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ABSTRACT 
 

Image-based Exploration of Iso-surfaces for Large Multi-Variable 
Datasets using Parameter Space. 

 
Roba Binyahib 

 
 
With an increase in processing power, more complex simulations have resulted in 

larger data size, with higher resolution and more variables. Many techniques have 

been developed to help the user to visualize and analyze data from such simulations. 

However, dealing with a large amount of multivariate data is challenging, time-

consuming and often requires high-end clusters. Consequently, novel visualization 

techniques are needed to explore such data. Many users would like to visually explore 

their data and change certain visual aspects without the need to use special clusters or 

having to load a large amount of data. This is the idea behind explorable images (EI). 

Explorable images are a novel approach that provides limited interactive visualization 

without the need to re-render from the original data [40]. In this work, the concept of 

EI has been used to create a workflow that deals with explorable iso-surfaces for 

scalar fields in a multivariate, time-varying dataset. As a pre-processing step, a set of 

iso-values for each scalar field is inferred and extracted from a user-assisted sampling 

technique in time-parameter space. These iso-values are then used to generate iso-

surfaces that are then pre-rendered (from a fixed viewpoint) along with additional 

buffers (i.e. normals, depth, values of other fields, etc.) to provide a compressed 

representation of iso-surfaces in the dataset. We present a tool that at run-time allows 

the user to interactively browse and calculate a combination of iso-surfaces 

superimposed on each other. The result is the same as calculating multiple iso-

surfaces from the original data but without the memory and processing overhead. Our 
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tool also allows the user to change the (scalar) values superimposed on each of the 

surfaces, modify their color map, and interactively re-light the surfaces. We 

demonstrate the effectiveness of our approach over a multi-terabyte combustion 

dataset. We also illustrate the efficiency and accuracy of our technique by comparing 

our results with those from a more traditional visualization pipeline.  
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Chapter 1 

1. Introduction  
 

1.1.	  Challenges	  in	  large	  data	  visualization	  
 
In science, accuracy and reliability are essential since a small error in computation 

could result in completely different findings. In recent years, an increase in computing 

power has resulted in the generation of larger amounts of data that simulate more 

features at a higher precision and resolution. To take advantage of these amounts of 

data, domain scientists need different techniques to examine and understand various 

aspects of the outputs. One of the most powerful characteristics in a human being is 

the ability to observe and conclude through insight. This has motivated scientists and 

researchers to bring up new discoveries and approaches of envisioning distinctive 

types of data. One of these approaches is collaborative visualization; it is an approach 

that allows different researchers over the world to contribute in solving problems 

without the need for copying or moving the data. With this approach, the research 

group can decentralize and these subgroups can work from their respective countries 

simultaneously on different stages of the project. Interacting with a tera-scale dataset 

containing a large number of parameters and exploring different regions of interest 

within the dataset is non-trivial and generally requires high-end graphics clusters. 

1.2.	  Techniques	  for	  the	  visualization	  of	  simulation	  results	  
 
As it has been mentioned in the previous subsection scientists have been working to 

develop approaches to facilitate the visualization of larger datasets. One of the 

solutions is to provide the user with different approaches to visualize the simulated 

dataset. There are three ways for simulating and visualizing data.  

1- In situ visualization 



 12 

This approach involves performing the visualization and simulation at the 

same time on the same computer. By coupling simulation and visualization, 

we benefit from the availability of high performance computing resources for 

visualization and post processing. The advantage of this approach is that the 

simulation can be "observed" while the data is being generated or even while 

possibly analyzing the data. Doing so saves CPU power and I/O cycles [26,33]. 

               

Figure 1-1, In situ visualization scheme [23]. 

2- Co-processing visualization 

Visualization is performed at the same time as the simulation but on a 

different computer. This technique allows multiple computers to work on a 

single simulation, while another set of computers work on visualizing the 

generated results [26]. 
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Figure 1-2, Co-processing visualization scheme [23]. 

3- Post-processing visualization 

Visualization is performed after the simulation completes. This approach 

works well for time-consuming simulations or for cases where no 

visualization machine is available at the time of the simulation. The result of 

the simulation is stored and visualized later [26]. 

            

 

 

 

 

 

 

 

 

 
Figure 1-3, Post-processing visualization scheme [23]. 
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1.3.	  Remote	  Visualization	  
 
Regardless of what technique is used, scientists would like to look at the results of 

their simulations on their personal devices, possibly from different locations, while 

collaborating with their peers. RV (Remote Visualization) is the ability to visualize a 

dataset from a location or a device different from where the data (to be visualized) is 

located. Remote Visualization also helps scientists share their data without having to 

gather around a workstation or copying the data to multiple locations.  Remote 

Visualization, in its traditional sense, suffers from several drawbacks i.e, high-

bandwidth, low-latency connectivity to interact with large amounts of data, and high-

end workstations to render these datasets. Several techniques exist to address these 

issues [13]. In the next subsection we will explore in more detail these techniques. 

1.3.1.	  Categorization	  for	  Remote	  visualization	  	  
 
 

 

 

 

 

 

Figure 1-4, Remote Visulization techniques. 

 

Depending on what data are moved from a remote system to the end-user's 

workstation, remote visualization can be categorized into the following approaches. 

 

 

Remote Visualization 

Stream data  Stream extracts  Stream images  
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1- Moving Original Data 

One solution is to move the dataset from a remote resource to the 

scientist's workstation. The visualization software moves a copy of the 

data and performs the rendering and visualization on the local workstation. 

This is not an ideal approach, since moving the entire dataset (potentially 

on the order of terabytes) in a reasonable amount of time will require 

bandwidths that are not practical. On the other hand, moving the entire 

dataset will provide more flexibility to the user, since all aspects of the 

data are available for visualization. This of course requires a high-end 

visualization workstation at the user's end. 

