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MANAGEMENT PERSPECTIVE 

_ The goal of this project is implementation oft a system whereby researchers can 

access, analyze, and visual_ize water quality data collected in three dimensions (geographical co- 

ordinates and depth). Another objective of this research is to develop software that not only 

en_ables Q encourages ecologists to more fully uti_li_ze time-varying, mu‘lti-dimensional data from 
Hamilton Harbour and other areas of concern. A literature review has failed to identify volume 
visualization applicat_ion_s in limnoljogy, thus this effort of combining visualization algorithms and 

research in lakes might be the first to be published. 

- The Hamilton Harbour Research project will have archived over a gigabyte of 
heterogeneous image databy the end of this year. Other RAP sites are similarly amassing large, 
complicated data sets. Ecologists want to transform this raw data into useful information to 

provide new insight into long-term ecological phenomena, Unfortunately, the procedures, 

software tools, and user friendly interfaces necessary to facilitate access to these data sets are 

currently lacking. This "precludes analysis and subsequent visualization by ecologists. 

Visualization provides efficient and powerful means of‘ comprehending complex numeric data. 
Thisproject investigates approaches to visualization of sampled volumetric data collected in 

Hamilton Harbour, Lake Ontario. An aspect of this research is to carefully compare different 
approaches to certain aspects of visualization, particularly, the i"nterpol'ation_ of 3D data, the 
mapping from nu_m_eric data to visual parameters such as colour and transparency, and methods 
of efficient volume traversal.



\ SOMMAIRE A L’INTE'NTION_ DE LA DIRECTION 

L’objecti_f de _ce -projet est la, mise en place d’u’n‘,systeme qui permettra aux 

chcrcheurs d’avoir accés a des données sur la qualité de l’eau r'ecueill_i‘es en trois dimensions 

(coordonnées géographiques et*pr‘ofond_eur), de les analyser et gde les visualiser, ainsi que 

d’élaborer un logiciel qui non seulement autorise rnais aussi encoura e les écologistes it utiliser 

pleinement les données pluridimensionnelles a variation temporelle recueillies dans le port de 

Hamilton ct d’autres secteurs préoccupants. Une étude de la littérature n’a pas révélé 

d’applications de visualisation en volume pour ce qui est de la limnologie; cette tentative de 

combinaison des algorithmes devisualgisation ct de la rechetchesur les lacs pourrait donc étre 

la premiere 5 étre publiée. A 

., 
a

' 

Y Le projet de recherche sur leport de Hamilton aura archivé pins -d"_un gigabyte de 

données d’images hétérogenes d’ici la finde l’année. D’a'utr‘es» sites de plans d’assainissement 

amassent des ensembles de données vastesavet complexes, que les écologistes veulent transfonner 

en infonnations qui serviront it jeter un nouvel éclairage s'ur des phénomenes écologiques :1 long 

terme. Malheureusement, on manque, encore de méthodes, d’outils loglicieis et d’interfaces 

simples pour‘=fa_cilit_er Pacces aux données, ce qui empéche les é_cologistes dc les analyser, puis 

de les "Visualiser, La visualisation est un moyen efficace _et puissant pour comprendre des 

données numériques complexes. Ce projet examine les approches 5 la visualisation de données 

volumétriques échantillonnées dans le port de Hamilton, sur le lac Ontario. Un des volets de la 
recherche est de comparer soigneusement diverses approches a certains aspects de la visualisation, 

en paiticulniner l’interpolation des‘ données tridimensionnelles, la cartographic de données 

numériques en paramétres visuels tels que la couleur .et la transparence, ct les méthodes efficaces 

de coupe transversale du volume. 
'

_

‘



ABSTRACT 

The inner structures of lakes can be revealed using volume visualization lalgorithms. 

Lakes are t_l1ree dimensional objects that are explored ‘by taking samples at various stations and 

at different depths. The data are sparse in space but contain much information that can be 
extracted using computer graphics. These algorithms did not exist twenty years ago, "could be 

run "on supercomputers ten years ago, on workstations three years ago, and now on personal 
computers. It is now possible to combine data, their three dimensional location and lake 

topography to create images of water quality patterns. These visualizations supersede 

conventional surface, two dimensional, graphics (GIS). Through solid modelling, data are 

mapped into voxels and visualized on a two dimensional screen. Oxygen and temperature data 
collected on May 28*, 1990 and Augujst 8, 1990 in Hamilton Harbour are visualized--.~ Various 

three dimensional representation of temperature and oxygen data including water masses with 
temperatures of less than 12°C, 13 to 14°C’, 16°C to~l7°C, and greater than 23°C, and oxygen‘ 

concentrations of less than 4 mg/L, 6 to 8 mg/L and 10 to 12 mg/L are visualized. .

