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1 History

In my rst year as a physics studert at Bielefeld University in 1992,1 met Johannes
Sdlosser. What beganas a study group for physics problems soon deweloped into a
great friendship and an intenseand fruitful collaboration on exploring what computers
could do.

At this time a computer would be in \text mode" as standard and only for special
problemswould a \graphics mode" be activated. At this time only Apple computers
broke with this paradigmand Microsoft wasonly a small compary making the Microsoft
DOS as well as a few text programs. A graphics resolution of 600:300was a great
resolution and color was a luxury we could not a®ord. We eat bought an 8068IBM
compatible computer and began chedking out what we could do with it. Switching
the monochrome Herculesgraphicscard into graphicsmode was a major challenge. We
started using Turbo Pascalasour programminglanguageof choicewith a few Assenbler
inline additions.

But seeingthe graphicson the screenis rather °eeting, sowe alsowanted to be able
to print it. There was the option of a screenprint, but that meart limiting the print
output to the low resolution of the screen,eventhough | had investedin an NEC P6c, a
color dot printer. Sowe wanted to make surethat we could print out our graphicswith
maximal resolutionand in color on our printer. But how canyou transfer a picture from
the screento the printer and increasethe resolution? The solution we found wasto have
two setsof basicgraphic routines: onewould write to the screen,the other would write
to a set of memory which was a bitmap of what we would then write to the printer.
We realizedthat if you wrote your program sothat all sizeswould be relative to the X
and Y dimensionsof your medium, they would look right, no matter if they would be
printed on a screenor printed to the printer.

On this level, we managedto program a graphical userinterfacewhich was supposed
to be easyto adapt for new programs. If you wanted to print somethingyou could use
the sameroutines that you had usedto create your graphics on the screen. It came
as a total revelation to us when, a few yearslater, Peter Serola introduced us to the
X windows system common on Unix workstations. Being able to open windows on
other computers seemedike a little miracle to us. A little earlier Linus Torwald had
deweloped the Linux kernel and now the rst working versionsof the Linux operating
systemsbecameavailable and they were free! Another revelation there. So with the
help of Linux (version0.92,1 believe) we could transform our computers (80286 1BM
compatiblesat this time) into Unix workstations.

This signaledthe changefrom Pascalto C (which only our friend Tim Sdeideler
was using at the time) and X windows for our graphics needs. Previously all printing
was di®eren for all printers, but the peopleof Adobe Inc. had deweloped PostScript, a
portable graphicslanguage. And with the help of ghostscript you could (and still can)
print any postscript Te on any printer. Sowe decidedto now usePostScript les asthe
output which could then be printed everywhee.

At this time both Johannesand myself were working on our Diplomarbeit (mas-
ters thesis) at Bielefeld University. Not surprisingly, we were both doing computational
projects and were heavily relying on graphical output. At this point we had actually
deweloped two separategraphicslibraries. Johanneshad true three-dimensionalcapabil-
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ities whereasl had deweloped basicmerus, the printer support, and coordinate systems.
BecauseJohanneswas the much more organizedof the two of us we usedthe structure
of this graphicslibrary and added my extensionsinto his code to create what remains
to this day the basicfoundation of the library: a set of basictwo dimensionalgraphics
routines which interface either xlib of the X windows systemor PostScript routines, a
library for the represemation of three dimensionalscenarios.This was supported by a
set of meru functions that dealt with mouseinteractions.

After we successfullyusedthe graphicslibraries for our Diplomarbeit Johanneswent
on to a rapidly advancing careerat IBM Deutsdland whereasl wert on to graduate
school at Oxford. For my graduate work | picked a numerical project again, but this
time | dealt with complex °uids which neededa number of di®eren represetations
that our graphicslibrary did not yet support. | included support for density plots and
cortour lines, but wheneer | wrote a new program | still copiedlots of old code from
the last programsto reusethem in the new programs. And then | realizedthat anytime
| copiedcode from other programs,it meart that it shouldbe part of the library and not
part of the usercode. It took quite a few numbers of iterations to reducethe amourt
of code the userhad to write to usethe graphicscode.

