatand magnetic separation are common-
ly used. (SME Mining Engineering Handbook (3rd kxti} )

2.1.1 Dirilling Equipment

Drill rigs for mining can be categorized in threstegories: Rotary, tophammer and
down-the-hole (DTH) drill rigs. The different mett®are shown in Figure 2. The type
of rig is selected depending of the rock type aaddhess, diameter and the length of

the holes.
L N s
a) Tophammer b) Down-the-hole ¢) Rotary

Figure 2 Drilling methods

Tophammer (Figure 2 a) has the piston at the erleodirill, where it hits the shank
and the shockwave is transferred through the startbe drill bit and the buttons in the
bit make the rock crack and crush. The feeding mesm makes sure the bit is in con-
tact of the rock all the time and a slight rotatisrdone between the hits so the whole
hole area is worked. Percussive drill bits are showFigure 3a.



DTH (Figure 2 b) machines lower the percussion raeigm in the hole where it is
in direct contact of the drill bit. This method ca@ used for longer holes, since there is
no loss of energy to the rods. Percussion mechaisisiperated by compressed air and
the bits can be seen in Figure 3 b.

Figure 3 Drill bits for a) Tophammer b) DTH c) Rotary drills (Sandvik )

The rotary drilling (Figure 2 c) is used for softexck materials like coal or lime-
stone, and it relies on the crushing force of dwedl to break the rock while a constant,
static force is pressing them towards it. Air isvah into the hole from within the string,
which will cool the drill head and push the cutsngut. Drill head usually has three
rotating heads with teeth that will crush the roakghey rotate independently as seen in
Figure 3 c.

2.1.2 Surface Mining

Surface mining includes different methods suchtap sining, open-pit mining,
and mountaintop removal. In all methods it is fmsctessary to remove all the vegeta-
tion from the area, and then to remove the ovedauad soil from the top of the mineral
vein by means of bulldozers, excavators and diggene exposed ore can then be
worked with suitable methods to extract the mirgeral

Strip mining is most commonly used for coal busiapplicable for other minerals
as well. Strip mining is done in long narrow stripdhere the ore is removed. The waste
from the next strip is dumped to the previous strip

In open-pit mining which is shown in Figure 4, eseworked in layers creating a
large pit. Drilling is done by the benches expagdinose outwards by blasting then
continuing the layer below it. Result is a struetveminding of huge stairs leading up
from the pit.

Mountaintop removal blasts the top of a mountaith @works down from there, leav-
ing the sides to cover the work. It is mostly utzdcoal.



Figure 4 Simulator visualization of open pit mining(RigSimulator)

2.1.3 Underground Rock Excavation

Underground rock excavation typically includes telinmy, building underground
space for civil use and mining, extracting minenatidizing an underground space to
have an access to ore body. Tunneling and mining tigeir own special requirements,
but possess many similarities as well.

Underground mining includes all the mining thatd@ne in excavated space under-
ground. Underground mining can be done utilizingfeh which are vertical tunnels,
drifts that go horizontally and slopes which arelohéng.

In underground mining the mining process is mattiaracterized by the selection
of the mining method. As for example sublevel stgpi

Excavating the access tunnel is typically done laking a set of holes to the end
face of the tunnel, as shown in Figure 5, fillifg tholes with explosives and blasting
them. The rubble is then hauled away. Once thesadcmnel is excavated and reached
the ore the actual production drilling can stamtsuiblevel stoping the production drill-
ing is typically done by drilling holes in fan-likgattern. While the holes on the tunnel
face are usually only few meters long, the produrcholes can extend to 20 meters and
over.



When operating underground, there is also needrfiting support holes, which are
not blasted. Bolt holes are drilled perpendicutathte tunnel on the ceiling and walls
and bolts are driven to the holes to support th@eland when necessary beams, nets
and other support mechanisms can be attachedrto the

Figure 5 Tunnel face drilling

2.2 Mining Data

Data used in this thesis comes from the sensadiseimrill rigs, but it is possible to
get data from other machines and measurement det@oesuch as laser scanners, den-
sity measurements, spectrometers and weight s¢#gasy the data visualization meth-
ods it is also possible to evaluate new measurevat possibly equip future drill ma-
chines with such sensors if the data is useful.

Sensors typically give information to the operdtoough gauges and meters in the
control panel, but the data is also often recofdedater analysis. Pressure sensors are
among the most typical ones that measure for exampeicussion, feed and rotation
pressure. More specialized sensors are always blevgjoped for better understanding
and controlling the drilling process.

Drilling state is information that is important kmow when analyzing the drilling
data. State could include different drill settireysd adjustments that are made by the
operator or the automation. State could also irelvdar of the drill bit and amount of
rods in the drill. When combining the state datth®sensory data it is possible to gen-
erate normalized data for the rock properties.

Operator can give important feedback to the proasssell. Operator can often de-
tect things that may be hard for machine to noff¢eere may be change in the tone of
the drilling sound or in the color of the cuttingater might sprout from the hole when



water vein is hit if air flushing is used and operacan learn subtle changes in vibra-
tions to detect fractures as well even if the aattbom algorithms do not.

There are other measurements done outside of tliagdprocess that can be used
for extra information. There are devices that meashe curvature of the holes, such as
accelerometers which can be lowered to the suHalss. Also cameras can be lowered
or driven into the holes to assess color and otiseial characteristics of the rock. Laser
measurements are used to map the walls of theltonsarface bench to create a model
of the tunnel or mine surface.

The data can be stored within the machine's owriralter and extracted with a
USB-stick or other local means, but it is also gussto transfer the data further
through local area network in real time to a waakish, server or a cloud.

2.2.1 Data Usage

Drilling data can be used by the operator himseladjust drilling parameters and
monitor how changing settings affect the drillingesed and equipment wear to maxim-
ize productivity. This requires the operator to biseor her own expertise to analyze the
information presented to him and make decisiorgptonize the drilling parameters.

Alternatively the data can be collected by drillmatacturers to improve their drill
rigs, drill bits, automation settings and algorihand other research and development.
The manufacturer customer support and maintenagis®ipnel can also check the drill
data to see what was happening when problems ectunrorder to give support and
advice.

Another important scenario within the mining pracés letting the charger know
the rock properties for proper charging. Drill cgters have traditionally given charger
paper schematic of the drill plan where they haaelenmarkings of the hole depth and
any problems such as fractures within the holesh\Wetter drilling data it is possible to
make better decisions for the blasting. Propertinigsnakes loading and crushing the
rock easier, does not endanger the structuralrityegf the mine and ensures easy ac-
cess of the drill rig to the following drill pattes.

Safety issues are important especially in the wgrdend mines, where drilling data
can give valuable information about reinforcememdl support needs. Analyzing the
drilling data could reduce the need for other testat least confirm the results reducing
unnecessary reinforcement work and improving safety

Geologic surveying often use separate samplingtdmlt it is also possible to use
the data collected during production drilling. Datauld be used to estimate rock types
and layering, hardness, abrasiveness and fragneniawvel of the rock mass along
with mapping the ore veins.