l



RESUME 

La structure interne des lacs peut étre révélée, an moyen 'd’algorithrnes de visualisation des 
volumes. Les lacs sont en effet des objets tri_dir_nensionnels, qu’on explore en préle'vant._des 

échantillons en divers sites eta diverses profondeurs; Les données,, bien que rafes dans l’espace, 

contiennent une profusion dfinforrnation qu’on peut extraire par infographie. Ces algoritlirnes 

n’existaient pas il y a 20 ans, et toiirnaientsur des super-ordjnateurs il y a 10 ans,msur des postes 

combiner les données, leur emplacement dans l’espace et la‘ topographic"; d_u lac pour créer des 

images des configurations de =la qualité de l’ea_u. Ces visualisationsasnrclassentles graphiqnes 

classiques bidimensionnels (SIG). Grace 51. la modélisat-ion en volume, les données sont 

cartographiées en voxels et- visualisées sur un écran a deu_x dimensions. On pent visualiserles 
données d’oxygene et de temperature recueillies le 28 mai 1990 et- le 8 aofit 1990 dans lei port 

'de Hamilton». On" peut aussi v_i_sua_l_iser diverses,-representations, tridimensionnelles des clonnées 

de~?t_empérature,etA d’oxygene, dontles masses d’eauI de temperature inférieure a 12 °C,jcomprise 

entre 13 °C et 14 °C, comprise entre 16 °C et 17 °C,_ et supérieure a 23 °C, et présentant une 

concentration d’oxygene inférieure 51 4 mfg/L, comprise entre 6 et 8 “mg/L et_ entre 10 et 12 mg/L.

; 

I I 

de travail il y a 3 et maintenant sur des m_icmr_o-rordhipnateurs. Il est maintenant possible de»



,) 

I 1 

INTRODUCTION 

- 

' 

- In traditional (pre 1970) computer’ graphics, polygons and lines (e.g., a wireframe) 

represent three dimensional (3D) volumetric objects. Conversely, some 3D data sets, e.g._, the 
volumetric water quality patterns collected in a lake, might not consist of surfaces and edges at 

all. Greenleaf et (1970) were the first to introduce new methods of visualization to extract 
information fromvolume data: this process cal-led is defined by Kaufmann 
(1992) as "a direct technique for visualizing volume primitives without any intermediate 
conversion of the volumetric data set to surface representation."

. 

The first applications were in medical imaging and they are still dominant (e.g., 

Adams et -al., 1990; Rhodes et al., I987). McCormick” et al. (1987) stated that volume 
visualization was emerging as a new visualization environment in scientific computing‘; for 
example Hibbard and Santek (1989) presented interesting uses in the earth sciences.

_ 

Kaufmann (1991 a) provided an insight into .this technology stating that "the objective 
of volume visualization is to peer inside the volumetric objects to view that which his not 

ordinarily viewable and to probe into the voluminous and complex structures and their dynamics 
to comprehend that which is not ordinarily comprehensible.‘-' ‘

~ 

A literature review has failed to identify volurne visualization appl_ications in 

limnology. Several reasons might have caused this delay: One is that since a lake is bounded 
by land from all sides, shoreline and bathymetry must be available in digitized form.) Second, 
water quality data in lakes are usually collected at sparse locations while volume visualization 
algorithms need the data organized in a uniform grid with no missing values, thus extensive data 
preparation is necessary. Finally, as late as 1991 figures similar to those presented in this paper 

were created using a supercomputer (Shirley and Neeman, 1989; Mercurio, 1.991) and displayed 
using workstations. Indeed, Kaufmann (l99la) lists speciial-purpose hardware for volume
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visualization, whereas only three years later this entire paperwas produced on a 486/50 personal 

computer. 
i 

_ 

. 

_

, 

Hamilton Harbour (also called Burlington Bay) is located at the western end of Lake 

Ontario, it has atriangulare shape with maximum dimensions eight kilometres from east to west 

and five kilometres from north to south; the maximum depth in the middle of the bay is about 

26 metresanjd an additional" deep area, is located at the east end (Fig. 1). A ten metre deep 
channel connects it to Lake Ontario. Hamilton Harbourhas been widely studied in the past" ten 

years (Charlton, pers. comm.) since it is one of the 4,2’ areas“ of concern within the Great Lakes 

and furthermore the lntemational Coun'cil‘fo‘r Local Environmental Initiatives has designated the 

city of Hamilton as Cartadafs model city under the United Nations Agenda _21 program (ICLEI, 

199oy- . . 

c- " 

. 