In 1998,at the endof my D.Phil. (Ph.D.), | consideredorie®°y foundinga compary for
simulating complex°uids and usingthe graphicsasa part of this commercialenerprise.
But | soon realizedthat my heart was with scienceand | did not enjoy the prospects
of meeting with verture capitalists to fund my software compary (and that was at
the beginning of the Internet bubble). Instead, | cortinued my academiccareerwith
postdoctoral positions at MIT and Edinburgh University. At ead of these placesl
realizedthat sciertists as a whole don't tent to have easyaccesdo the data in their
computer simulations and that the approad | had taken was quite unique.

Now | have afaculty position at North Dakota State University and | want to giveyou
the ability to steeryour computer simulations and to monitor them closely Considering
how much Johannesand | have bene ted from the free software project we have decided
to releaseour library underthe GNU public licenseto make surethat it is available for
freeto anyone.

2 So what doesit do?

The project beganas a library for real time three-dimensionalvisualization. We had
video gamesin mind, aswell asscierti ¢ visualization. In the endwe never nished the
videogame,but the scierti ¢ visualization part becamemoreand moreimportant. From
thesebeginningsa a library deweloped that is supposedto make scierti ¢ visualization
as easy as possible. In this introduction | will leave out the details of the graphics
machine and focus only on the useof library functions for scienti ¢ visualization.

| hope that a full documertation of the software will becomeavailable in the future
to make it easierfor othersto extend the library.



3 Scienti ¢ Visualization

Imaginethat you want to simulate a °uid mixture that is phase-separatingFor scierti ¢
reasonsyou may be interestedin somestatistical properties of this processbut how can
you be surethat the program is really doing what you expect it to do? And what do
you do if you want to nd out what the e®ectof di®ere parametersis? There will
often be quite a few di®ereh parametersthat you needto cortrol.

My vision for this library is that it will help sciertists to transform their simulations
which are performingtheir instruction in away that is hard to obsene, into atransparert
object whereyou canlook at all times at the relevant variablesand whereyou canchange
the parametersto seewhat will happen. This changesthe nature of computational
researt: suddenlyyou are ableto seeand manipulate the systemyou simulate directly.
You will now be ableto seewhat is goingonin the system,and if somethingdoesbehave
di®ererly than you expect you have probably found a bug in your program and you
caneliminate it faster. And if it isn't a bug you have just learnedsomethinginteresting
about the system. And oncein a while you will be the rst to notice and you have made
a discovery that you might not have made without being able to obsene the systemso
closely(this is what happenedto me a lot of the time).

This is not to suggestthat you give up the more traditional approad of de ning
curves for which you can make analytical predictions or which you can compare to
experimerts. But | feelthat it is a very valuable extensionof this approad.

4 Examples

Sa you want to write a code that solvesthe one-dimensionaldi®usionequation with
periodic boundary conditions. Don't worry if you don't understand this particular
problem. It is just a speci ¢ exampleof a computational problem that you might have.
Understandingthe details of this is not important in order to follow the main points of
this section. The di®usionequationis given by

@/2: . @]/2
@ (@7

You can model this equation by writing a small lattice Boltzmann program. You could
usemany other ways, but lattice Boltzmann is closeto my heart. If you are interestedin
the details of this algorithm you can nd an explanationin appendix B. Your programt
might look somethinglike this:

1)

#include <stdio.h>
#include <math.h>

#define size 100
static Repeat=1000;
static double fO[size],fl[size],f2[size], omega=1,T=0.3;

1This program is included as progl.c in this distribution.
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void init(){
int i
double density;
for (i=0;i<size;i++){
density=(2+sin(2*M_PI*i/size));
fO[i]=density*(1-T);
f1[i]=density*T*0.5;
f2[i]=density*T*0.5;
}
}

void iterate(){
int i
double density,tmpl,tmp2;
for (i=0;i<size;i++){
density=fO[i]+f1[i]+f2[i];
fO[i][+=omega*(density*(1-T)-fO[i]);
f1[il+=omega*(density*T*0.5-f1[i]);
f2[il+=omega*(density*T*0.5-f2[i]);
}
tmpl=fl[size-1];
tmp2=f2[0];
for (i=1;i<size;i++){
fl[size-i]=f1[size-1-i];
f2[i-1]=f2[i];
}
f1[0]=tmp1,;
f2[size-1]=tmp2;
}

int  main(){

int i

init();

for (i=0;i<Repeat;i++) iterate();
return O;

}

This is a very simple program which currertly only consistsof the main computational
kernel. It doesnot \do" anything yet, sinceit hasno output. It hasbeenmy general
experiencethat the actual computation can usually be written in a succinctbit of code
whereasthe analysisand output make up the main part of the code. And this analysis
tendsto be soindividual that thereis little guidancein how to write this bit of the code.