2- Moving Data Extracts 

A data "extract" is a feature or a set of important features that summarize 

the entire dataset. It usually constitutes a small percentage of the data. For 

instance, an iso-surface can be extracted from a large 3D volume dataset at 

the remote system and streamed over to the end-user. Although it 

decreases the amount of data transferred from a remote workstation, it still 

requires a moderate amount of compute power and sophisticated interfaces 

to manipulate and render such extracts.  

3- Moving images 

A third option is to pre-render a representation of the data on the remote 

machine, and stream images to the scientist's workstation. The main 

advantages of this approach are that it requires less bandwidth, and that it 

has modest space requirements. The drawbacks are: (1) it requires more 

pre-computations, (2) it offers less flexibility, as only a limited 

representation of the data are available to the user.  
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Images can be transmitted as static images or videos [40]. 

 

 

 

 

 

 

 

 

 

Figure 1-5, Trade-offs in the remote visualization techniques. 

 

Figure 1-5 summarizes the characteristics of different approaches to remote 

visualization. There is an inherent trade-off between flexibility (in terms of 

visualization) and bandwidth and pre-compute requirements. In other words, the more 

we pre-compute extracts (i.e. iso-surfaces, images etc.) from the data at the remote 

system, the less flexible is the resulting representation at the user's workstation. At the 

same time, less bandwidth is required to stream these extracts across the network. 

1.4.	  Advantages	  of	  Image	  Based	  Approach	  for	  Visualization	  
 
An image-based approach for visualization involves rendering a new image using a 

set of existing images. In contrast, traditional rendering techniques require accessing 

the original data for rendering a new scene. Using traditional visualization techniques, 

the cost of rendering is dependent on the complexity of the dataset and requires 

special hardware to render very complex extracts, such as iso-surfaces and volume 

visualization. On the other hand, in an image-based approach, the cost of rendering is 

Data 

Extracts 

Images/video 

More 
flexible 

Less bandwidth 

More pre-
computed 

Explorable images 
 



 17 

independent of the complexity of the dataset, and can be accomplished on modest 

hardware. Another great advantage of an image-based approach is that it requires less 

bandwidth and less storage. However the quality of new scenes depends on the 

quality of the input images. Image-based approaches provide less flexibility and 

limited exploration and re-rendering. It is a good choice in cases where domain 

scientists have an idea of the regions and aspects of the data they would like to 

investigate. 

1.5.	  Problem	  Statement	  and	  Objectives	  
 
Scientists should be able to explore their data and visualize it anywhere without the 

need for dedicated hardware. As it has been mentioned previously, that an image-

based approach is great in some cases but it has less flexibility. A better solution, 

which provides more flexibility without losing the advantages of image-based 

technique, are explorable images (EI) [40]. EI are a novel approach that provides 

limited interactive visualization without the need to re-render from the original data, 

providing scientists with the ability to interactively explore the dataset in order to 

identify results of interest. In this work we apply explorable images approach to 

combustion simulation datasets and develop a workflow that couples EI with more 

classical visualization techniques in order to enable scientists to iteratively refine their 

visualization. In this work we deal with iso-surfaces as a representation for the data. 

There are three main goals of this work: 

Our first goal is to develop an optimized visual "summary" of the dataset in scalar 

parameters' space (i.e. isovalues). The visual summary consists of a set of images 

representing iso-surfaces and related information rendered from a fixed viewpoint. 

Our second goal is to provide the user with a set of flexible operations that can be 

performed over this set of iso-surface "images". These operations include combining 
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multiple iso-surfaces, applying a custom colormap based on values of other scalars, 

and re-lighting the resulting images.  

Finally, the third goal is to provide an image-based technique to interact with iso-

surfaces of the dataset. This will lend itself to an efficient remote visualization 

pipeline, since we only stream image buffers to the user. 

1.6.	  Organization	  
 
The rest of this thesis is organized as follows: Chapter 2 discusses existing techniques 

and background material on approaches used in this thesis. Chapter 3 explains the 

data and methodology used, starting with an overview of our approach, followed by a 

detailed description of steps involved. We present in detail how we sample the 

parameter space and generate input images as layers from the dataset as a pre-process. 

In Section 3.2.4 we describe our algorithm to composite multiple image layers into a 

resulting combination of two or more iso-surfaces. We also describe how the surfaces 

can be color-mapped again interactively in real-time. The resulting composite image 

can also be re-lit with new lighting parameters. Since our approach uses discrete 

samples in parameter space, a user-specified iso-value may not exist in the image 

database. Therefore, we use nearest-neighbor search to find and present nearest iso-

values to the user. In Chapter 4, we present the results obtained by our approach. We 

further compare these results and compare them against those obtained with 

traditional visualization approaches. Finally, we present our conclusions and discuss 

future directions for this work in Chapter 5. 
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Chapter 2 

2. Related Work 
 

2.1.	  Image	  Based	  Rendering	  
 
Image based rendering is a technique for generating new images from a set of input 

images [10,22, 38]. The main advantages of this technique are that it reduces the 

amount of data needed for rendering, saves time and requires less bandwidth. By 

using this approach the user does not need to re-access the original data, since the 

rendering does not depend on it. As a result, the cost of rendering is independent of 

the complexity of the scene. Another advantage of this approach is that it does not 

require sophisticated hardware. However, the approach does not offer much flexibility 

towards changing the end-result. In addition, the quality of the end-result depends on 

the quality and resolution of the input images. The following table shows a 

comparison of image-based techniques and traditional rendering techniques. 

Table 2-1, comparison of image-based technique and traditional rendering techniques. 