Site supervisors and planners get information alleeitwork pace, conditions and
behavior of the ore veins from the drilling datdeTdata can be used to alter plans and
refine work methods and equipment in the mine &stiproductivity.
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2.2.2 Visualization Needs

Most basic needs for visualization come from thedseof the operators. Especially
less experienced operators can benefit from visedlinformation from the drilling
data and possible interpolations and extrapolati@sed on the previous holes. Visuali-
zations can be used to predict rock behavior scecodrilling modes can be selected
and to warn about possible upcoming problems ssdtaatures or water holes.

Drill operators are usually required to make obagons for chargers on the rock
qualities, fragmentation and other abnormalitiethim holes. An example of a drill log
form is shown in Figure 6 where the drill operabas manually made markings about
the holes that have been drilled. Lot of this carabtomated by the controller and re-
ports and visualizations can be generated to adctiarger in charging the block

properly. Blasting report could show where the tinae lines go and where the rock is
harder or softer.

|
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Figure 6 Drill log form
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Visualization of the drill data can show weak psitttat would require extra support
and could minimize or even eliminate need for wadsting in injection holes in order
to detect fracturing. Support visualizations coaldo include any detected fracturing
and information about the brittleness of the ro@ktenal along with the hardness.

For mine supervisors and planners, visualizing ngridata can give a better over-
view of the mining operation and better understagdibout the ore behavior and rock
properties. Analyzing data for the whole mining i@i®n would be too inefficient and
properly generated visualizations can show problemnsediately.

Maintenance and customer support can easily chexkisualized rock model and
compare the drilling parameters to see if therenaaehine failures. This data can be
used to determine if problems are due to faultyajoeg methods.

Researchers can create rock models based on iléafdiata by help of interpola-
tions and smart algorithms. Based on those modhelg tan generate better drilling
methods and improve the hardware and softwareeoditifiing products. Simulators can
be validated by comparing the simulator data td deta. The simulators can then be
used to speed up the development cycle when neasg icen easily be tested and veri-
fied in simulated environments and the resultshokeé tests again visualized for easier
analysis that can be referenced against the ridladialia.
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3. DATA VISUALIZATION

Processing large amounts of numerical data carhbkieaging for humans, so de-
veloping methods for structuring and presentingda& in a way humans can under-
stand and analyze it easier is important part td gaocessing. With proper visualiza-
tion tools large amounts of data can be checkeld aviglance and anything out of the
ordinary shows up immediately. Comparing the datha wther data sets or with differ-
ent data channels makes it possible to draw coocsisand to understand the opera-
tions and the relations between measurements frideneht sensors.

When making visualization software, it is importaotknow what kind of data is
being visualized and what does the user want tdregeeit. It also makes a difference if
the data is static or if it changes or accumulatbe being visualized. There may be
need to process the data for interpolation purpose&seate derived attributes for visu-
alization.

3.1 Data Types

The type of the data can affect the visualizati@thods and the algorithms used for
processing it. Data type can refer to the unitshef measurement, such as meters or
kilograms which should not be mixed together, karn ase regular arithmetic methods
within the same units.

Alternatively values can represent different chmastics such as male, female,
dog, and cat or in the mining context it could kféecent mineral types such as granite
or sandstone. Differences between continuous asdrele data become significant
when making calculations such as interpolatingextcapolating the data.

3.1.1 Continuous Data

Most measured units are continuous types, suchthtigavalues can be anything
within the limits set by physics or measuring toditese types of units can be pro-
cessed with arithmetic units so it is possibleatetaverages or calculate integrals of the
accumulated kilograms. This makes it possible terpolate and extrapolate using usual
methods such as averaging and fit them to a cuyvedthods such as least squares.
Visualizing this type of data forms continuous #ngithout gaps or steps except those
from the precision of the measurements.
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3.1.2 Discrete Data

Another major data type is discrete data. Discdetia cannot be used in the same
way as the continuous as the actual values may wmapletely different things. It is
common to use numerical values to denote such sdluehe computer and sensor
equipment, but using normal arithmetic methodshendata usually results in nonsensi-
cal results.

For example there could be an algorithm that detetiether there is copper in the
rock being drilled and copper is marked with 1he putput, gneiss is marked with 2
and granite with 3. If the instrument or algoritkietects copper in one measuring point,
and plain granite in another, in the data theynaaeked as 1 and 3, but it is not possible
to interpolate the values and deduce there woulgnagss in between those measure-
ment points.

3.2  Visualization Types

Data visualization is a very common software agicsn and many solutions are al-
ready available for it. The challenge therein iath finding the suitable ways of visu-
alization and adapting them to the current problins. necessary to know what kind of
data is being processed, if there is pre-processiqgired, what is the expected behav-
ior and what kind of anomalies to look for.

Diagrams and charts can be very specific for dffierfields and applications to
convey different information. Well selected visaalion makes the important issues
stand out from the less relevant information. Agas have linear or logarithmic scale
and they may be normalized. There can be additiof@mation such as variance, cer-
tainty or shown in the chart.

3.2.1 Relative Charts

The most basic diagrams are line, scatter, piepbandiagrams, which are shown in
Figure 7. They have somewhat different use casgeach also has many variations
that have own unique distinctions.

Line diagrams are used when visualizing how a bégiahanges relative to another
one. It shares the characteristics of scatter dragbut generally the values on x-axis
are truly increasing, such as time or sample nunibedrilling context one might visu-
alize any measured variable, i.e. Percussion presas a function of time or depth.
Scatter diagram is more of a relation of measumddes without connection. In some
cases it is possible to generate line diagram fsoaiter diagram by finding trends in
the relation of the measurements, such as leaatesitting.

On the other hand the diagram can show where theevare concentrated. This
kind of data representation works well when comatwo measured attributes that
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affect each other to find the correlation. In dndj it could be for example the correla-
tion between penetration rate and rotation presssiie Figure 8.
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Figure 7 Line, scatter, pie and bar diagrams
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Pie diagrams are used to depict portions or digiobh of some values. This could
be used to show the percentages of different rgo&st within an area or within a spe-

cific hole.

Penetration Rate
b = pd
Ln oo

=
&
o a ™
]

i a0 50

Rotation Pressure

Figure 8 Scatter diagram

Bar Diagrams are good for comparing separate instaaf an attribute and distribu-
tion of discrete values within those instances.rélemuld be a comparison for number
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of factors. For example bars could be differentdkof pets and the bar height could
represent the number per thousand people. In mstrgarios the bars could represent
different holes and their length and different eslwithin the bars amount of ore and
non-ore rock.

3.2.2 Spatial Diagrams

When it is necessary to see the location of tha gdamples in relation to each other
and other possible objects in the surrounding dob®ees necessary to assign one or
more of the coordinate axes to location. This tsingw challenges for visualizing the
sample values. In static diagrams even three dimesngsre becoming more difficult to
visualize and comprehend because of perspectivee han three dimensions are not
possible by conventional means so other ways neistsed to make the values appar-
ent.

