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1 Introduction

1.1 Holmes - history

In its first version the program was a Bachelor Thesis (Andrzejewski, Chabelski i Szawulak, 2013)
realized in 2012-2013 in the Faculty of Computing Science, Poznan University of Technology. Three
students were responsible for the development in those years: : Hubert Andrzejewski, Piotr
Chabelski and Barttomiej Szawulak, the supervisor has been prof. Piotr Formanowicz.
The program has been further developed as a Master Thesis (2013-2014) (Szawulak, 2014), with
supervisor Marcin Radom Ph.D. Since December 2014 it has extended with many other analytical
modules by Marcin Radom.

Program is written in Java (1.7, 1.8). Additionally it can use independent tool INA (Integrated Net
Analyzer) (Starke, 1992) as t/p-invariants generator and the scripts in R language for the cluster
analysis. The R environment is necessary for Holmes cluster computations, while INA is not, due to
existence of Holmes own invariants generator.

The following free libraries are used as part of the program:

Sanaware JavaDocking (GNU GPL, http://www.javadocking.com/ )

JXLS library (GNU LGPL, http://jxls.sourceforge.net/ )

XStream (BSD License http://xstream.codehaus.org/license.html )

Simple-xml (Apache Licence, http://simple.sourceforge.net/home.php )

RCaller (GNU LGPL, https://code.google.com/p/rcaller/ )

jFreeChart (GNU LGPL - Lesser General Public Licence)
JCommon (GNU LGPL - Lesser General Public Licence)

exp4) (Apache Licence, http://www.objecthunter.net/exp4i/license.html )
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http://xstream.codehaus.org/license.html
http://simple.sourceforge.net/home.php
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1.2 Manual

The program still undergoes changes and modifications. When new modules are
R being added, some existing interface elements may change. The parts of the
@ program described in this manual which are known to undergo changes in the
near future will be marked with the following icon.

For the moment there is no option to Undo changes and modifications to the net
structure in the program. The modification of the net / analytical computations
results of which are irreversible (i.e., they can only be reversed by loading
previous project file) will be marked with the following icon. The program usually
warns the user about such changes.

This icon represents sections with good advices about using some features of the
program.

A reference to other sections of the manual.
\
™,

This manual covers all of the program features, but may not be 100% accurate due to recent
changes and future additions. In case of some serious problems, crashes or other issues with the tool
the email is as follows: marcin.radom@put.poznan.pl
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1.3 Common abbreviations

e PN Petri Net

e P T Place, Transition

e TPN Time Petri Net

e DPN Duration Petri Net (so called Timed Petri Net)
e FPN Functional Petri Net

e LMB Left Mouse Button

e RMB Right Mouse Button

1.4 Requirements

e  Processor Intel i5, 2Ghz, min. 2 cores. Recommended: Intel i7,

e 4 GB RAM minimum. RAM memory is more important than the CPU requirements. Some
analytical modules may require 1-2GB of memory. Cluster computations, specifically Calinski-
Harabasz metric calculations may require many GB of RAM depending on the number of t-
invariants (e.g., in a case when there are more than few thousand of them). These
requirements are mostly for the analytical modules only and the algorithms performing
some complex computations. Drawing or modifying Petri net requires minimum memory and
CPU times.

e Java Runtime Environment version 1.7 / 1.8 or higher is required.

e For cluster analysis R Language is required with some additional libraries (details in further
manual chapters).

e Minimum resolution for the screen is 1376x768. Recommended: 1680x1024 or higher.



2 Interface

In this chapter main windows and its sub-windows will be described. It has been
divided into 6 parts called Sections. Section 1 is menu, Section 2 — toolbar, etc. In
later parts of the manual there will be references to some subwindows/tabs of the
main windows, such as e.g., “tab Cluster is Section 6”. Such reference always refer

to the main window and its six parts.

2.1 Program main window

The main window of Holmes is given in the following Figure 2.1.