Now we want to seewhat the code actually does. So we would like to seewhat
the density is at eaty new time step and how it ewlves. We might want to be able to
re-initialize the simulation and maybe to initialize it with di®eren initial conditions.
Also, we might want to be able to changethe size of the simulation. And on the °y,
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we might want to be able to changethe di®usionconstart which in this simulation is
- = (1=! j 0:5)T. Sowe might want to changethe two parametersindependerily so
that we can examinehow the numerical errors di®er for the two approades.

This may sound like quite a laborious task, but this is exactly what the mygraph
library wasdesignedto do. What we haveto doisto tell the library which data we want
to look at, give it somehints about its size,and it will be ableto display it appropriately.
We will also needa few other cortrol variablesto be able to tell the program that it
should pause,run for only one step at a time, or that it should re-initialize. So this
program, with a full graphical userinterface (GUI), 2 would look like this:

#include <stdio.h>
#include <math.h>
#include <mygraph.h>

#define SIZE 100

static int size=SIZE,Repeat=1000,done=0,sstep=0,pause=1,

static double fO[SIZE],f1[SIZE],f2[SIZE], omega=1, T=0.3,Amplitude=1,
static double density[SIZE];

void init()}{
int i
for (i=0;i<size;i++){
density[i]=(2+Amplitude*sin(2*M_PI*i/size));
fO[i]=density[i]*(1-T);
f1[i]=density[i]*T*0.5;
f2[i]=density[i]*T*0.5;
}
}

void init2(){
int i
for (i=0;i<size;i++){
if (2*i>=size) density[i]=2+Amplitude; else density[i]=2-Amplitude;
fO[i]=density[i]*(1-T);
f1[i]=density[i]*T*0.5;
f2[i]=density[i]*T*0.5;
}
}

void iterate(){
int i
double tmpl,tmp2;
for (i=0;i<size;i++){
density[i]=fO[i]+f1[i]+f2]i];

2This program is distributed asprog2.c with this distribution.
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fO[i][+=omega*(density[i]*(1-T)-fO[i]);
f1[il+=omega*(density[i]*T*0.5-f1][i]);
f2[i]+=omega*(density[i]*T*0.5-f2[i]);

}

tmpl=fl[size-1];

tmp2=f2[0];

for (i=1;i<size;i++){
fl[size-i]=f1[size-i-1];
f2[i-1]=f2[i];

}

f1[0]=tmp1,

f2[size-1]=tmp2;

void GUI(){
DefineGraphN_R("Density",density,&size,NULL);
StartMenu("GUI",1);
DefineDouble("T",&T);
DefineDouble("omega",&omega);
StartMenu("Restart",0);
DefineMod("size",&size,SIZE+1);
DefineDouble("Amplitude",&Amplitude);
DefineFunction("Restart  sin",&init);
DefineFunction("Restart  step”,&init2);
EndMenu();
DefineGraph(curve2d_,"Density  graph");
DefineBool("Pause",&pause);
DefineBool("Single  step”,&sstep);
Definelnt("Repeat”,&Repeat); DefineBool("Done",&done);
EndMenu();

}

int  main(){

int i

init();

GUI();

while ('done){

Events(1); /* Wheneverthere are new data the argument of
Events() should be nonzero. This will set the
requests for data so that you can calculate them
on demandonly. For this simple program you can
always set it to one. */

DrawGraphs();

if ('pause || sstep)}



sstep=0;
for (i=0;i<Repeat;i++) iterate();
} else {
sleep(1);*when the program is waiting it returns the
CPUtime to the operating system */

}
}

return O;

}

Let us go brie°y through the new additions to the program which implemert the GUI.
The function GUI() tells the graphical userinterface about the data to display and the
variableswe want to be ableto changeinteractively. Firstly we have the one-dimensional
density eld that wewant to display. This data givesfor a sectionof the natural numbers
Nonereal number R The function that tells the GUI about this is