Traditional rendering techniques Image-based  

Use data  Use input images 

More flexibility  Less flexible 

More bandwidth, time and space Less bandwidth, time and space 

Usually no need for pre-computing or 

less pre-computations 
Need pre-computations  

  

Explorable images use an enhanced image-based technique, since it extracts 

additional layers that provide more flexibly.  
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2.2.	  Explorable	  images	  (EI)	  
 
As it has been mentioned before one the great advantages of image-based rendering is 

that it does not require accessing the original data. The concept of EI uses image 

based rendering to create an overview of the full dataset, storing additional 

information that is used later to apply changes [40, 41]. Tikhonova et al. [40] applied 

the idea of EI on volumes. In addition to images, they extract layers that represent 

extra information such as depth, occlusion, and shape. The layers are used at run-time 

to change certain aspects of the rendered volume, such as a transfer function and 

opacity. This approach provides the user with some flexibility to see through the 

volume and thus provides a better understanding of the volume structure. 

In this work, explorable images are used for re-rendering iso-surfaces instead of 

volumes. Our approach provides the user with the ability to composite two iso-

surfaces, modify transfer functions, and re-light the surfaces interactively. 

2.3.	  Deep	  Images	  
 
Extracting data layers in addition to a rendered RGB image has been used in several 

other techniques. Deep shadow mapping is one such technique that stores, for each 

pixel, the "visibility" of that pixel at all possible depths [16, 23]. It is often used in 

calculating shadows for volumetric or semitransparent surfaces like hair or smoke.  

Deep image compositing is a generalization of the above approaches, where useful 

information is calculated during the rendering process in the form of additional image 

channels [9, 32]. These additional channels represent essential values such as depth, 

alpha, color, or any other values, and can be used during compositing to determine the 

actual color of a pixel. 

In this work, we calculate a "deep image" corresponding to every iso-surface rendered 

from a fixed viewpoint. Each deep image consists of additional (per-pixel) 
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information such as depth, normal, and scalar values of parameters. These values are 

then used for compositing the final set of iso-surfaces, re-coloring and re-lighting 

them. 

In re-lighting the composited surfaces we are using a concept known as “Deferred 

shading” [17, 29]. The idea of deferred shading is to apply shading after the geometry 

is computed and it is only applied to the visible pixels. This technique uses additional 

information stored in the deep images. There are three phases of this technique, 1) 

rendering the geometry without lighting and writing the normal vector on the G-

buffer, 2) use normal vector to compute the lighting for the visible pixels in the 2D 

scene and, 3) apply the lighting to the semi-transparent geometry using non-deferred 

lighting. In our work we use non-deferred lighting since we are dealing with iso-

surfaces. The main advantage of deferred shading is that it reduces the lighting 

computations; instead of computing the light for each voxel in a volume space it is 

computed for pixels in an image space. This technique has been used in Naughty Dog 

Uncharted: Drake’s Fortune [42], and Insomniac Resistance 2 [19]. 

2.4.	  Paraview	  
 
Different visualization tools have been developed with a user-friendly interface to 

help scientists apply different visualization techniques on their data. Paraview is one 

of these tools; it is an open source tool that visualizes 2D and 3D data. It is frequently 

used for scientific visualization since it can deal with large datasets by utilizing multi-

processor distributed memory workstations, or supercomputers.  

 
The architecture of Paraview consists of three components: 

• Data server  
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This component is responsible for dealing with data I/O, such as reading data 

and filtering data, and it can be parallelized.  

• Render server  

This unit is in charge of the rendering process, and as in the case of the data 

server, it can also be parallelized. 

• Client 

This unit is responsible for starting the visualization such as object creation, 

execution, and destruction. The client server decoupled from the data and 

render server to allow parallelization of the two last mentioned servers. Client 

unit always works in a serial manner. 

 
Paraview can be configured to work in three different modes, which are: 

• Standalone mode 

All three units work as one sequential application. 

• Client-Server Mode 

Data and render units work in parallel, while client in serial. 

• Client - Render Server/Data Server mode 

Each unit works separately, the first two units (data and render) are working in 

parallel [18, 34]. 
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Figure 2-1, Paraview configurations: a. Standalone mode, b. Client-Server Mode, c. Client - Render 
Server/Data Server mode. 

Paraview [18] has been used for generating the input images in this thesis. The 

rendering has been done with a client-server mode setup. 

2.5.	  Remote	  Visualization	  
 
As mentioned before, remote visualization is a good solution for scientists these days. 

The computational power has enlarged to generate tera-scale data, resulting not only 

in storage difficulties and interaction but also the need for high-end workstation. 

Remote visualization makes scientists collaboration easier and more efficient, one 

research subgroup can perform the analysis in a far location while the other can 

perform the computations in another part of the world [5, 14, 25, 27, 28, 29]. 

Different studies have used different techniques to enable remote visualization; Engel 

et al. [13] used image streaming to handle web visualization. Special video-streaming 

codecs has been used to stream the generated images from the visualization server to 

the clients. Multiple accesses from different clients to the visualization server are 
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controlled using CORBA (Common Object Request Broker Architecture).  Engel et al. 

in [12] present a work that combined local and remote visualization techniques to 

provide interactive volume rendering. The work has been applied for medical 

environments where 2D analysis and 3D are both needed. When 2D analysis is 

needed local visualization is performed on the client machine. In the case of 3D 

volume rendering the visualization is performed on high visualization machine, which 

provides the expensive capabilities needed for interactive volume rendering.  

There are different approaches that can be followed when performing remote 

visualization; Freitag and Loy [24] have compared three of the most used approaches. 

They compared between image-based rendering, parallel visualization servers and 

subsampling using designed performance models that evaluates the computation and 

communications costs.  

In their work they found that image-based rendering shows its efficiency as the size of 

the data increases, while subsampling is efficient with reasonable datasets and finally 

parallel visualization is in-between. 

In this work we depend on image based rendering, which is efficient when the size of 

the data is considerably large. Our approach thus takes advantage of the remote 

visualization characteristics. 

2.6.	  Sampling	  
 
In most research and experiments, the parameter space in the domain is often 

continuous or too large to explore exhaustively. As a result, different sampling 

approaches [2, 15] are employed to select a smaller, and yet a more representative set 

of values for parameters. In their paper, Albandoz et al. [2] categorize sampling 

approaches into different types: 

1. Random Sampling 
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A random subset of the sample space is selected. 