There are many ways to go about this dependingn@nype and density of the data
samples. For example in weather maps, such asgurd=0, it is enough to show the
numerical values of the temperature (red numbers)ind speed (blue circled numbers
with an arrow to show direction) for the area unidler use symbols for more discrete
type of data such as weather type in cloud, snakefbr sun symbols.
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Figure 9 Weather map shows symbols and numerical ¢tk
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When the data is more densely populated, the diagnamap would become too
cluttered and impossible to read. Then the val@aesbe mapped to a color and these
colors drawn into the diagram. This can be seerexample in topographical maps in
Figure 10. The height of the surface is visualiredolors that are explained in a sepa-
rate color map. Contour lines are another way tualize data in two dimensional
graphs. It shows edges of an area that has sameMast common example is height
lines in maps, where it denotes an area of cehaight. Data might have to be simpli-
fied for this kind of mapping to avoid crowding tfigure, but it can be useful tool in
many cases and easy to combine with other data.

LROC WAC Topography 80°S to 80°N $ : Orthographic projection centered
LOLA 80°N,S to the poles - on the farside

3.3 Interpolation and Extrapolation

Interpolation is estimating values between measuages and extrapolation is es-
timating outside the measured range or beyondniietthe measured time. Estima-
tions are used when planning drilling or estimatiigat is coming ahead while drilling
to be able to prepare. It can give insight intacjslg explosives and make it possible to
create geological models. In mines interpolatiod extrapolation can be used to show
inside the rock wall. For example the rock canrblyers and each layer may require
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different drilling parameters, the veins may gahim stripes and minimizing the drill-
ing outside of the vein can increase productivagsiderably.

3.3.1 Continuous Data

Interpolation algorithms weight the relevance dfedent data points in relation to
the interpolated point. Most commonly values areghted with distance. The most
basic method is Inverse Distance Weighting by Darfalhepard (Shepard 1968). In
Shepard’s Method interpolated value at point xalewated from samples using func-
tion

_ C w; (X)u;
u(x) = m,where
j=0"j (Eqg. 1)
w;(x) = R

The weight is the inverse of the distance betwheririterpolated point and the data
point in power p, where p is positive real numbea aan be used for adjusting how fast
the significance of the value deteriorates withatise. A problem with the Shepard’s
method is the processing time needed when thesg#saget massive and interpolation
resolution increases, especially with sparsely faipd data clouds where most of the
data affects the result.

Variation of the Shepard’s Method where only theadaoints within a given radius
around the interpolation point are calculated iBedaModified Shepard’s Method.
Modified Shepard’s is considerably faster sincernily uses a subset of the data points
to calculate the interpolated value. However, figdihe data that is within the range for
the algorithm could possibly deter from the bemsefltherefore selecting a suitable data
structure with fast nearest neighbor search carenaaliig difference in processing the
data.

Modified Shepard’s uses the same formula as thea@tes Method. Only change is
in the weight function which is in form of

R —d(x, xk))2 (Eq. 2)

wi(x) = ( RA (%, x)

to take into account the R-sphere around the mdimterpolation. With an efficient
data structure such as KD-tree (Bentley 1975)atgerithm becomes O(NlogN), which
scales very well even with big data sets.

Another method commonly used in geostatistics igiKg (Wackernagel 1998),
which is a group of techniques used to interpoletiag probability distributions. It is
more complex and will not be discussed furthehia thesis.
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3.3.2 Discrete Data

When interpolating discrete values, the valuegagdefined and it does not scale in
between these values. In some cases it is pogeibiee continuous interpolation meth-
ods by rounding, but this is a special case. Ih thae the values in between the two
discrete values can be thought of as probabilttets/een these two, but it only works if
there are only two values.

For example in mining the controller could detdahe drill is penetrating regular
rock wall that is denoted by value O or if it istkwn the ore vein which would be
marked with 1. Now it could be useful to generatgraph showing where in the wall
the vein goes and extrapolate where we want tarasadrilling. We could use Shep-
ard’s method and round it to get an estimation bére the ore is most likely located.
However if we have more values, for example 0 fange, 1 for marble and 2 for iron
ore, it is not possible to deduct that in betweea measurement for granite and another
of iron ore there would be marble.

Instead there are specific interpolation methodsliscrete data. Three methods are
investigated for this thesis. These methods areemuoearest neighbor and classification
tree. They are addressed in the following.

Mode means that the most frequent element in thee skt is selected. This can be
implemented by having certain radius around therpulated point and calculate the
mode for all the data samples within that raditiss blso possible to take into account
covariance of the data samples so the interpoldtatter follows the general shape and
weighting of the samples. Problem with the modestiaspproach is that it can vary
drastically based on the radius selected and htscdses where there are no data sam-
ples at all within the radius require special diten

Nearest neighbor is distance based interpolatiaedan finding the nearest data
sample for each interpolated point and assigniegviidue from the nearest sample to
the interpolation point. This is a simple and fasthod, but the results can be some-
what skewed when using Euclidean distance. Insiead) measurements that take into
account the covariance of the samples such as Biatiais distance (Mahalanobis )
give much better results.

The last method is a classification tree, whichctions somewhat differently from
the previous methods. It can be used to deductethdt from several measured varia-
bles traversing through a binary tree where eacie montains a Boolean condition ac-
cording which the path is chosen. Resulting vasuecated at the leaf of the tree.

3.4  Reliability of data

There can be errors in measurements and thereecarrdrs in the algorithms used
in interpolation. The reliability can be taken irdocount in the interpolation itself by



19

using different weights depending in the certaimityhe correctness or it is possible to
calculate separate uncertainty for each data point.

If there are many samples and only one or few sbomsiderably different values
that do not fit the curve it can be determined ¢hmay be a measuring error. However
this may not always be the case. In the mining fiassible there may be fractures and
other anomalies in the rock that can cause spikese measurement data. This could
possibly be detected also in adjoining holes tbatdgive more reliability to the differ-
ing values or further discount them as an error.

In interpolation and extrapolation there are sdvia@ors that can affect the uncer-
tainty of the interpolated point. The most impottenthe amount and distance of the
data samples in the vicinity. Also, if the sampsesround the interpolated point or if
they are only on one side can be a factor as igsdahance of the nearby points. For ex-
ample if there are 3 data samples nearby but théyaae considerably differing values
the interpolation is less certain than it wouldifoal the samples would be same. Final-
ly the certainty of the actual data itself has mpact to the interpolation as well. If the
error margin of the data is high, the certaintytted interpolated values cannot be high
either.

3.5  Visualizing Interpolation

Once the interpolations have been calculated taerenumber of ways to present
the results to the user. Depending on the apphicatimay be enough to show merely
the prediction of what lies ahead of the hole mitiyebeing drilled. That could be
shown simply as a line graph or colored bar. Fay-timnensional visualization such
representation consists of a plane using heightsnaapcoloring. Usually due to the
three dimensional nature of the rock being dribetght is not as intuitive visualization
as colors and from the plane it is easier to seexact location of visualized values. To
visualize a space up to three perpendicular plaae$e used and independently placed
along each axis to visualize any point of the méated space.
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4. DRILLGRAPH DESIGN

DrillGraph is piece of software developed for regpvarious drilling measurement
data and to visualize it. Development of DrillGrawhs done in prototyping fashion,
with the main focus on coming up with new ways isializing drilling. Visualizations
were created and iterated on to find what thingekvemd how different ideas look. Lat-
er on the findings of the DrillGraph developmentreveatilized in the specification and
design of the actual product.