B Holmes 2.0 (beta revision 1) - e
File Windows MNet Subnets Analysis Other Help |1

Crrkdeol ¢l E T A 2

Tools | simulator | | sheeto | NetElement | _Selection
Tools =0 x Sheet 0 s=Od X Net Element —Oo x
Tools |
?ﬁmsc - o 3 gns
» Name: Transition3
X Eraser Comment:
¢ E3 Simple Petri Nets
O Place EFTI/LFT: o 1o
O Transition purst TR
e uration:
" Read Arc TPNactive [ ] DPNactive
2 Inhibitor Arc TrESTOONZ Sheet: 0 Zoom: 100
; Ee““ﬁ“ Location: EEDE‘ 460)
qual Arc
< Modifier Arc Portal; m} @ Functions
¢ ] Other ransitions Functionak:  [] editor
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T-inv =0 x

Place 1

6

[«]

Il I D]

Figure 2.1. Program window

In general main view is divided into 6 sections:

Menu bar

Toolbar

Main drawing window

Petri net components panel with simulation tab
Selected elements view

o Uk W N P

Panels for different analytical modules results

10



Most of the times where there is reference to some section or subwindow, the text concerns Section

6 of the main view and its different analytical modules tabs.

2.1.1 Menu bar

File — file operations.

-
M New Project

@' Open project...

1

Import network... Cirl-C

Save project...

[i§]

Export network... Ctrl-

Export as PNT... Cirl-

Export to image...

Tex Export 3

(@i BT (-

Exit

and .abyss extensions). It is
saving given Petri net model.

New Project (Ctrl+N) — selecting this option will clear the
current project from the program memory. In a case of
some (detected) changes, a question window will pop up,
asking if the project saving should be performed.

Open project... - main option for opening new project

within Holmes (.project file). Detailed description of the

project files will be given later, here it should be stated

that this is the safest and recommended option for

working with Petri net models within the tool. Other computed data
like invariants, MCT sets, etc. will be saved in one project file as well.

Import network... (Ctrl+0) — Petri net from other sources, mainly from
the Snoopy program, can be imported by using this option.

Save project... - this option will save the project files. There are three
different project extensions (apart from .project there are also .apf
strongly recommended to use .project (the default one) format for

Detailed description of the project components will be given in Chapter 3.

Export Network... (Ctrl+S) — this allows exporting the net into other format, mainly Snoopy files.

Export as PNT... (Ctrl+E) — fastest way of creating .pnt net file, used e.g., by INA program.

Export to image... - this will create a graphic .png file of the given net.

Tex Export — This will open sub-menu for various export modes into Tex files:

e Places and transitions table... - this will export tables of places and transition into Tex files,

also a graphical image of the net will be saved as well.

e |nvariants table... - invariants table export.
e MCT table... - MCT sets export.

Exit — this will close the program. In case of some detected changes performed on the net, a small

windows will appear with a possibility of saving the project.

11



Menu Windows — options for adjusting Holmes subwindows and the Properties window for the

whole program. At its current version only real important option here is the Properties window.

Using different items in this menu is currently not advised (nor necessary).

E Project

Caf d/‘_’ Tools

il {h:‘. | Het Element

o al

¥ | & | Simulator
|

o | )| T-inv

¥ M{:'l:: MCT

-
i
=]
=
]
=
]
W
1

Project — a submenu with potential new sheets in which Petri net can
be drawn.

Tools, Net Element, Simulator, T-inv, MCT — can be
used to hide subwindows in Section 6 of the main
window. It is advised not to use these options in the
current version of Holmes.

Log Console (Ctrl+L) — window with various messages concerning
analytical modules work. It can be also opened from the toolbar
(Section 2 of the main window).

Properties (Ctrl+W) — The only important window in this
menu, described in details in Chapter 7.

Net menu — from it a few data windows with information about the net can be opened. Their
detailed descriptions will be given in Chapter 5 of the manual.

=ZET Net properties...
i
- Search node...
Het data tables...

R Invariants Viewer...

Mg Netmo states...

Net properties (Ctrl+P) — Petri net properties window.
Search node... (Ctrl+F) — allows searching places / transition.

Net data tables... (Ctrl+X) — data window with tables concerning
places, transitions and invariants.