2. Systematic sampling 

Also called Nth sampling, after the size of the sample is determined, every Nth 

item in the data space is selected as a part of the sample. For example, if we are 

interested to pick samples from a 100 data space, and N=5, the selected items 

would be 5th, 10th, 15th, 20th... etc. 

3. Stratified sampling 

The sample space is divided into groups, based on some common characteristic. 

After that any other technique could be used to select samples from these 

groups. 

4. Judgmental sampling  

When using this approach the researcher selects a specific region of interest in 

the data. 

 

Our work uses a variant of purposive sampling, in order to generate a compact 

representation of the space of iso-values the user would like to explore. The user 

identifies regions-of-interest in a parameter-time space, and a Gaussian sampling [20, 

39] is used to select samples around the identified regions. In the case of absence of 

any user-input, we use a simple random sampling strategy to select iso-values from 

the parameter-time space, at each time step.  
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Chapter 3 

3. Methodology and Data 
 
In this chapter we first introduce and explain the data used in our work. We continue 

with the description in detail of the core procedure of our work, namely (1) sampling 

the parameter space, (2) layer extraction, (3) iso-surface compositing and (4) nearest 

neighbor search (used when user enters a value that is not in the sampling). 

3.1.	  Data	  	  
 
Scientists at the Clean Combustion Research Center at KAUST have completed an 

experiment for simulating a turbulent jet flame [3]. The study simulates the burning of 

fuel in a turbulent jet by mixing different species that represents the flame with air to 

examine soot formation i.e., rate and location of its formation, and conditions leading 

to its increase. The flame was ignited at two spots symmetric to the middle of the grid. 

The simulation consists of flow, interaction between chemical species, and the 

physio-chemistry that leads to particle (soot) formation. The detailed chemical 

mechanism was included –i.e., polycyclic aromatic hydrocarbons; in addition to, a 

high-order method of moments for soot modeling. The data was simulated on a 

1024*512*256 grid and stored in double precision, resulting in 1 GB of data per 

variable per timestamp. There are 180 timestamps and 72 variables, which resulted in 

12.6 TB of total data size on-disk.  

Figure 3-1, is extracted from [3] and gives an example of the different properties 

described in the models. 



 27 

 

Figure 3-1 [3], Turbulent jet flame simulation showing three different properties (Napthalene, soot number 
density and soot volume fraction) in different time steps. 

Visualization provides the researchers to gain a high-level understanding of the 

evolution of the simulation and also to try discovering any interesting relationships 

between the coupled modules. Most of the researchers currently use Paraview to 

render their data, which not only requires a considerable amount of time but it also 

requires high-end graphics clusters and access to the original data. 

          

 

 

 

 

 

 

 

 

Figure 3-2, flame (HCO) surface = 3.733678e-06 colored with temperature. 
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3.2.	  Methodology	  	  
 

3.2.1.	  Overview	  
 
The first step in our approach consists in creating a compact representation of the set 

of iso-values (for each scalar field). To do so, we begin with a view of the time-

parameter space, for a set of scalar fields that the user is interested in. Regions of 

interest can be picked then from this "view" by the user. These regions of interest 

represent a set of iso-values, across time-steps, for which iso-surfaces can be 

constructed to provide a "compressed" representation of the entire data. The 

compressed representation is then sampled to construct and render iso-surfaces from a 

pre-determined viewpoint. In addition to the iso-surface representation, we extract 

other information, such as normal maps, depth maps, and a scalar map for each of the 

other scalar values on the iso-surface. Figure 3-3 shows the sampling and layer 

extraction procedure. 

 
 
 
 
 

 

 

 

Figure 3-3, Sampling and layer extraction overview. 

 
At run-time, these extracted layers can be combined and composited to visualize 

several combinations of multiple iso-surfaces. We specifically use the corresponding 

depth maps to combine two or more iso-surfaces generated from the pre-process step. 

In addition, for each surface, the user has the option to color-map the surface using 

the extracted scalar values at that surface. The scalar field used for coloring iso-
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surfaces, and the transfer function can be changed in real time. The normal map is 

used to provide some flexibility to the user in relighting the scene in real-time as well. 

Figure 3-4 illustrates the mentioned process for compositing multi-surfaces. 
 

 
 
 
 
 
 
 

 

Figure 3-4, Compositing multi-surfaces overview. 

 

3.2.2.	  Sampling	  the	  parameter	  space	  and	  input	  image	  generation	  
 
For large datasets, generating a full detailed visualization of the entire data is 

prohibitive. Therefore, a compact representation of the data is essential. Take for 

instance the dataset that has been presented in this thesis, which simulates a turbulent 

jet flame. The simulation contains multiple scalar values that describe species for 

chemistry and particle (soot) formation. Scientists are interested in specific values of 

these scalars as the simulation progresses over time. These values describe regions or 

iso-surfaces where the bulk of the interesting phenomena happen. For instance, a 

scientist may be interested in studying the concentration of different chemical species 

on the surface of the flame in a combustion simulation. Such surfaces are often well 

defined by a very narrow range of values of a specific scalar field as the simulation 

progresses.  Therefore, a scientist can often define a narrow region or set of regions in 

a parameter vs. time space, that are of interest for visualization. We leverage this fact 

to build a compact representation of the set of iso-surfaces that are of interest, by 

limiting our sampling of iso-values to such user-defined regions. This approach 

𝐼!
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allows us to potentially reduce the number of iso-surfaces that need to be computed 

for a given parameter. 

This approach is most effective when the domain scientist understands the data and 

knows what features of the data are interesting. As a result, the user can clearly 

identify regions in time-parameter space that are critical in summarizing the dataset. 