_. t 

. 
~. - -6

. 

' 
A 

' Here, a frameworle is described to visualize and interpret 3D data. This outline ‘is 

specific for lakes. ‘For general, applications consult Kaufrnann (199lb) and Foley et al. (1991). 

In this framework there are three steps: data collection, solid modelling or transformation of the 

data in a specific volumetric format, aiidfinally volume renderingor the [visualization process, 

THE VISUALIZATION PROCESS " ' 

gm 
6 

it l

- 

Q 

Water quality data (water temperature, oxygen concentration, conductivity, pH, etc.) 

have been collected by Charlton (pers. comm.) every year since 1985 at 26 stations (I136 number 

of [stations has slightly increased. or decreased over the years). Figure 2* shows the station 

locations’, eight cruises took place in 1990 and since: samples were collected with an electronic 

probe data are available at a_l_l depths every few centimetres. V 

ékflhlnmuhifiag - ." 
9 

1 
9 -_ 

i This area of computer graphics has arisen following the need -for modelling objects 

as-solids (Foley) et al., 1991). A lake is also a “volumetric object; associated with each point in

i

‘U
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the lake there is a water quality variable of interest. The "point", or cell, in the lake is of course 

related to the resolution used in the computer representation and the cells, are a collection of 

adjoining noninterseeting solids. When the cells. are equal and arranged in ea. fixed, regular grid, 
they are called voxels (volume elements),,analogous topixels. Each voxel is a quantum unit of 

volume and has a numeric value (or values) associated with it that represents some measurable 

properties (e.g., temperature, -pl-I’, conductivity, Secchi disk values, oxygen concentration, toxic 

contaminants concentrations, etc.). The 3D volumetric data set resides in an integer grid of 
voxels called a cubic frame buffer.- i 

, The visualization process consists of several stejps necessary to organize the dataini 
the proper voxel format: A ‘firststep is to divide the area of interest into a_ grid; the grid chosen 
for Hamilton Harbour is 50 x 50. metres. Over 2,500 bathyrnetry data and 14,000 shoreline data 
are available from the Canadian Hydrographic Service. The depth value in each grid unit was 
obtained by interpolation usingthe SAS contouring program and the bathymetric data, which 
were originally in sparse form, wereiorganized into a fixed grid. ‘ 

Following the grid-pattern, each voxel was defined as a rectangular parallelepiped 
with dimensions 50 metres x 50 metres by 0.5 metres.;an'd the cube frame buffer has dimensions 
of 200 x‘ 127 xx 52 for a total of 1,320,800 voxels. Note that the choice and of number of voxels 
and their size is left to the user for several reasons: As the number of cells increases, grid size 
diminishes, the ambiguity between land and water voxels decreases, but it does not disappear, 

unless the lake is a perfect cube (unlikely). However, the larger the number of voxels the larger 
is the computer memory requirement and the computing time. The rectangular parallelepiped 
form allows for resolution in the different axes. - -

’ 

The second step was to identify which voxels. represent land (depth value of zero) 
and which water (grid depth vfalue greater than zero).- Out of the 1,320,880 voxels only 204,034 

are water given the conical shape of the harbour. A 3D array was created where each land voxel 
was assigned a value of zero and each water voxel a value of one. A similar procedure was
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followed with the water quality data. Since voxels have dimensions of cubic metres and data 
collected along -the depth axis have already “a, metric dimension, associated with them» (data 

collected at ,1, .2, ..'.,1etc; metres), station locationswere converted .from geographical to.UTMl 

coordinates '[metres]*.before the interpolation was performed. ~"
. 

The interpolation problem, that is fitting the data‘collected- at arbitrarily located 

positions to a u_ni_fo_rm grid is complex. While this problem has not been fully solved, Foley et 

al. (1993) have reviewed past work and proposed solu_tions_-. Interpolation of the water quality 

data from scattered stations to a uniform grid was performed u_sing‘ an algorithm that computed 

the water quality parameter using data collected at the nearest three stations. Weight factors were 

inversely proportional to the square of the distance from the three closest stations.’ Interpolation 

was performed --in two dimensions, on_e'layer‘ at the time; Interpolation -inthe vertical» axis was 

performed using t1_1etIM_SL-(1987) subroutine SCAKM. This subroutine uses a spline function 

to "interpolate the data. A spline interpolation could not be used in the horizontal ‘plane since the 
IMSL subroutine SURFER could not be constrained to have -the interpolated data stay "within the 
observed ra'ngé._ 

i 

V 

. 