Invariants Viewer... (Ctrl+)) — subwindow with detailed data
about computed invariants.

Net mO states... (Ctrl+M) — window for editing initial marking of

the net.

Subnet — menu with a few options for adjusting graphical representations of nets which are drawn in
different sheets of Section 4 of the main window.

—

%,i Compress subnets

I Align to upper left

Resize panels

Compress subnets — after importing coarse nets from Snoopy, some
empty subnets can appear. This option will clear them.

Align to upper left — the net in the given sheet (Section 4 main

window) will be aligned to the upper left corner of the screen.

Resize panels — it will refresh the default size of the sheets displaying
12



Petri net parts (if there is more than one net sheet).

Analysis — various analytical modules with their separate windows can be opened here.

Invariants generator...
m Minimal Cutting Sets...

‘.: Knockout analysis...

Invariants generator... (Ctrl+l) — it will open window with

(]
=

invariant generator.

Minimal Cutting Sets... (Ctrl+G) — Minimal Cutting Sets (MCS)
window.

1
(]

(]
=

Knockout analysis... (Ctrl+K) — knockout analysis window on
ﬁi Cluster analysis... Cirl-C the basis of t-invariants.

State Simulator... Crl0 Cluster analysis... (Ctrl+C) — main window for working with the

cluster analysis.

State Simulator... (Ctrl+Q) — main window of the simulator module.

Others — there are some development modules present in this menu, it is advised not to
use them in the current version of Holmes.

e Some items may not function — a message box in such a case will
s 1CT g
appear.

é\' Invariants Simulation

MCT tab — contains basic options of exporting MCT data for further analysis:

e Generate MCT groups — MCT sets are generated automatically as soon as the t-invariants set
becomes available in the project. Clicking this can only refresh the MCT sets, but it is no
longer necessary.

o Create Simple MCT file - simple txt file with MCT sets.

e MCT files tab — inactive, to be developed with option in 2017.

Invariants Simulation - temporary inactive.

Menu Help — the only available option now is the information window about the program.

About Holmes - window containing data about the program, its
= About Holmes development versions, authors and used libraries.

13



2.2 Toolbar (Section 2)

Section 2 of the main window is a toolbar. On it there are button for the most common functions and

tools connected with Petri net drawing and edition.

Default toolbar is given below:

J@gvﬁﬁﬁwﬁcgoo:{q [>

i 2"

Al A2 A3 A4 A5 A6 A7 A8B1B2B3 B4 c1e C3 C4 C5C6

In general button can be divided into 3 sets: A— common operations, B — editor grid options, C —

auxiliary tools.

e Set A—main operations, mostly concerning files and described already in Chapter 2.1

O

O O O O O O

O

Al

- opening of new drawing sheet, in current version on Holmes this button is

inactive, cf. hierarchical networks (later in the manual)

A2
A3
A4
A5
A6
A7
A8

- opening of the project file (.project)

- importing net file from other tools (Snoopy, INA)

- saving the project (.project)

- net export to other file formats (np. Snoopy)

- creation of current net picture (png, jpg, bmp)

- refreshing of the current net sheets (currently does nothing)
- new project / clearing current project data

e Set B —editor grid

O

B1

- extending dimension in the current net, i.e., for every net component

(place, transition) its coordinates (x,y) are multiplied by 1.1 (10%).

B2

- shrinking dimension, similar as before, each (x,y) coordinate is multiplied by

0.9 ATENTION: THIS IS NOT ZOOM . These buttons make permanent changes to the
net elements coordinates (however, due to the fact that this is performed to the

whole net, the relations between elements remain the same).

B3
B4

- showing / hiding grid lines in the net editor (Section 3)
- alignment of (x,y) coordinates of the net elements to the grid. In simple

words, every x and y coordinate is aligned to the nearest multiplicity of 20. E.g., x=17

is aligned to 20, y=45 to 40, etc. for every net element.

e Set C-—additional icons

O O O O

C1
Cc2
c3
c4
C5

- cluster analysis window.

- net tables for places, transitions and invariants.