These regions define seed points in the time-parameter space, and can improve the 

efficiency of generating the input images and switch the working space from an 

expensive 3D data space to a relatively inexpensive 2D image space. This sampling 

and pre-computation step result in saving time and space requirements. 

After the user determines a region of interest the user should provide the mean (iso-

value), sampling density, which determines the number of samples, sampling radius, 

which determines the variance of the Gaussian sampling [39]. The Gaussian function 

is defined as:  

𝑓 𝑥 =    1

𝜎  √  (2𝜋)
𝑒!  

(!!𝜇)!

!  𝜎!  

 where σ and µ stand for the variance and mean. 

              

 
      

Figure 3-5, regions of interest in time- parameter space. 

Time steps 

Parameters 

(3-1) 
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For each point of the sampled space, an iso-surface is generated and rendered from a 

user-defined camera location. Additional properties of the dataset in the same image 

space are extracted, using Paraview [18].  

3.2.3.	  Layer	  extraction	  
 
Next, we use Paraview to construct the iso-surfaces for each of the iso-values. A set 

of view-dependent 2D layers is extracted. For each iso-surface, a depth map, a 

clipping range, a surface normal map and range of values for other scalars on that 

surface are extracted. 

We used Paraview's built-in functions to generate the depth map; the function obtains 

the depth map of the rendered view and stores it in an array of a vtkfloat type. 

The value ranges of some parameters on the surface have been stored to be used later 

in color mapping. Thus, the effect of lighting cannot be affecting the real values. For 

that reason the diffuse and specular light have been disabled. Due to Paraview’s API 

complexity, the original values of the scalar on the surface could not be extracted. 

Thus the values have been mapped to a gray linear gradient color map, where values 

are mapped between white and black. Figure 3-3 shows an example of the extracted 

scalar value. 

                                          
Figure 3-6, scalar values mapped to a gray linear gradient color map. 
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For each sample of the data the following algorithm is applied  

 
 
 
  

 

 
 

	  

	  
 

3.2.4.	  Surface	  compositing	  	  
 
The above pre-processing steps generate a library of annotated images and 2D layers 

that provide an overview of the set of iso-surfaces of the entire dataset. In the 

following sections, we describe our run-time compositing technique. The scientist can 

use this real-time compositing technique to composite multiple iso-surfaces and 

visualize each surface with both different scalar fields and different color maps 

interactively. In addition, the surfaces can be re-lit based on a "virtual light", 

interactively. The approach consists of three steps, as follows: 

3.2.4.1.	  Compositing	  iso-‐surfaces	  
 
Let us consider the case of compositing two user-selected iso-surfaces. The extracted 

layers are used to generate a composited image. The compositing process depends on 

the depth map calculated for each of the iso-surfaces. For each pixel of the resultant 

composited image, the value of that pixel is determined by comparing the depth 

values at that pixel, from the corresponding depth maps of the two iso-surfaces. 

Following is the algorithm for compositing two images: 

 

 

ALGORITHM 3-1: Layer Extracting 
for p ∈  P: 
   for t ∈  T: 
    extract 𝐼!! 
    extract 𝐼!! 
    extract 𝐼!! 
     
Where P is parameter space, T is the time space. 
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To obtain the correct depth of the two surfaces, we need to add the clipping range for 

each one to its retrieved depth value from the depth map. The reason behind adding 

clipping range is so that Paraview stores the depth map based on the coordinates of 

the near and far clipping planes. The near clipping plane is always assumed to be at 

the camera, and the far clipping plane is at the farthest extent of the object in camera 

space. Paraview maps the near clipping plane to zero and the far clipping plane to one, 

resulting in ambiguous depth values for the two iso-surfaces.  

The following two figures show the result of rendering both images separately and 

when compositing them in the same scene. 

 

               
Figure 3-7, rendering two separate objects in Paraview. 

ALGORITHM 3-2:Compositing iso-surfaces 
𝐷!!     = 𝐶!

!! +   𝐼!
!! ∗   𝐶!

!! 
𝐷!!     = 𝐶!

!! +   𝐼!
!! ∗   𝐶!

!! 
 
if 𝐷!!     <= 𝐷!!     
     pixres = rgb1 
else  
   pixres  = rgb2 
 
Where Dp is the real depth, 𝐶!

! is the near clipping range and 𝐼!
! is the 

extracted depth from Paraview, 𝐶!
! is the far clipping range pixres the resultant 

pixel and rgb is the color of two surfaces 
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Figure 3-8, Mapping the two objects to the same clipping plane in Paraview. 

3.2.4.2.	  Color	  mapping	  
 
Each iso-surface is associated with a set of image layers that store scalar field values 

(on the surface), for all (user-selected) scalars from the original dataset. Using the 

stored values, the user can change the scalar field used for coloring the surface in real 

time. Once a scalar field is chosen, different color mapping schemes can be applied 

interactively. In this work, three different color mapping techniques were 

implemented, Rainbow color map, Heated Object and Gray scale color map [4].  

The pseudo code for each of the schemes is as follows: 

 

 

	  
 
 
 
 
 
 
 
 
 
 

ALGORITHM 3-3:Rainbow color mapping 
Input: val  
Output: color 

val = min(max(val, 0.0), 1.0) 
color = [0.0, 4.0 * ( val – ( 0.0/4.0) ), 1.0] 
 
if val >= (1.0/4.0): 
color = [0.0,1.0, 1.0 – 4.0 * ( val – (1.0/4.0))] 
 
if val >= (2.0/4.0): 
color = [4.0 * ( val – (2.0/4.0)), 1.0, 0.0] 
 
if val >= (3.0/4.0): 
color = [1.0, 1.0 – 4.0 * ( val – (3.0/4.0)), 0.0] 
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3.2.4.3.	  Re-‐Lighting	  	  	  
 