"
» 

V The third step was to join the voxels with their water quality values through ‘Boolean 

algebra, The solid modelling of the data into voxels now completed for the visualization 
step.’ e 

‘ 

V» .
l 

Volume re'ndering~ 
_ 

~ 

’ 

‘_ » 
' - 

__ 

e
' 

. ._Kaufmann (1991) states-that "to visualize the volume data set, the voxels can -be 

projected into 2D“ pixel space -and stored as a raster image frame in afrarne buffer. "This process, 

which is termed volunie rendering (Drebin-et al.,, 1988;‘ Frenkel, 1989; Levoy, 1988‘, Upsonand 

Keeler, '1 988), involves both‘-the viewing and the shading of the volume image." The definition 

of Foley ct,a1.~(1991) is that “volume rendering is the process of displvaying scalar fields," where 

a scalar field is a collection of all the numbers associated with each point -in a volume. In 

sununary "volume rendering is a direct display of volume primitives without any intermediate

D

‘
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conversion of volume data to surface representation-." (Kaufrnann; 1991a). There is no §_E‘l‘I 
assumption that "the data consist of tangible surfaces that can be extracted and visualized." 

Specialized Yalgori_th_ms have been developed to render clouds, humans and living objects (Blinn, 
1982; H¢rm.€1I.1 and Udupa, 1983). The application of volume rendering techniques to limnology 
is therefore not complex, but it requires the data preparation explained above. ’ ‘ 

Volume viewingiand shading *- 
_ 

_

' 

» Kaufmann’s (199lb) book can be consulted for a comprehensive review to create 2D 
projections from the 31) volumetric data as well as volume rendering and shading. For this 
application the Hamilton Harbour voxel values were stored in ASCII format and the data set was 
read into memory by the Spyglass Slicer‘ program (Spyglass, 1994). Slicer is a volume 
visualization software that can be used for scientific visualization; while the program focuses on 
the 3D primitives, Slicer can also visualize the data using more traditional 2D primitives, such 
as surface rendering as sl_ic_es.and isosurfaces. 

Q 

-

' 

Surface rendering is defined as "an indirect technique used for visualizingvolume 
primitives by first converting them into intermediate surface representation and then employing 
conventional computer graphics techniques to render them to the screen." (Kaufmann, 1992). An 
isosurface (Levoy-, 1988) is a surface where the data with the same values are interpolated 
together, for example a thermocline can be considered a three dimensional temperature isosurface. 
The surface can be rendered as a transparent or solid surface. The isosurface can also be 
coloured according to the values of the scalar field at the surface points (Mercurio, I991).

\ 

'Spyglass is a registered trademark of Spyglass, Inc.
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RESULTS t 

Figure 3 shows temperature and oxygen concentmtion data collectedon May 28 and- 
August 8,1990. Depth scale is exaggerated 200 -times and land is assumed to be completely 

transparent. The irregular ibathyrnetry‘ of the lake is clearly ‘visible; These images were ‘created 

with Spyglass Slicer with a proprietary ray-tracing algorithm, Water ternperature on May‘ 28 

ranged from 10.6 to 18°C and oxygen concentrations ranged between 6 and 15.5 mg/L; water‘ 

temperature on August 8 ranged from 12 to 24°C and oxygen concentrations ranged between 0 

and 11 mg/L. Figures 3 to 7 show visualization of the temperature data collected on May 28, 
1990 under different i‘e'nderi'ng options. Figure 4 shows temperature data in Hamilton Harbour 

from two different viewpoints, from the north, and from the bottom and -the north-west, 

respectively. The bay is heating from the west while temperature at depth is_,still cold, about 

11°C. These views allow an understanding of the 3D bathymetry of the lake from different 
viewpoints and also of the temperature field at the surface, along the shore and atthe bottom, 

but they do not allow a view of inner parts of the lake. _ 
i

» 

Y Figure 5 is a cutout view from the south: The northern part of the water surface is 

visible together with an east to west transect; this view augments the ‘information not provided 

by Fig. 2 since water temperature inside the harbour is now visible. Figure 6 shows a 

complementary cutout view‘; most water masses are t_ransparentand.three water masses, those 

with temperature of less than 12°C, 13 to 14°C and 16°C,toTl7°C are specifically "visualized, The 

water mass of 13 to 14°C is located ‘at an average depth of 10 metres, but alsotat the surface near 

the north shore of the bay. This information about the watery masses is not evident from any 

other previous figures of the water temperature on May -28., At the surface,‘ water is warmer 