DrillGraph was designed to work with both real tik&a and previously recorded
drilling data files. These are somewhat differes¢ wases, since the real time data is
something that usually is only accessible to theraor himself, so he would need tools
and views that would aid the current drilling pregeThe previously recorded data on
the other hand can be used for analysis of the wlorie later on and possibly aiding
with planning and adjusting the process duringrtiieing operation. Collected data is
also used for research in the drilling equipmernt mr@thods as well.

However as the drilling gets more automated, gassible the operator is moved to
an office monitoring multiple machines at the saimee. This could change the focus
from the immediate control of the machine to manetle go planning and give more
possibilities for analytical process control.

4.1 Tools

Few main points rose during the choice of the dgweknt tools. The client owns
the source code, so they had a say in the develigamyuage. Since the software was
only meant for internal use it was not necessanbfoscate the implementation details.

Libraries and software components were chosen haémsing that allowed com-
mercial use in case the software is ever distriboreused as part of commercial prod-
ucts.

Target platform was Microsoft Windows operating teys ranging from XP to
Windows 7. However in the end the tools used magm®ssible to run on Linux and
Mac computers too, but those were not officiallpsorted or tested thoroughly. 32-bit
tools were used for wider support.
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411 Qt

Qt is a programming framework that offers mainlggmrical user interface related
libraries for cross-platform development that suppdVindows, Linux and Mac envi-
ronments.(Blanchette & Summerfield 2006) Qt hagess\benefits for GUI design such
as graphical design tools and vast selection afyr€xlJI components that have a native
look in the target operating environments. For nepecific GUI needs there is also Qt
Quick, which uses declarative QML language for dbsty the user interface, but is
still completely compatible with the rest of the €ude. Qt has its own signal-slot sys-
tem, which allows components to send signals thgtather component can bind into
and get called whenever the signal is sent e.gnwiser interaction happens or data
changes.

Besides GUI components Qt also offers various otlssful features. Threading
support makes it easy to make concurrent programdst@ communicate between the
separate threads using asynchronous signals. Nesupport offers high level access
to sockets and makes it easy to create or conoewttivork services. Database services
offer easy access to various data storages anditouiodel-view-delegate system can
bind the data to views and interact with it. Graghallow drawing on the GUI compo-
nents or separate buffers using OpenGL(Shreineh& Rhronos OpenGL ARB Work-
ing Group 2009) , 2D painter or separate Graphies yramework which allows more
complex scenes and graphical objects to be draam would be possible with simple
paint operations. Qt also has a resource systeinmihliees it easy to embed images and
other resources within the program itself. Findhlgre is extensive unit testing frame-
work that helps testing all the Qt functionalities.

Features that were utilized in the making of ttiesis were network, threading,
OpenGL and drawing tools. Network tools were usedriaking a server that listens for
real time data. Threading makes it possible to re¢pdime consuming operations such
as interpolation to another thread so they do fiettthe responsiveness and other op-
erations. OpenGL and 2D drawing tools were usedifawing or viewing all the visu-
alizations. Qt version 4.7 was used in DrillGrapfwsare.

4.1.2 Python

Python (van Rossum 1995) was chosen as the imptatienlanguage. Python is
an interpreted language. It does not have stropigdyand does not require compiling.
Therefore it fits well in the type of project thédes not have a rigid specification, but
instead is based on trying different things out inding out the best solutions. It also
has a big selection of libraries for scientific azdation, visualization, and Ul design.
Python 2.7.1 was chosen and the minor versions watated during the project. In the
end DrillGraph was shipped with Python 2.7.3.

There were two different Python wrapper librariegsikable for Qt; PyQt and Py-
Side. PyQt is the older and further developed, Ryffide was chosen because of the
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more licensing was more permissive and fit the sdetter. On top of that, it was the
one developed by the Qt crew themselves. The negsint stable version of PySide at
the time was used and it was shipped with versiar21

DrillGraph includes lot of data processing and stifie calculations so it was nec-
essary to use SciPy and NumPy, which include wateety of useful mathematical and
scientific functions. Most useful features in th@Fsy were array and matrix classes and
huge variety of mathematical functions that opereith those. SciPy offers packages
for interpolation, signal processing and Fouri@angforms, linear algebra, spatial data
structures and algorithms, statistics and imagegssing. SciPy version 0.11.0b1 and
NumPy version 1.6.2 were used.

Matplotlib was another library that added visudii@a tools and plotting interface
similar to Matlab. Matplotlib takes advantage ofF§cand NumPy and offers ways to
create plots and graphs of the data calculated thigim. Version 1.1.0 of Matplotlib
was used.

3D graphics were drawn using PyOpenGL version 3%).2sing OpenGL made it
possible to use GPU to accelerate heavy graphrealidg functions. Shaders are pro-
grams that are run on the graphics card inste@P&f which is highly parallel architec-
ture and allows efficient calculation of algorithrigt can take advantage of parallel
execution. This allowed it to transfer some heaalgwations to the GPU to take the
load off the CPU. Downside of OpenGL shaders i$ tina program is evaluated every
draw cycle, which happened every 1/30 seconds.eTheg ways to utilize the pro-
cessing power of the graphics card outside of taee@aommands too such as OpenCL
(Stone et al. 2010). PyOpenCL version 2012.1 waemmented with on heavier inter-
polation tasks that would be easily parallelizatlevas found useful, but other things
were prioritized over efficiency, so in the enevds not used in the software.

4.1.3 Development environment

Microsoft Visual Studio 2010 Professional was uasdhe developing environment
with Python Tools for Visual Studio plugin. Visuatudio was the default programming
environment used in the company, so it was thec&gthoice and the Python tools
worked very well.

Other tools used or tried were IPython interacsiell for testing various Python re-
lated code fragments or syntax outside of the dctofware. It was found extremely
useful for checking what and how various libranesrked what kind of parameters
they took and what they returned, and to test semafipets of code without having to
run the whole program. Subversion version contrabwsed with TortoiseSVN and
AnkhSVN clients. WinMerge was used for comparingaeen versions of code files.
PyLint version 0.25.2 was tested for code analysisjt was never taken in serious use.
Modulo 2.2 was used for UML-designs.
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4.2 Architecture

The basic requirement of the software is to redd dad present it in various forms.
Model-View-Controller architecture (Krasner & Pof888) is one of the most com-
monly used design patterns and it is specificallgighed to separate presentation from
the data, so it is very fitting basis for the D&taph. It is also well known and Qt has
implementation structure ready to support variatdnt. Module structure of Drill-
Graph is illustrated in Figure 11.

DrillingView GUI View DrillDiagram
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Controller /
1 Controller .,
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i
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Figure 11 Module structure of DrillGraph software

421 Model

Model handles loading, storing, saving and procgstie data for use with the rest
of the program. It can read the XML-files consigtiof the drilling measurement data
and save it in a unified project file that can ud# multiple XML-files and any interpo-
lations that have been already calculated for th€hass diagram for the model is
shown in Figure 12.
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Figure 12 Model class diagram

DrillBlock represents one drilling report that ubyaequals to one drilling plan.
These XMLs are loaded under the DRPQualityRepadt@mlIPlan classes that are part
of the DrillBlock. DRPQualityReport also includest ©f DRPHoleReports which are
the individual holes and the drilling measuremenitfin that report. The hole reports
are also saved in separate XML-files.