We pre-compute the normal maps for each individual iso-value. The depth maps of 

the corresponding surfaces are used to determine which normal map is used on that 

pixel. After determining the used normal map, the normal is used to compute the light 

on that pixel using Blinn-Phong model  [7,11]. The Blinn-Phong model computes the 

light as the summation of ambient, diffuse and specular terms  

𝐼!!!"# =    𝐼!"#$%&' +   𝐼!"##$%& +   𝐼!"#$%&'( 

          

ALGORITHM 3-4: Heated Object color mapping 
Input: val 
Output: color 

val = min(max(val, 0.0), 1.0) 
color = [3.0 * (val – (0.0/6.0)), 0.0, 0.0] 
 
if val >= (1.0/3.0): 
color.rg  =[1.0, 3.0 * (val – (1.0/3.0)) ] 
 
if val >= (2.0/3.0): 
color.gb = [1.0, 3.0 * ( val – (2.0/3.0)) ] 

 

ALGORITHM 3-5: Gray scale color mapping 
Input: val, min_val, max_val  
Output: color 

gray =(val – min_val)/(max_val – min_val) 
color = [gray, gray, gray] 

 

(3-2) 
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Figure 3-9, Blinn-Phong model. 

The ambient light is a constant light. Without ambient light, all points that are behind 

the light source will appear as black. Given the ambient coefficient 𝐾!, material color 

𝑀! and ambient light color 𝐼!, the ambient term is calculated as follows: 

𝐼!"#$%&' =   𝐾!  𝑀!  𝐼! 

The diffuse term corresponds to a Lambertian reflection; diffuse light is independent 

of the viewer direction, as it is reflected equally on all directions. It is computed by 

multiplying the diffuse coefficient 𝐾!, material color 𝑀!, diffuse light color 𝐼! and 

the cosine of the angle between the light direction vector and the surface normal 

vector θ 

𝐼!"##$%& =   𝐾!   𝑀!   𝐼!   cos𝛉          

Since all vectors in local illumination model are unit vectors, the cosine of the angle 

can be computed as the dot product between the reflected light vector 𝑟 and the view 

vector 𝑣 

𝐼!"##$%& =   𝐾!   𝑀!   𝐼!   max  ( 𝑟. 𝑣 , 0) 

The reflected light vector is calculated by mirroring the light vector on the surface 

normal, using the following equation 

𝑟 = 2 𝑙.𝑛   𝑛 − 𝑙 

(3-3) 

 

(3-4) 

 

(3-5) 

 

(3-6) 
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Contrary to the diffuse light, the reflection of the specular light is dependent on the 

viewing vector. As in the case of ambient and diffuse, the specular coefficient 𝐾!, 

material color 𝑀!, specular light color 𝐼! multiplied by the cosine of the angle 𝑝 

between the reflected vector and the viewing vector raised to the power 𝑝𝑜𝑤 which is 

the level of shininess  

𝐼!"#$%&'( =   𝐾!  𝑀!  𝐼!    𝑐𝑜𝑠!"#   𝑝 

To compute the specular light more efficiently, the cosine of the angle is replaced by 

the dot product of the half way vector ℎ  and the normal vector 𝑛 

𝐼!"#$%&'(   =   𝐾!  𝑀!  𝐼!  (ℎ.𝑛)!!" 

The half way vector is half way between the light direction vector 𝑙 and the viewing 

vector 𝑣  

ℎ =    !!!
||  !  !!  ||

     

The normal of each pixel is re-mapped between -1 and 1. The view vector is 

determined by the camera position of the pre-computed images. The light direction is 

computed using the Spherical coordinate system [37]. Given the two angles theta θ, 

phi 𝜙 and the radius r, the x, y and z coordinates of the light direction are computed. 

While theta θ is the azimuthal angle between x and z and phi 𝜙 is the polar angle 

between y and z.  

(3-7) 

 

(3-8) 

 

(3-9) 
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Figure 3-10, Spherical coordinate system. 

The three coordinates are computed using the following equations 

𝑥 = 𝑟 sin𝜃 cos𝜙 

𝑦 = 𝑟 sin𝜃 sin𝜙 

𝑧 = 𝑟 cos𝜃 

Since Paraview uses a different order of coordinates the equations are modified 

depending on the angles. The order of Paraview’s coordinate system is presented in 

the following figure 

  

                                          

Figure 3-11, Paraview’s coordinates order. 

(3-10) 

 (3-11) 

 
(3-12) 
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Thus the azimuthal angle theta θ is between z and x, and the polar angle phi 𝜙 is 

between x and y. The three coordinates of the light direction can be calculated as the 

following  

𝑥 =   𝑟 sin𝜃 sin𝜙 

𝑦 = 𝑟 cos𝜃 

𝑧 = 𝑟 sin𝜃 cos𝜙 

By changing the value of theta θ and phi 𝜙 the user can change the light direction 

interactively.  

3.2.4.4.	  Nearest	  Neighbor	  Search	  
 
If the user selected a value that is not contained in the sample space, the tool displays 

the three nearest values using three-nearest neighbor algorithm [6, ]. 

The algorithm takes the chosen value and compares it with the iso-values of that 

parameter given that they are sorted. The algorithm finds the position of the iso-value 

in the sorted list then it compares the iso-value with the three closest values in 

position on both the left and the right of the value. It provides the user with the three 

closest values depending on the differences between these values and the chosen 

value.         

 

 

 

       

 

 
Figure 3-12, Three nearest neighbors procedure when user inputs a non-existent value. 

(3-13) 

 (3-14) 

 (3-15) 
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Chapter 4 

In this chapter we present three examples of the jet fuel simulation with different 

configurations. In this analysis we compare the outputs (composited images) obtained 

from Paraview and EI. We then validate our results by calculating the root mean 

square error (RMS) to assess the quality of the compositing process. Then we 

compare the performance (run time and space) of these two approaches.  

4. Results and Validation 
 
In this section we compare the results obtained using the explorable iso-surfaces to 

those obtained with Paraview.  