(about 18°C) in the western part of the bay while at the bottom thetcolder temperatures are near 

the eastem side, possibly some lake water. Figure 7 shows additional information on water 

temperature in the form of slices, contours, at two different depths‘, surface and 15 metres. 
i 

As 

additional information note that conductivity values in May 1990 ranged between 550 and 760
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with most of the water in the range 655-680 while Lake Ontario waters have an average value 

of about 300 (Charlton, pers. comm.).
l 

Figures 8 and 9 show oxygen concentrations in May and August 1990, respectively, 
as a cutout similar to Fig. 6; as an example, three water masses are identified, those with oxygen 

levels less than 4 mg/L, 6 to 8 mg/L and 10 to 12 mg/L. In May oxygen is abundant everywhere 
while in August the oxygen concentration pattern (Fig. 8) shows anoxic, < 4 mg/L, conditions- 
below ten metres. Nevertheless, in August 1990, there was enough oxygen near the surface and 
on the east sideof the lake to support fish growth. Volume visualization algorithms can also be 
used to compute volumetric properties of the ‘data and classify them; for example in August 1990, 
34% of the harbour voxels has oxygen levels below 4 mg/L and conversely, 66% of the harbour 
had waters suitable for fish growth.’ Thistcalculation is quite simple since each voxel has water 

qu_a_lit_y values associated with it and these values can be summed or elaborated numerically as 
needs arise. 

_ 

In August 1990 (Fig. I0) the 13 to 14°C and 16 to 17°C water masses are found at 

lower depths than in May (Fig. 6), at about 15 and 10 metres, respectively. The water mass at
\ 

the east end of the bay, > 2-3°C, has the same surface temperature as the western part of Lake 
Ontario. In summer conductivity values had decreased to a range of 460 to 670 and twowater 
masses could be distinguished, one at the surface with conductivity 582 to 600 and one at the 
bottom of 503 to 514. Thus, from May to August, some Lake Ontario water entered Hamilton 
Harbour, mixed with the harbour water and settled at the bottom. 

( . 

DISCUSSION 

With the development of faster personal computers and properly designed software, 
it is possible to visualize limnological data on a personal computer qujickly (on average about 30 

seconds are needed to render each figure presented in this paper) once the data have been
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interpolated and saved in aformat suitable for volume visualization. This time frame compares 

well With the months needed. to collect; a proper data set. 
'

< 

Charlton (pers. comm.) has collected water quality data in Hamilton Harbour since 

1985: After nine years of sampling, the amount of data available for analysis is quiteextensive, 

since data are collected seven T-or eight times a year at over twenty-five stations at over fifty 

depths. The visualization tool permits a“ clear understanding of these data at a glance.» _ 

_ 

Visualization showed three di'men'sion_al patterns not visible othervv.-ise. Temperature 

data, for example, show the Water masses present in the lake -and their movement to thebay, A 
floppy disk with figures presented in this paper is available for distribution at cost.
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Figure 

Figure 3: 

Figure 4:‘ 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure 9: 

Figure 10:- 

12 
1 I 

A FIGURE LEGENDS
l 

Three "dimensional bathymetry of Hamilton Harbour, Lake Ontario, viewed from the 
south. The south shore has been artificially modified in the last century by the 
presence of steel mills that required the creation of docks. _ 

1 , 

Station locations in Hamilton Harbour in 1990;. 
J 

'

r 

Oxygen concentration (a and b.) and temperature (c and d) data collected on May 28 
and August 8,1990, respectively. Depth scale is exaggerated 200 times and land is 
assumed to be completely transparent. 

'

- 

Temperature data collected on May 28, .1-990. Fig- 3a, view fromthe north, Fig. 3b, 
view. from and from the bottomand the north.-west. . 

F 

l

’ 

Temperature data, cutout view from the south. Land is not transparent. _ 

Temperature data, cutout view from the south; most water masses are transparent and 
three water masses are specifically visualized, those with temperature of less than 
12°C, 13 to 14°C and 16°C to 17°'c-. . 

. 
,

. 

-Temperature contours at two different depths, surface and _10 metres. , 

Oxygen concentrations on May 28, 1990 as a cutout similar to Fig. 5; three water 
masses are identified, those with oxygen levels 6 to 8 mg/L and 10 to 12 mg/L. 

Oxygenconcentrations on August 8, 1990 as a cutout similar to Fig. 5; three water 
masses are identified, those with oxygen levels less than 4 mg/L, 6 to 8 mg/L and 
l0to12_mg/L, J 

2

. 

Temperature data, August 8, 1990. The 1-3_ to 14°C and 16 to 17°C water masses are 
displayed.
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