SiteModel is the largest level model that represéme whole drilling site or the part
of it that is being inspected. It may be one lesedrilling field at the surface or one
tunnel in the underground mine and includes allRhéBlocks within that site. It also
offers selection model to the views and can rehotes or blocks according to the se-
lection.

ChannelModel represents all the measurement chanviglin the holes. It takes
care of all the channel specific tasks such asraabemes and value limits. It is same
for all the blocks and holes within the site.

4.2.2 Controller

Controller module contains all the program logicwns the other components and
handles user inputs then passes the commands tbtavéine other modules. Controller
class diagram is shown in Figure 13.
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Figure 13 Controller class diagram

DRPController is the main class which is callechfrthe program starter. It initial-
izes the program and creates the View and Modgdctd DRPController consists
mostly of Qt signal handlers that are actuated fodner modules or user input.

TCPServer listens to the configured port for réalet measurement data according
to the communications protocol (Appendix 1) andyslthe information to the model
by Qt Signals. TCPServer can handle one conneatidrit can be started and stopped.

423 View

View consists of three separate modules as shovgire 11: DrillingView, GUI
and DrillDiagram. DrillingView and DrillDiagram argeparate visualizations within the
GUI and GUI contains even other diagrams, but tiese been separated to their own
modules due to their size and many classes thataat®f the same diagram.

The main window, menus, buttons, dialogs and otlwertrols are all part of the
GUI. Class diagram for the GUI is shown in Figude GUI module mostly takes ad-
vantage of Qt dialogs and controls. UIWindow is #utive part of the main window
which owns all the Ul-controls. Mapview is a 2D salview of the holes and PlotView
depth based line diagram for one or more channedsé or more holes.

DrillingView is prototype view for real time viewof the drill operator. Class dia-
gram for the DrillingView module is shown in Figut®. DrillingView shows currently
drilled holes and how the drilling progresses.hibws the desired channel information
within the hole, the depth of the hole and it sogbossible to show estimates of what's
coming ahead by interpolating from the nearby hdl##IScene listens to the Qt Sig-
nals from the Model about new holes or data pants updates the view accordingly.
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Figure 14 GUI Class diagram

It is also possible for the operator to make his awtes to the hole at desired depth
by clicking the hole, which creates a new Marking@ricsltem at that spot and sends
the information to the model. A discrete operatbarmel is also added to the model
which is controlled from DrillingView by radio buths which can be set to some val-

ues, for example to indicate different color of ©as different sound from the drill.

Whenever operator changes the value of the radtorigithe model starts recording that

value to the operator channel.
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Figure 15 Drilling view class diagram



27

DrillDiagram is 3D view of the site. It can drawthar all the holes in the site or just
selected blocks using user defined color schemdsyiwt changes in the selected chan-
nel along the length of the holes. It also canalize interpolations with planes that can
be moved along the axes or using isosurfaces tow ¢he areas where the interpolated
value is within some range. Detected fractures iwithe holes are shown and can be
combined into a fracture planes. Class diagranhefrillDiagram is shown in Figure
16.
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Figure 16 DrillDiagram class diagram

GIDrillScene is the main class for the module affdrs the interface outside of the
module. GIDrillScene takes a reference to the modebnstructor parameter so it can
fetch the hole information directly as it needsalko connects to the Qt signals in the
model to detect changes in the data or selectidhesdiagram can be changed accord-
ingly.

GlHole represents a hole object that is drawn ediagram. GlHole will be given
the data vector of the visualized channel and eath point within the hole is colored
according to the color scheme if the hole is sekkor shades of gray if it is not.

GIPlanHole represents where a hole should beedrilGIPlanHole does not contain
any drilling data so it will be colored purple wheslected or white when not.

GllsoSurface handles the drawing of the isosurfateg user selects the desired
value within the value range in the channel andotérance for it and Glisosurface fills
all the space where the interpolated value is withat tolerance of the selected value.
There can be several GlisoSurfaces at the same ¢ime with different color and val-
ue.



28

GIPlane is an interpolation plane. There are tiplaaes and they can all be shown
and moved individually along each of the axis theg perpendicular to. Colormap of
the interpolated values at that plane in spackas/s in the GIPlane and it is updated in
real time as the plane is moved.

GlFracture shows red discs on the hole where frastare detected. It is possible to
create fracture surfaces by selecting a new fradtom the fracture dialog and clicking
these fracture discs.

4.2.4 Inter-module communication

Inter-module communications are handled eitheribgct function calls or indirect-
ly by Qt signals, a mechanism that Qt uses. EactHuieoshould have one interface
class through which all the inter-module commundcet is done to keep the dependen
cies down. DrillGraph is merely the starting pdiot the software; it creates the DRP-
Controller object and starts the event loop. DRRf@der has the ownership of the oth-
er modules. It creates UiWindow that initializekthe views, SiteModel, which sets up
the data model, and TCPServer to start waitinglients.

A reference of the model is passed to the viewsTaDEServer. Model itself does
not depend on the other parts of the software @xbepnterpolation module. Interpola-
tion is a separate module from model, but it isyatcessed through the model, and
interpolation information is saved in the projets.f

The model interface affects all the other partshef software, so it is important to
keep it stable. Core interface includes gettingehmmes, coordinates, channel names
and data vectors, and various meta-information.ndog box and transformation ma-
trix to transform holes into local coordinate systare also calculated in the model. The
core interface is kept the same and it is expaadetew functionality is added.

Real time communication offers interface for maekito send drilling data through
TCP/IP connection to the DrillGraph. It implemeserver-client model, where Drill-
Graph acts as a server waiting for clients, whigh loe drilling machines, simulators or
other sources of drilling data. Protocol is textdxh with messages sent as strings of
ASCII characters. Each command and its parameterseparated by space and the
message is terminated by a carriage return. Thatadiends commands to the server and
server only sends acknowledgments back to thetck&my one client connection at a
time is supported.

4.2.5 Load balancing

DrillGraph is designed to be run in several thredth® graphical user interface runs
in the main thread along with the main event lddgjority of the program logic is run
within the main thread. Interpolation thread ddes interpolation calculations in the
background without affecting the usability of thegram. The intermediate results of
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the interpolation can be asked at any time andalied. TCP/IP server also works in a
separate thread so it can work separately fronnetsteof the program logic.

Parts of the heavy visualization routines are affied to the GPU using the shaders
to do the calculations. This code is run every dngvweycle, so it is only suitable for
specific cases such as calculating the isosurfazesnCL also takes advantage of GPU
outside of the drawing routines and using it wassatered as well.
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5. DRILLGRAPH IMPLEMENTATION

The first phase was to parse IREDES type quality @mil measurement files and
show the holes and channel data in the graphiealiogerface. This iteration included
the Main window module with list widgets for holefiannels and for data values of the
selected hole and channel. Using this basic viewa# possible to implement parsing of
the IREDES files and to validate the data was cbr@nce the data model, that loaded,
stored and served the information, was implemeitte@s possible to start adding dif-
ferent visualizations for the data. As the complexjrew, majority of the logic was
moved from the main window class to the DRPCorgratlass.