As described in the Data and Methodology Section, the data we used in this work is 

the three-dimensional simulation of turbulent sooting flame. 

Due to the large size of the dataset, we sampled it to obtain a representation of the full 

dataset. We used 22 time steps, for each time step we chose four parameters. For each 

parameter, twelve iso-values were generated, extracting three scalar values, a normal 

map and a depth map for each value. 

We present the procedure of combining two iso-surfaces, namely pressure surface 

(Fig. 4-1) and temperature surface (Fig. 4-2). As a preprocess step (before 

compositing), for each iso-surface we extract: (1) normal map, (2) scalar value for 

some parameters on the surface and (3) the depth. 
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Figure 4-1, Iso-surface for pressure = 1.10236950931. Pre-processing steps. 

 
 

Figure 4-2, Iso-surface for temperature = 592.54461699. Pre-processing steps. 

To better differentiate between the two surfaces in this example, we used rainbow 

color map and heated object to present the pressure and temperature surfaces 

respectively. Figure 4-3, shows the result after compositing these two iso-surfaces 

with iso-values of 1.10236950931 and 592.54461699 for presure and temperature 

respectively when time step = 1.700E-02. 
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Figure 4-3, Compositing pressure and temperature  iso-surfaces. 

Figure 4-4 presents the result of using flat colors in the same two iso-surfaces 

(pressure and temperature). 

Composite 

Figure 4-3, Compositing pressure and temperature  iso-surfaces 

 

Heated object color 
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Composite 
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Figure 4-4, Flat color mapping applied to the coposited temperature and pressure iso-surfaces. 

 
Figure 4-5 shows the difference in the same composited iso-surface with same 

coloring maps but with lighting effects. The image on the left shows the composited 

image before lighting while the image on the right presents the results after ligthing. 

 

Figure 4-5, The same composited iso-surfaces with the same coloring maps, before lighting (left) and with 
lighting (right). 

 
Figure 4-6, presents the difference caused by the lighting effects when rendering the 

same composited surface using Paraview (left) and EI (right). Due to the complexity 
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of Paraview’s lighting model and since understanding it is not our goal, we 

implemented a different lighting model.  

 
Figure 4-6, The same composited iso-surfaces, rendered using Paraview (left) and explorable images (right). 

	  
In Figure 4-7, 4-8, 4-9 and 4-10 we present more examples of different composited 

surfaces from different time steps with different color mapping functions. 

 

Figure 4-7, compositing three surfaces when time step = 200E-04, the surfaces are HCO = 4.49244166e-07, 
Temperature = 770.690895998 and lagMC_SC_1 (soot) = 0.00044947 with color maps Rainbow using 

temperature as scalar field, Heated object using pressure as a scalar field and Gray scale using temperature 
as a scalar field. 
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Figure 4-8, compositing two surfaces using different lighting directions when time step = 9.800E-03, the 
surfaces are Pressure = 3.3221592506 and lagMC_SC_1 (soot) = 0.0030251868 with color maps Heated 

object using temperature as scalar field and Gray scale using pressure as a scalar field. 

 

Figure 4-9, compositing two surfaces when time step = 5.002E-03, the surfaces are Pressure = 1.73903018749 
and temperature = 1283.13616277 with color maps Rainbow using temperature as scalar field and Heated 

object using pressure as a scalar field. 
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Figure 4-10, compositing two surfaces using different lighting directions when time step = 6.605E-03, the 
surfaces are HCO = 3.2342109 and lagMC_SC_1 (soot) = 0.0019617088 with color maps Heated object using 

temperature. 

4.1.	  Test	  cases	  
 
In this section we describe in detail the test scenarios to measure the RMS error rate. 

To compare the quality of the composited images generated by Paraview and EI, 

these test cases included samples for compositing different number of iso-surfaces 

where each surface is colored with a flat color. Test cases have been chosen from 

different time steps. For a fair comparison between the two procedures (Paraview and 

EI) we maintain the same surfaces, i.e., pressure, temperature, same iso-values and 

same color mapping, to render the same composited iso-surfaces. Since the lighting 

model used in this work is different than the one used in Paraview, we disabled 

lighting for the generation of the test cases. To compute the error rate, two different 

test scenarios have been performed. The first scenario compares the difference in 

coloring. This test starts by rendering a surface with gray scale linear gradient for both 

surfaces. We used gray scale to represent the scalar values of the simulation 

parameters on the surface to avoid getting into the complex color mapping 

representation of Paraview API, which is clearly not the interest of this thesis. The 
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second scenario consists of analysis of the composition of the surfaces, for this, multi-

surfaces have been composited on both procedures (Paraview and EI). 

4.2.	  Validation	  
 
To validate the correctness of our EI approach we are computing the RMS error 

measure for the images generated from EI and Paraview, using the two test scenarios 

mentioned above. The RMS formula is presented in equation 4-1. 

𝑅𝑀𝑆 =    !
!
     ||  𝑣!(!)   −   𝑣!(!)  ||!!   

Where v1(i), v2(i) are the RGB vectors of the ith pixel, where v1(i) is a pixel from the 

paraview output, v2(i) is a corresponding pixel from an output (with the same 

parameters) produced by explorable images, and N is the total number of pixels. 

The RMS is computed for each test case and then the percentage of the error is 

calculated with respect to the worst case RMS. The worst RMS error is given by the 

percentage error between a completely white image and a completely black image of 

the same size. 

𝐸𝑟𝑟𝑜𝑟  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = !"#
!"#$%  !"#  

∗ 100 

4.2.1.	  Analysis	  
 
In this section we analyze the error rate based on the two test scenarios mentioned 

above for eleven test cases. For the first test scenario (coloring difference) RMS was 

equal to zero in all eleven test cases. When comparing a single surface colored image 

(in our case gray scale color mapping), RMS is equal to zero if all scalar values are 

correctly represented.  