DefineGraphN_R("Density",density,&size,NULL);

The rst argumernt is a string which correspndsto the nameof the data asit will appear
in the merus. The secondargumern is the data you want to display. More exactly, it is
a pointer to the rst elemer in the array. The third argumert is a pointer to a variable
giving the sizeof the data. We usea pointer rather than simply a number becausef the
sizeof the data changesduring the simulation (and this changeis re°ected in a change
of the variable size ) the GUI will know about this and display the data correctly. The
last argumert is a pointer is simply a NULL pointer in this cortext. If this pointer is
not NULL it will be set by the GUI wheneer the graph is beeingshaown, so that the
data can be calculated for display. This is useful for interesting data, that does not
needto be calculatedfor the algorithm and with the help of this °ag you can decideto
calculateit only on demand(i.e. if this °ag is setto 1 by the GUI. Make sureyou setit
badk to zeroafter you have updated the cortent of the eld). Also note that we made
the density an array, not just a temporary variable of the iterate routine, sothat we can
display it.
Then we start the meru for the GUI.

StartMenu("GUI",1);

The rst argumert is the name of the meru, and the secondargumert is either O or 1.
If it is 1 this indicatesthat the meru will be initially displayed. Sincethis is the rst
meru, it should certainly be displayed. Next we de ne two double variablesas meru
items

DefineDouble("T",&T);
DefineDouble("omega",&omega);

These functions have two argumeris: the name as it appearsin the meru and the
addressof the variable. We now de ne a sub-mem with a new StartMenu() function
asabove.



StartMenu("Restart",0);
DefineMod("size",&size,SIZE+1);
DefineDouble("Amplitude”,&Amplitude);
DefineFunction("Restart  sin”,&init);
DefineFunction("Restart  step”,&init2);
EndMenu();

There are three new routines:

DefineMod("size",&size,SIZE+1) insertsa meru item for the variable sizeand only
allows it to vary from 0 to SIZE

DefineFunction() allows you to start functions which don't have any argumers to
be called at the pressof a button. The rst argumert of this function is againthe
nameasit appearsin the meru and the secondis the addressof the function you
want to be able to call. Note that we introduced a secondinitialization routine
that initializes the density asa stepfunction to make things a bit moreinteresting.

EndMenu()tells the GUI that this is the end of the sub-menu.
Next we have a special meru item to display line graphs.
DefineGraph(curve2d_,"Density");

The routine that doesthis is DefineGraph() . The rst argumert of this function is an
integerthat is represemed by the namecurve2d_.2 The rest of the GUI implemertation
should now be self-explanatory

DefineBool("Pause",&pause);
DefineBool('Single  step”,&sstep);
Definelnt("Repeat”,&Repeat);
DefineBool("Done",&done);
EndMenu();

After we have successfullyinitialized the GUI there are two more library functions
that you have to be aware of. Firstly

Events(1);

For any program with a graphical userinterface you have to give the library functions
a chanceto react to mouseand keyboard events. It is this routine that doesit. Soyou
have to make surethat you call Events() # regularly sothat windows can be redrawn,
resizedand mouseclicks can be acted upon. The secondroutine is

DrawGraphs();

3There are seweral other types corresponding to two-dimensional density and vector plots, three-
dimensional graph represettations, three-dimensionalcortour plots, etc. This is shawn in table 5.

“Whenewer there are new data the argumert of Events() should be nonzero. This will set the
requestsfor data so that you can calculate them on demand only. For this simple program you can
always setit to one.
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This routine will draw all the graphs that have needto be displayed® One other
considerationto keepin mind is that interacting with a useris slowv. Soyou really don't
want to call the Events() routine too often becausethat would make your program
slow.