Since Qt was chosen as implementation frameworstyd¢ View-Model structure
was used. When the model is inherited from the @AbdtemModel it automatically
sends signals whenever data changes within thelmodethe views all stay synchro-
nized with current data. This supports the architecwhere model does not need to
know what views, if any, use it. It merely sende #ignals and the views connect to
those signals if they want to get updates.

Most of the program runs in the main thread aloitp e Qt event loop, but heav-
ier operations have been moved to separate thrBadsing the IREDES files is done in
a separate thread that sends pulses to the prdmress main thread about the progress.
Also interpolations are done in another thread sopossible to calculate interpolations
in the background without it affecting the othee ug the program. TCP Server had to
be moved to another thread with a separate reteiffer as more and more real time
visualization was added and it could not be guashtthat the server could keep up
with the sender in all situations. Some of the recteecking and reporting to the sender
was lost as a result since it was not possibleatmlate the data between the incoming
samples, but it was considered necessary to makensulata is lost.

Threading is done using QThreads and communicdigiween threads happens
with asynchronous Qt signals. There were many id@asptimizing the interpolation
using multiple cores or GPU, for example with OpknBut in this prototype software
it was more important to work on the visualizatidingn the interpolation algorithms.

5.1 Data handling

Data is handled by the model module which is dbsdriin the Figure 12. Data
comes in either from IREDES files, existing projéiteés or over TCP/IP connection.
Currently all the data is loaded in the memory .sTiney become problematic with larg-
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er sites, which would require keeping it on thedhdrive and loading as needed, but
that case is not considered in this thesis.

5.1.1 Loading and saving data

To load an IREDES-report into the system, user sesd.oad Report from the File-
menu and selects a report file. This creates a deanyp ThreadedReportReader-object
that handles the report loading in a separate dhice&eep the user interface from freez-
ing. It sends progress ticks periodically to a pesg bar so user can see something is
happening. The actual process is shown in Figure 17
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r2 : DRPController — r: DrillBlock r1: DRPQualityReport
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Figure 17 Reading IREDES files
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First a new DRPQualityReport object is created Wiparses all the metadata from
the IREDES files. Then it checks all the hole IDsthe report and tries to fiend hole
reports with those IDs. For each hole report filERPHoleReport object is created and
it is checked whether the ID matches one in theityuaport. If the hole report is valid
the hole measurement data is parsed in.

Once all the holes are parsed, the informatioelsyed with Qt signals to the views
so they can show the new data. Also ChannelModatljgsted according to the meas-
urement channels in the hole reports.

Loading and saving the data is done in separateqgtrble which includes all the
relevant information about the holes and also atgrpolations that have been calculat-
ed already since the calculations can take a liong. tThis makes it possible to use the
calculations at a later time without having to He heavy calculations again.

The project file is composed by serializing all tmetadata in the model in json
format in one file including a version informati@® when changes are made to the
model it can still handle the old project files aaternatively if an old version of the
software is trying to open newer project file iflweport it cannot handle it. Along with
the metadata hole coordinates and channel datsiaesl as numpy arrays. The separate
data files are then zipped as one project file.

Real time data can be appended to an existingqgtrojgjust start adding to a new
one. The server listens to clients on a port thateiined in the configuration file. Origi-
nally the logic was working synchronously so whearea message game through the
client it was processed and validated in the mduah a response was sent indicating
whether there were errors or not. As the systerw gied views and interpolations were
updated with new data it become impossible to kgewith the incoming data especial-
ly since it is possible that one drill rig has sedvdooms that are drilling at the same
time.

The receiver was detached to a separate threadtfremest of the program logic
and a buffer added for received commands. Buffee svas not limited except by
memory, but in tests we could not make a case wiherduffer size would have been
growing without limit. Majority of the time thereag only one message in the buffer at
most there were three even on a relatively slowojap

5.1.2 Using data

Model offers an interface to the rest of the progta access the data. Python does
not have private methods so everything is accessibtside of the class, but methods
intended to be used by the views are listed iningsil. These methods are only meant
for accessing data and not for modifying it.
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Return value

Method name

numpy.array getHoles()
numpy.array getChannels()
string getPlanld()
string getReportld()

numpy.array

getStartCoordinates(holeld)

numpy.array

getEndCoordinates(holeld)

numpy.array

getDirection(holeld)

numpy.array

getPlannedStartCoordinates(holeld)

numpy.array

getPlannedEndCoordinates(holeld)

numpy.array

getPlannedDirection(holeld)

numpy.array

getBoundingBox()

numpy.array

getLocalBoundingBox()

numpy.array

getLocalTransformation()

numpy.array

getChannelData(holeld)

double getLatestValue(holeld, channel)
double getValueAtDepth(holeld, channel, depth
double getValueByIndex(holeld, channel, index

numpy.array

getSelectedHoles()

numpy.array getActiveHoles()

int getMaxDataCount()

int getHoleCount()
boolean isData()

list getMarkings()

int getRowColumn(holeld)
int getRowCount()

numpy.array

getColumns()

numpy.array

getRowHoles()

numpy.array

getColumnHoles()

int

getNearestRow()

dictionary getHolelnformation(holeld)
string getReportFileName()
string getPlanFileName()
ChannelModel getChannelModel()
DateTime getStartTime()

DateTime getEndTime()

DateTime getHoleStartTime(holeld)
DateTime getHoleEndTime(holeld)
numpy.array getPivotPoint(holeld)
double getTiltAngle()

double getRotationAngle(holeld)
double getRowDistance()

string getPeg()

Listing 1 Drillblock public interface

In addition to the call interface, model has Qmnsig that can be connected to. The
most important ones used to notify the views almhatnges in the model are listed in
Listing 2.
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Signal name Signal signature
holeAdded QtCore.Signal(Holeltem)
datapointAdded QtCore.Signal(Holeltem)
holeClosed QtCore.Signal(str)
holeSelected QtCore.Signal(QtCore.QModellnde
modeSignal QtCore.Signal()

Listing 2 Drillblock signal list

X)

Holeltem is a convenience class that does not state of its own, but offers easy
access to the data of a specific hole without lgatanknow what block it belongs to. It
offers a selection of properties that internallicfiethe data from the DrillBlock inter-
face using the holes Id. The properties are listddsting 3.

Property type Property name
numpy.array start
numpy.array end
numpy.array direction
numpy.array localStart
numpy.array localEnd

numpy.array

localDirection

numpy.array

localPlanStart

numpy.array localPlanEnd
numpy.array localPlanDirection
numpy.array planStart
numpy.array planEnd
numpy.array planDirection
string id

double depth

double planDepth

list markings

numpy.array

boundingBox

numpy.array

localBoundingBox

numpy.array transform

bool finished

list selected

list toggleSelection

Listing 3 Holeltem properties

Holeltem class also implements several methodssihatarly forward the calls to
the DrillBlock. This makes it possible that viewancmake various changes and fetch
channel information from the hole, just by havingeerence to the Holeltem class. The
methods are listed in Listing 4. Holeltem becameessary after the model was ex-
panded to multiple DrillBlocks. Some views may hi@antoles separately from the
block and different blocks can have holes with séwle Id, so it would have been nec-
essary to make a unique identifier for every halgependent of the hole id used in the
block level and ask for the information from théedievel model interface. Having a
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separate for the hole to ask the information frommpgified things and it was not neces-
sary to pass the model to every view that only hethdeparate holes.

toggleSelection()

isData(channel)

toggleSelection(channel)

setData(channel, dataVector)

normalizedData(channel)

convertToLocal(coord)

value(channel, index = None, depth = None)

addChannel(channel, data)

setMarking(depth, text)

changeMarkingDepth(oldDepth, newDepth)

setHoleMessage(message)

removeMarking(depth)

Listing 4 Holeltem methods

Visualizations are done in local coordinate systamich depends on the type of
drilling being done. It turns the holes so they barviewed, depending on the situation,
from the side, top or from behind. The transforomatimatrix can be asked by
DrillBlock methodgetLocal Transformation(). Alternatively the transformed coordinates
can be asked from the Holeltem object with the props starting withocal .