- simulator log window

- Holmes log/console window

- removal of temporary color patterns assigned to the net elements, due to,

e.g., coloring invariants, MCT sets, clusters, etc.

14



Button C6 — IMPORTANT: Due to the fact that the tool is still
being developed, in this or further version there may be some
»development/debug” buttons marked by this icon. If such an

icon is visible, it should be ignored, because depending on the
algorithm assigned to it can influence the project data.

2.3 Main editor area (Section 4)

o This is the most commonly

Sheet 0 =

used area in Holmes, in
which the net is drawn,

o
O\é _ edited, etc. Default state
o I REE==rg) for this area is that, in
which only Sheet 0 (as in
the picture) is present and
active. Other sheets may
appear if hierarchical,
structured net is being
created (they can be
selected, if present, from
the menu Windows ->
Project -> ... ). Elements
placed in this area create
the net and they are
chosen from net tools

Lol

[« il | ]

subwindow (Section 3 of
the main Holmes window). In the right top corner there are five icons:

. O x  When a cursor is pointing at any of these icons, a short description will appear.

12345

These icons 1-5 are as follows:

o 1 - Delete — removing sheet from Section 4 of the main windows. It is
not possible for Sheet 0. ATTENTION: in a structured net, this button in
theory should force Holmes to REMOVE all elements from the net that have
their graphical representations in the removed sheet. In the current version
this feature is disabled, due to the fact, that hierarchical / structured net creation and
analysis still undergoes development in Holmes. Pressing this button will results in similar
window like:

Cannot proceed X

(’i Sheet contains 57 net elements that must be
removed manually {or moved to another subnet).
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In other words, in the current version of Holmes, the use must manually remove elements
from the sheet (which can be done quite fast, as it will be explained later), and only for such
an empty sheet this button will remove it (again: if it is NOT Sheet 0).

o 2 - Minimize - sheet minimization to the bottom panel which will appear below
Sections 3, 4 and 6 of the main window. In such a state only described five icons will mark
the minimized sheet, with button 2 replaced by small icon named Restore. Clicking it will
undo the clicking of Minimize.

e 3 - Maximize — pressing this button will maximize the sheet to the whole screen. After
that, second button will be replaced with Restore button to undo the maximization.

o 4 - Externalize — this button will create separate window for the sheet, outside of the
Holmes Section 4 scope. Again, after that, Restore button will appear among five icons
described here.

e 5 - Close - closing/hiding (but no deletion!) of a sheet. Using is currently not
recommended. Closed sheet can be restored from the menu Windows -> Project -> ... from
menu bar.

2.4 Moving across the net sheet

Sheet (0 or others) contains the whole net or its elements. In a typical case not a whole net can be
seen at once, given the size of the elements and their coordinates. There are vertical and horizontal
bars for moving across the net sheet.

However, it is much easier to move across the net elements using mouse wheel and
keyboard special buttons: Shift, Control and Alt. They will be explained below this
paragraph.

2.4.1 Moving vertically and horizontally

The fastest way of moving the net is using mouse wheel with or without pressing the Shift button. IF
THE CURSOR IS ANYWHERE WITHIN THE SECTION 4 ARA (EDITOR) using mouse wheel will move the
net vertically. With the Shift button pressed, the mouse wheel will move the net horizontally.

2.4.2 Zoom in / out
This feature is connected with the Ctrl button and mouse wheel. Simply speaking pressing Ctrl button

and moving mouse wheel up / down while the cursor is anywhere on the net subwindow will zoom in
and out the net picture.
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There is an option to reset zoom to neutral 100% size, by right clicking on the net subwindow and
choosing Fast Zoom Reset from the context menu.

2.4.3 Fast moving into selected area

Pressing Alt button and clicking on the empty space in the net sheet will center the screen on this net
region.

2.5 Additional information

Other sections and subwindow will be described later, in the chapter corresponding to their function.

2.6 Problems with windows

Holmes interface is created using Java library JavaDocking from Sanaware. Not all its functions are
fully implemented and secured, which may lead to problems when trying to “redrawn” the main
windows by, e.g., changing the subwindows position. It is strongly advised to leave the interface of
the current version of Holmes in their default positions.