Now | just want to make a few more remarksabout someuseful steeringparameters
that | tend to usefor simulations. We want to be able to stop the calculations tem-
porarily to look at the data in leisure,to be able to step through the calculation one
iteration at the time and to re-initialize the calculation. And we want to be ableto quit
the computation at the pressof a button. Sowe de ne the variables

variable | description

done this is equalto O until the simulation is n-
ished

pause | this is equal to O unlessthe simulation is
paused

sstep this variable getssetto oneto run the simu-
lation for a single step

Repeat | this variable is set to the number of steps
that the simulation should be run until the
Events() function is called again

With this explanation of the variablesthe logic of the main routine should be obvious.

while (!done){
Events(1);
DrawGraphs();
if (pause || sstep){
sstep=0;
for (i=0;i<Repeat;i++) iterate();
} else {
sleep(1);*when the program is waiting it returns the
CPUtime to the operating system */

}
}

The only other commen | want to make is regarding the sleep(1) statemert. This
routine takescortrol away from the program and givesit to the operating system. Why
would you want to do this? This is mainly a question of considerationfor others and
for any of your own programsthat might be running at the sametime. Without this
statemen the program would always use all the CPU cyclesit can get its hands on,
even if it is doing nothing elsethan waiting for any input you might want to give it.
And while it is waiting, it might aswell give sometime to programsthat really needit.

SBut why is this not simply part of the Events() function? The reasonlies in the following con-
sideration: often there are quartities that you want to monitor, but that are not actually required for
the computation. Having two routines allows you to calculate only when they are needed. This is
the reasonthat ead data is assaiated with a request°ag. If the user choseto obsene this data, the
request °ag would be setin the Events() routine and you could write a routine that would calculate
this data beforeyou called the DrawGraphs(); routine.
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Control

Density on

Repear=1000

Done off

Figure 1: Screen-shotof the GUI after a graphics window has been opened and the
density graph hasbeenselected.If you right-click on the density option you can choose
symbols and colorsfor the graph.

4.1 Compiling the program

In orderto compilethe program you have to tell it whereto nd the header les for the
simulation and whereto nd the library. Then you needto link your program to the
graph and X11 libraries. Assumingthat you usethe standard implemertation (seeA
Installing the library), the commandwill look somethinglike

cc -I ~linclude prog2.c -L ~/lib -L /usr/’X11R6/lib -Im -lgraph
-IX11 -0 anim2.out

This assumeghat you have installed the library in your home directory. For system-
wide installations you would not needthe special-l /include and-L /lib options.
For more explanationsseethe man pagesof your c compiler.

4.2 Running the program

If you now type
Iprog2

you will seethe GUI appear. The GUI is shavn in Figure 1. First you may want to
click with the left mousebutton on the \Density graph” button to seethe density. Then
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in the density graph you may want to selectthe \Density" with the left mousebutton.
If you click with the right mousebutton on the \Density" eld you can chooseseeral
properties of the graph. If you want to remove the new meru simply right-click the
\Density" button as well. This is a generalmethod to remove merus that you have
created. The only exceptionsare graphicswindows becauseyou can createan unlimited
number of them.

Now clicking on the \Control" button will give you a meru that allows you to choose
se\eral propertiesof the graph. You may want to togglethe \AutoScaling” button. Next
right-click on the \Repeat = 1000" button in the main meru. A cursorwill appearand
you can changethis value to 1. Make surethat you nish the input by pressingerter.
The program will not allow you to do anything elsebeforeyou do this.

Now, if you are ready to look at the ewlution of the density, pressthe \P ause"
button and watch the ewlution of the density. You can seethat the initial density
°uctuation decgs and leavesus with a homogeneousolution. We actually know that
analytically the sin function with an exponertially decaing amplitude is a solution of
the di®usionequation. Sonow press\AutoScaling” to on and pressthe Restart button.
In the new meru press\Restart now". Now you can seethe ewlution of the density
and the form indeedremainsconstarn (exceptfor the moving scale)sothat we seethat
our numerical approad is in agreemeh with the analytical solution.

To nish the program simply pressthe \done" button.

5 Reference section

In this sectionyou can nd the list of all the user commands(and some functions
that you are lesslikely to need)that you are going to needto visualize and steer you
programs.

6 Doesit work with other programming languages?

You can usethis library on any systemsupporting the X windows systemand able to
link c-libraries. | have usedit successfullywithin the parallel programming language
ZPL.