Bounding box is the box which encloses all the siatethe block and it is used as
the size of the interpolation matrix. Bounding lm@n also be turned to local coordinate
system.

5.2  Visualizing Options

The views offer access to the different visualizopgions for the drilling data. The
main view of DrillGraph is shown in Figure 18 withWindow parts emphasized with
cyan and yellow ones part of MainWindow. Figureal$ lists the different parts of the
main view. The menus are at the top ad the viethas divided with the list of drill
blocks, holes, channels and selected hole infoonatt the left and view area for visu-
alizations at the right. All the visualizations a&fgown in separate tabs in the view-port.
UiWindow object owns all the classes that handiing to the visualization tabs and
works as the connection point to the GUI moduleal@s however are initiated from
the DRPController module, even though they are pathe GUI module. UiWindow
also handles all the toolbars and controls in thennwindow, while MainWindow class
handles menus and status bar.

It was considered that the block, hole and chahsisl are used in all the views so
they are always visible, and the view specific bao are in the individual visualization
views. The dialogs are always accessible from teaus even if they only are used in
specific views.
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Figure 18 Main user interface

Views are inherited from QWidget and dialogs fromi&og or their child classes.
Different visualization views are added to a QTabyeit, which take the whole right
side of the window. Tabs are shown at the top efwindow and the visualizations can
be changed clicking those. Each of the visualizretiews has its own toolbar and view-
port where the visualizations are drawn.

Changes in the model are propagated to the othdule®by Qt Signals. Signals are
also used between other classes along with direthad calls. When communicating
between threads, it is necessary to use asynchsaigoals, otherwise the called func-
tion will run in the callers thread and the caiMll suspend until the call is finished.

5.2.1 3D view

Drill Diagram visualizes holes in 3D as seen inurgg19. Holes are visualized as
tubes in in space as they are drilled in the rockelation to each other. Channel data is
visualized along the depth of the holes in col@wlors and the scale can be adjusted in
the color dialog. Same colors are used in intetpla as well.

Interpolations in 3D Drill diagram can be showntwo different way; interpolation
planes or isosurfaces. The planes show a slickeofltill site with interpolated values.
There is a plane for each axis, which can be tuore@nd it moved along the axis.
Isosurface fills the space where the interpolatialue equals the value it is being com-
pared to.
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Figure 19 3D Drill Diagram

3D Drill Diagram is implemented using OpenGL. Th&adam is drawn to a GL
Viewport in class RenderPanel which is derived fiQ@LWidget. GIDrillScene sets up
the scene for the 3D Drill Diagram initializing tlobjects that belong into the scene
using the data from the model. Once the sceneilis BenderPanel starts a refresh tim-
er and calls the render function in its PaintGLduon. GIDrillDiagram then calls the
render functions of all the sub elements of thgmim.

Objects in the scene are created as separatecksse as GlHole or GIPlane. The
interpolation textures are handled in the GIDri#8e as well, and the handles can be
shared to the GIPlanes, Glisosurfaces, and possibér classes in the future. Having
all the elements in separate objects allows mordrabof what is being drawn and
makes it possible to easily add new features. #dl communication between 3D drill
diagram objects and the rest of the program is doreigh GIDrillScene.

To draw the 3D diagram, the user has to first $eidich drill block is to be plotted
and what channel drawn to the holes and then &ick 3D —button in the 3D-view
toolbar. The internal process for drawing the Viigaéion is shown in Figure 20.

GIDrillScene has a reference to the SiteModel fnwhich it asks a list of holes in
the build method. From this list for each of thdelsat creates GIHole and GIPlanHole
as needed according the info in the Holeltem, Téia do be visualized is stored in a
two dimensional array in the GIDrillScene and tlaadfrom each of the holes is added
to that. Once all the holes have been processedrthg is normalized according the
channel limits and given to the GlHole class irtais function addData. GIHole inter-
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polates the data into predefined size array thataissferred as a texture to the GPU.
This texture is used as a lookup table in the shatien drawing each hole so the hole
index divided by max holes gives the x-coordinatd depth divided by the max depth
of that hole gives the y-coordinate to index thetiee.

Once the normalized channel value is found froma dakture, this value is then
used to index one dimensional color texture thaefned by the color scheme and val-
ue ranges the user has set from the color dialotpr@or each fragment in the hole is
thus found using the given depth for that fragment.

=

r :UiWindow r: DRPController r2: GlorillScene r3: DrillBlock r4 :Holeltem

PlotDrillDiagram

- 1

buildichannel)

iy
r

” teanup getHoles()

Array of holeltems

-

A

[hole in holes]

createholeltem) =

o GlHole

create(holeltem)

l¢— | AddData 6 - GIPlanHole

; FlotData

addData(plofdata, datagizes) <Static=

build() =Static= U

Return

Figure 20 Initializing 3D view

The static Build method for the GlHole initializéise texture and sends it to the
GPU. GIDrillScene also sets up GlIPlanes and othess pf the scene and then sets its
build flag up to indicate that it is ready to bawn.

The actual draw loop is in the RenderPanel objebich is called every 1/30 sec-
onds. It calls the render-method of GIDrillScenereame and once the scene is built, it
will then call the render-method of each of the @ijects in the scene which then will
handle all the transformations and rendering reguio show the scene on the screen.

RenderPanel also handles moving and adjustingi¢he df view of the camera in
order to look at the scene from different sidesvivig the camera is done by moving
the mouse around with right mouse button presseddzanming in and out by mouse
wheel. Moving the camera is done by having a fqmiat in the picture around which
the camera rotates at the same distance, and zgamihone by moving the camera
further and closer to that point. With the arrowykét is possible to move the focus

point of the camera. It is also possible to sefmtes in the scene by clicking them in
the scene.
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By doing a separate color lookup in each rendeleciyds possible to change the
colors in real time. So user can adjust the colotke color dialog shown in Figure 21.
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Figure 21 Color dialog

Color dialog can be used to change the color vdimesach of the channels sepa-
rately, which is then saved in the ChannelModek fhinimum and maximum limits of
the color scale can be adjusted along with the mmuim and maximum of the normal
operating mode. This will compress and expand e&c¢he color areas accordingly. If
the data values exceed the minimum and maximuninstte color scale exceeding
numbers are colored either with the lowest or tighdst color. Number of colors
shown and the color scheme is also possible togehtor user preference.