In case of problems, the program can be closed and opened again what will restore it to its default
form. It should be noted that it is impossible to remove or broke something on the net by changing
something in the Holmes windows. Even if the net sheets disappear, the net and the project will
remain intact so Holmes can be then closed and opened in order to restore default view.
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3 Project and supported files.

3.1 Supported net types

PN Petri Net Snoopy (.spped), INA (.pnt), | Read arc from extPN can be used
Holmes (.project)

extPN Extended Petri Net Snoopy (.spept), Holmes Read arcs (double arcs), blocking arcs, reset
(.project) arcs and equal arcs.

TPN Time(d) Petri Net Snoopy (.sptpt), Holmes Two types: Time Petri Net oraz Timed Petri Net
(.project) zwany tez Duration Petri Net (DPN)

FPN Functional Petri Net Holmes (.project) To every arc a function can be assigned.

SPN Stochastic Petri Net Holmes (.project) * * feature still under construction. For the

moment stochastic transitions can be created
and stochastic simulations performed.

extFuncPN Extended Functional | Holmes (.project)
Petri Net
extFuncTPN | Extended Functional | Holmes (.project)
Time(d) Petri Net
extSPN Extended Stochastic Holmes (.project) *more functions will be added later in 2017
Petri Net

3.2 Data types in project / program

This chapter can be used as reference after other chapters explaining analytical modules have been
read. Holmes Project means the data is saved in the project file.

Petri net structure
Saving as project file is the safest way to store the studied model.
Invariants: places and transitions

Table from chapter 3.1

Holmes Project, .inv, .csv Reading and writing file from programs: INA (Integrated Net Analyzer), Mona Lisa,
Charlie and as a CSV file. Every invariant can be named, names will be stored in
project file.

Cluster analysis data
.hcl — Holmes CLuster file File separated from project file.
T-invariant knockout analysis

Reading/writing data is not Due to the fact that such an analysis is very fast, storing the data is not necessary. It

necessary, import from is possible to import MonalLisa knockout result files.

Monalisa is possible

Minimal Cutting Sets
.0objr — Objective Reaction single | Separate data file for MCS.

MCS file
.mcs — MCS full data Separate data file for MCS.
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Initial states/markings

Holmes Project

| Many states can be stored in the project.

Stochastic net (firing rates)

Holmes Project

| firing rates for transitions can be stored (multiple vectors) in project file

SSA

Holmes Project

Data for the Gillespie Stochastic Simulation Algorithm (when implemented in 2017)

can be stored in project file

Knockout analysis by simulation

.sim — Simulation Data

Separate file for computed data.

Others

.txt (TeX table)

Export of various tables is possible in Tex tables format.

.txt (inne)

Many results from Holmes modules can be exported as text files.
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4 Editor and Petri net creation

This chapter will begin with the theoretical introduction to the Petri nets theory. This theory will be
mixed with the description of specific features of our program concerning the usage of given Petri
net theory elements in the graphical environment Holmes provides for the user.

4.1 Petri nets in Holmes

The following list describes different type of Petri nets and the level of support for them in the
program:

e Petri Net (classical PN) - For the moment the most supported type: invariants, MCT, MCS,
cluster, knockout analysis, various simulation modes, etc.

e PN with time (TPN, DPN) — classical approaches works, additional time calculations, full
simulation support.

e Functional PN — assigning functions to arcs, simulation support.

e Stochastic PN - basic simulation algorithms, firing rates manager, this type

will be extended later in 2017. 9
e Continuous PN — not supported, development time: 2017-2018.
e Hybrid (PN + continuous) — same as above.

e Hybrid (mixed types of supported PN) — the ability of Holmes to draw and connect different
transitions from supported Petri net into a single, working model.

4.1.1 Petri nets and their creation in Holmes

Petri net theory started with a Ph.D. thesis of Carl Adam Petri in 1962 , Kommunikation mit
automaten” (Petri, 1962). The definitions in this chapter are later and they are adjusted in a form
suitable for the examples presented in this manual.