In Figure 4-7 and 4-8 we present two test cases. From these figures we can observe 

that in both test cases the images conserve the same gray scale values. 

 

(4-1) 

 

(4-2) 
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Figure 4-11, First scenario: Testing difference in coloring using Paraview (left) and 
explorable images (right), iso-surface for the Pressure = 1.10236950931. 

 

 
 

 

 

 

 

 

 

Figure 4-12, First scenario: Testing difference in coloring using Paraview (left) and explorable images 
(right), iso-surface for Temperature = 592.54461699. 

For the second test scenario (analysis of the composition of the surfaces), the results 

are presented in the following charts, Figure 4-9 and 4-10. 
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Figure 4-13, Second test scenario: Analysis of the composition of the surfaces, The RMS results of eleven 
test cases. 

 

Figure 4-14, Second test scenario: Analysis of the composition of the surfaces, The error percentage of the 
eleven test cases. 

From the previous charts it can be concluded that the average error percentage in the 

eleven test cases is 5.59% and the mode is approximately around 4%. The worst error 

rate is is 8.26% and the minimum is 3.5%.  

In Figure 4-11, we show three test cases (with different images) applying the second 

test scenario. The right-hand side images (c, f, and i) represent the difference images, 

which consist of the subtraction of the pixel values of the two output images from 
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Paraview and EI. The ideal case, where the images are exactly the same, would result 

in a black image. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  

	  
Figure 4-15, Three test cases of the second test scenario: Analysis of the composition of the surfaces, the 

images (a, d and g) are the results from Paraview, while (b, e and h) from EI and (c, f and i) the difference 
images. The first test case is the compositing of Pressure = 1.10236950931 with Temperature 592.54461699, 
the second test case is compositing HCO when it is equal to 2.90475012544e-06 with Temperature equal to 

2119.59022093 and lagMC_SC_1 (soot) is at the value 0.000914829537849, Finally the third test case is 
compositing Temperature = 1402.96797134 and Pressure = -1.02298646748. 

	  

4.3.	  Performance	  	  
 
Using the sampled data previously described, explorable iso-surfaces takes nine 

minutes for the pre-computation of one time step, which is only applied once. When 

combining two surfaces, explorable iso surfaces takes around 14 milliseconds while 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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Paraview takes 81 seconds. This represents a 5,785 fold decrease in computational 

time. 

When evaluating the number of images that have to be computed for combining multi 

parameters, explorable iso-surfaces has a polynomial complexity of 𝑂(  𝑇 ∗ 𝑝 ∗ 𝑛 ∗

𝑝 + 1   ), while Paraview requires (in worst case scenario) an exponential complexity 

of 𝑂(  𝑇 ∗ 𝑛!), where n is number of samples (iso-values), p is number of parameters 

and T is number of time steps. Although other more efficient methods could be used 

in Paraview, the major complexity enhancement in our approach comes from the fact 

that it only computes the light for each pixel in 2D whilst Paraview computes the light 

for each voxel in 3D. Furthermore, EI require considerably less disk capacity. Using 

four parameters per one time step, explorable iso surfaces requires 0.8 GB while 

Paraview requires 4GB. Meaning that there was a compression of 80% of the original 

data.  

Table 4-1, summarizes the comparison.  

Table 4-1, performance in explorable images and Paraview. 

 Explorable iso-surfaces Paraview 

Pre- Computation time 9 minutes No pre-computation is needed 

Combining two surfaces 0.014 second ≈ 14 millisecond 81 seconds 

Number of images 
required to compute all 

combination of p 
parameters with n 

samples 
 

𝑂(    𝑇 ∗ 𝑝 ∗ 𝑛 ∗ 𝑝 + 1   ) 𝑂(  𝑇 ∗ 𝑛!  ) 

Space  0.8 GB 4 GB 
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Chapter 5 

5. Conclusion and Future work 
 
The concept of explorable images has been used in this thesis and applied to iso-

surfaces from a fixed viewpoint assuming the user has knowledge of the domain. 

Transferring the complexity from data-based to image-based not only enhanced the 

performance of combining multi-surfaces but it also reduced the required number for 

acquiring all combinations of two surfaces. Using this approach, the space complexity 

increases only when the number of parameters increases. Another advantage of 

explorable images is that it requires less space than the original dataset. The required 

space can be further reduced by sampling the dataset as we did in this work. This 

method also provides the user with the ability of visualizing the data without 

accessing the original dataset and without the need for specialized computer systems 

and thus providing the flexibility advantages of image-based visualization. This 

technique, however, has the drawback a drawback and it is that it offers insight from a 

fixed viewpoint, which can be improved by storing additional information about the 

mesh and using it later to provide the user with the ability of changing the camera 

view. Another disadvantage is the loss of resolution in the resulting image. This 

occurs with some APIs, e.g., Paraview only provides 8-bit integers scalar values, 

which are later mapped between zero and one as gray linear gradient color map. This 

problem can be avoided by using different tool for generating the input layers, since 

our technique works successfully regardless of the tool used for generating the layers. 

 
This work can be further continued as follows: 

- Designing a GUI for sampling the dataset. 
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- Extracting extra information about the mesh, which can be used to change the 

camera position.  

- Using another visualization tool that provides scalar fields as scalar fields in 

floating point format instead of 8-bit integers. 

- Reducing the size by using more compressed images since tiff format has been 

used here. The size can be reduced also by storing the normal and scalar values 

for part of the pixels and using interpolation for retrieving the value for the 

complete view.  

- Design different lighting models and allow the user to choose between them in 

real time. 

- Improving the research when the chosen value is not found, by sending a message 

to Paraview or any used tool to generate the requested iso-value, which increases 

the efficiency of the tool along with the frequency of its usage. 

- Applying the concept of EI to volume rendering, thus allowing the user to have a 

view through the volume. That provides the user with better understanding of the 

relationship between the different layers.  
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