Every time the values for the visualized channel @anged in the color dialog a
new color map is calculated and sent to the GPUs Ehthen again indexed by the
normalized data value.

5.2.2 2D line diagram

Line diagram can be used to show either multipnclel data for one hole or mul-
tiple holes for same channel for comparison. Thax}¥- can be either depth or time.
The user interface differs a bit from the othemsesince there are somewhat different
use modes in this view. Line plot can be seenguifé 22.

To select the channel and hole for which to dragvdghaph, those will be dragged
from the hole and channel lists at the left tolibieat the left of the graph. Over the list
of attributes is a radio button where the modeeledded. Either hole or channel is the
main attribute to be examined.

When hole is selected to the main attribute, whéwola is dragged to the graph, it
will change the hole to be examined which is intidanext to the radio button. Any
channel dragged to the graph will then be addedpéwtted in. To remove a channel it
has to be double clicked.

When channel is selected to the main attributeJdbe is reversed and dragging a
channel to the graph changes the graph to be erdnaind dragging a hole will add it
to the graph.
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Some difficulties were encountered with the scalgsecially when comparing dif-
ferent measurement channels since their range t®wastly different so all the values
for normalized and the scale shown in the graph@sen by the selected channel in the
list.
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Figure 22 Line plot visualization

Value for any point could be checked by controllthg crosshair in the graph with
mouse. When it is close to a data point it will gnia that point and the channel and
depth values are shown in the upper right cornéhnencolor of the channel in question.
This requires storing the multiplier for the normadl values in the graph so the correct
value can be displayed. The actual functionality lfile plotting was already imple-
mented in Matplotlib which was used to implemer ginaph.

5.2.3 2D spatial visualization

2D spatial visualization was done with the machaperator in mind since the com-
puter in the drilling machines would not be powednough to draw the 3D view nor
would it be necessary to have such visualizationshfe operator. However it would be
nice to see the drill plan and the how the drithedes align with them. The map view is
shown in Figure 23.

The spatial view differs a bit depending on thélidg mode, which could be drill-
ing the end of a tunnel, surface drilling or praalue drilling to the ceiling of the tunnel.
In each of these cases suitable view is offeredddhe operator.

The view was implemented using the Qt QGraphicSesn& canvas and then using
simple paint commands to draw the graph. The hdtemation was extracted from the
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model and projected to the 2D view. Mouse clickdiars were implemented to make it
possible to select and deselect holes by clickiegt

It is also possible to show interpolations in tiiesw, which is calculated for a plane
that, for example in the tunnel case in the FigiBecan be moved in z-direction along
the depth of the holes. The interpolation measunénshannel is selected from the
channel list and depth from the slider at the tbphe view then Interpolate-button is
clicked.

The depth is from the beginning of the bounding twothe end of it in that direction
and that is sent to the interpolation module wigeherates a color image of the inter-
polation which then can be queried and drawn tdo#wkground.
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Figure 23 2D spatial view

5.3 Interpolations

There are several different use cases for intetipoks in the software. Especially
the cases with continuous data and discrete dataohiae handled completely different-
ly. Interpolation methods used can also extrapdlate certain degree, but are mostly
useful when interpolating between the holes.
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5.3.1 Continuous interpolations

When the measurement channel to be interpolatedcaatinuous data, interpola-
tion was done to a matrix with points at even wveds. The interval was defined in the
interpolation dialog and the matrix size is simgig bounding box size divided by the
interpolation interval. The size of the bounding lmould be different in each direction
but the interval size is constant which can malkentiatrix arbitrary size as well.

In 3D case all the data points in the holes wetkeddnto a KD-tree and for each in-
terpolated point Modified Shepherd’'s Method wasdugeevaluate the value. Since the
actual search for the points within the radius fribva interpolated point and its weight
is the same for every measurement channel, itgsiple to select multiple channels for
the interpolation at the same time.

The calculation is done so that the intermediagalteean be asked at any time. This
result is used by the visualization methods sucimt@spolation planes and isosurfaces
in the 3D view and it was implemented by transfegrthe interpolation matrix to the
GPU as 3D texture, which then can be indexed asuhlized in the 3D space.

For 2D interpolation only points that are withiretradius to that plane are added to
the KD-tree which makes it considerably lighter d@nckn be done in real time without
having to store the results in the model. It isgilde to calculate the new interpolation
image within seconds of moving the depth slidehm 2D spatial view.

Top View Row View 3-ellipsaids |Fracmfe Map i U 1.33 [Tunnel Top View iConmur Lines: 0,00+ | Plot Contour |

Figure 24 Voronoi diagram
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5.3.2 Discrete interpolations

Discrete data could not be interpolated using Hreesmethods as continuous data
as explained in section 3.3. First step was toneseest neighbor algorithm, which gave
reasonable results, but due to the coarse intdrpolenatrix, it causes big steps in the
visualizations. This was corrected by using sepasatoothing after the interpolation
was done. This however does not work with isosegaghich look like they are made
from blocks with discrete data.

In 2D case the nearest neighbor method was replagaronoi diagram, which
was extremely fast and resulted in accurate anfiiludata. \Voronoi diagram generates
areas within which the value does not change. Elamipinterpolation using Voronoi
diagram is shown in Figure 24.
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6. CONCLUSIONS

Mapping the visualization needs was a fluid targétich called for flexible tools.
Python offered an excellent range of libraries aagy way to test algorithms and code
blocks in an interactive python shell. This madeassible to fast prototype different
views and discard them if they did not work or adapm until they did. In the end the
code was refactored a lot and it was becoming &tbanhd would have required clean-
ing up. Also the lack of compiler errors did maksting the product more difficult as it
grew in size and complexity.

The data model in particular underwent severalktefang phases when larger parts
of the drilling site were included into the samsudlizations. This was handled by add-
ing outer layers to model which included the presionodel and extended it further.

Actual visualization implementations were alsodated multiple times, but the tools
still remained the same, except with the 3D viewjcl was first implemented in Mat-
plotlib, which was considered way too slow so iswaplaced with OpenGL implemen-
tation. OpenGL also made it possible to put somin@heavy calculations in the draw-
ing to the GPU which allowed for nice real timeeeff in the visualization.

Interpolations had many interesting possibilitiesttwould have potential for theses
on their own, but in the end they were left to ceebly simple implementations, which
were then honed to serve the purpose with morasdmeEspecially the implementation
of the isosurface within the GPU shader made fquite impressive tool.

In discrete interpolation the Voronoi diagram gaeene trouble with border cases,
but in the end it was very useful visualization axdremely fast to calculate. three-
dimensional discrete visualizations looked quitacky because of the matrix they were
calculated in, so there would be need for expanthegvoronoi in three dimensions as
well.

Real time data made challenges in drawing and gatation. Adding new holes
during interpolation forced to calculate partstaigain and it was not easy to determine
what had to be recalculated. If the new hole ditdfihan the previous bounding box, it
would be necessary to recalculate the box andistarpolation over. Views were easy
to update since they were fast to update, so theldde redrawn when new holes were
added.

In the end the software never was taken in usethewarious visualizations created
within it were evaluated and the code was usedspeeaification to the actual visualiza-
tion software. Interpolation techniques and shadee was also reused.
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