A Installing the library

First you needto obtain the graph.tar.gz e either from the web at http:
www.physics.ndsu.ndak.edu/people/avagner/graph.niml or from another sourceand
put it in your homedirectory. You then type

tar xzvf graph.tar.gz
cd c/newgraph
make install

If you don't get error messageshis will successfullyinstall the library in your system.
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function

description

DefineGraphN.R(char *Name,double *gd,int
*dim,int  *req)

DefineGraphN.RxR(char *Name,double *gd,int
*dim,int  *req)

DefineGraphN RxRp(char *Name,double
**gd,int  *dim,int  *req)

DefineGraphNxNR(char *Name,double *gd, int
*diml,int  *dim2,int  *req)
DefineGraphNxNRxR(char *Name,double *gd,
int *diml,int *dim2,int *req)
DefineGraphNxNRxRxRt(char *Name,double
*gd, int *diml,int *dim2,int *req)

DefineGraphContour3d(char *Name,Contour
**gd, int *diml,int *dim2,int *dim3,int
*req)

Simple one dimensionalarrays

One dimensional arrays of
points (X,y).

Pointer to an one dimensional
array of points. Neededif the
sizeof the data eld will bere-
sizedwith realloc()

Two dimensionalarray.

Two dimensionalarray of vec-
tors.

Three dimensional eld. Still
waiting for the implementation
of the 3 dimensional contour.
A special data type to de ne
conour, especially from a par-
allel program.

SetDefaultColor(int C)

SetDefaultLineType(int  s)
SetDefaultShape(int  s)

SetDefaultSize(double s)
SetDefaultFill(int f)

Default color for graphs de-
‘ned after this command. See
Table 2.

Default line type is 1 (solid
line). 0 meansno line.

Default shape accordingto ta-
ble 2.

Default sizeis one.

Default 11 is o®(0).

NewGraph()
SetActiveGraph(int)

Start a new set of graphs.
Set this before you call
DefineGraph() .

Table 1: All commandsusedto register data that you want to visualize

Table 2: Shapesand standard colors. Colors will be translatel scon.

Color functions | English
Name value
sdwarz() black
NoShape 0 : .
. weiss() white
UpTriangle 1
. rot() red
DownTriangle | 2
gruen() green
Square 3
) blau() blue
Circle 4
gelb() yellow




Function

description

StartMenu(char

StartBoolMenu(char

EndMenu()

*Name,int installed)

*Name,int *b)

Start a new menu with name
Name. It will bevisible asyou
start the program if installed
is1

This will also start a menu,
but the menu is alsoa Boolean
“eld (see below) with name
Name and address *b. To
changethe value of b left click
the button, to openthe meru
right click the button.

Each menu has to be termi-
nated by an EndMenu() com-
mand.

Definelnt(char
DefineLong(char

DefineMod(char *Name,int *myint,int

DefineBool(char

DefineDouble(char
DefineFloat(char
DefineString(char

*Name,int *myint)

*Name,long *myint)
maod)

*Name,int *myint)

*Name,double *mydouble)
*Name,float *myfloat)
*Name,char *s,int  maxlen)

Menu item of type int

Menu item of type long
Menu item of type int. The
value is constraint to be be-
tween0 and mod-1

Integer that can only take the
values0 and 1. In the meru
this is represened as \o®"
and \on" respectively.

Menu item of type double
Menu item of type °oat

Menu item for a string with
maximum length maxlen.
There is a bug that still
allows you to write strings
longer than maxlen

DefineFunction(char

Defineltem(int v

DefineGraph(int

*Name,fp myfp)

artype)

vartype, char *Name)

This function allows you to
call a function. This function
may not have an argumert.
This is a function to add spe-
cial items likethe print button
(print _and dopint _), a close
button (close _) or a Redraw
button (newdraw). You will
probably not needto usethese
except maybe the close _ op-
tion.

Adding buttons for di®eren
kinds of graphics with argu-
ments given by table 5.

Table 3: Menu commands
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Type numerical value | description

curve2d_ 11 displays NR,N.RxR and NRxRpdata
typesastwo dimensionalcurves.
contour2d _ 9 displays NxNR data types as density

and cortour plots and NxNRxR data
typesas vector plots.

graph2d. 8 displays NxNR data types as three di-
mensionalgraphs.

contour3d _ 10 displays NxNxNRdata typesasthree di-
mensionalcortour plots. Not yet fully
implementel.

Table 4: Di®erert options for the DefineGraph() routine.

B The lattice Boltzmann algorithm

This clearly neadsto be written, butit shouldprobably be a di®erent documenton lattice
Boltzmann methals. It might be nice to link theseon the webthough.
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