Petri net, PN, is a 5-elements set N = {P, T, F, W, mq}, where:

e Pand Tare disjunctive, finite sets of respectively places and transitions: P N T= &,
e Fc(PxT)u(TxP)defines a set of arcs,

e W :F — N assigns an integer value to every arc,

e mg:P — Ngis an initial state of the net.
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Places and transitions are connected with directed arcs having specific weights, in such a way that to

and from a place (transition) there can be arcs going only from and to a transition (place). In other

words two places or two transitions can never be connected directly. In places there are so called

tokens which are graphical representations of a value telling how much substance a given place

represents is present in the net in a given moment (state). In the biological models places often

correspond to chemical compounds while transitions correspond to the system reactions.

In the program net elements are presented in the form given in the following picture. In this example

the net have 3 places and 1 transition. Place

Sheet 0

reaction

Tools r Simulator

Tools =00 x

Taools

1 Misc
& Pointer
X Eraser
9 [ Simple Petri Mets
O Place
O Transition
A Arc
o Read Arc
A Inhibitar Arc
A Reset Arc
# Equal Arc
-~ Modifier Arc
9 [ Other transitions
(TPN) Time
[& (FPN) Functional
[ (SPN) Immediate
[ (SPN) Deterministic
B (SPN) Scheduled
7 [ Subsets
O Subnet T-type
B Subnet P-type
General Subnet

named H2 contains 2 tokens, representing two
hydrogen compounds - H,. There are no tokens
in places 02 and H20. Transition name is
‘reaction’.

Arc connecting place H2 with transition have
weight equal to 2. Other weights are equal to 1,
therefore they are not displayed.

In order to create any element of a Petri net, at first it must be
chosen from Petri net tool subwindow (Section 4) and then placed by
LMB clicking on any free area in Section 3 (editor).

In order to return to a neutral cursor the user can click

Pointer from tools subwindow, but much faster way is

to simply click RMB on any free area in the editor sheet

(Section 3). If by doing so a context menu appears

(described later) it only means that the cursor has been already set
to the neutral (Pointer) status.

After selecting any drawing mode from tools section the
cursor will change its icon. As long as the icon is present,
LMB clicking will add another same element to the
editor area.

Different net elements from tools section will be described later in
this chapter.

In a case of a classical Petri net, standard elements like places, transitions and arcs suffice to create

any net of this type. Here we will describe a different graphical elements, outside of a Petri net

theory, however very useful in drawing net where arcs do not cross each other too often. These are
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the so called logical nodes — logical places and logical transitions (Snoopy naming) or, as they are
called in Holmes — portals, both for places and for transitions. Simply speaking, they are a multiple
graphical representations of a single place or transition.

(o) ()

Placed TransitionO TransitionO Flaced
Flacel Transition1 Transitiond Place1

On the left picture PlaceO is a portal (a logical place) — single place in the net by definition, but
having two separate graphical representations in the editor. For example, if PlaceO will have two
tokens assigned, two dots will appear in both graphical representations — again: because it is in fact a
single place from the Petri net definition perspective. The same situation is given on the right picture
for the Transition0 — it is one transition having two separate graphical representations.

Two pictures below show the same nets as two picture above, but without portals.

=

o Transition0 —
et | ——" Placed
( I: Hh“‘“«___
T Transitiond =L
PlaceD K\“x_q__ T
Transition1 Placel

The sole purpose of portals is to reduce the number of crossing arcs when drawing a complex net. In
hierarchical nets they have additional purpose which will be explained later.

It should be noted that only one
. . Problem X arc can go to/from a place from/to
Placel TransitonO . .

a transition. Using portals does not

& Arc going in this direction already exists.
change this rule. Trying to create

———@ multiple arc, even using portals,
Place0 TransitionO will result in displaying a small

window warning that such an
action is impossible. In the picture such a situation is presented. The bottom arc is drawn towards
portal of Transition0, however an arc from Place0 to TransitionO already exists (upper part of the
picture). Because it is easier to miss when using portals, such safety feature has been implemented in
our tool.

One way of creating a portal is possible by using a context menu. When clicking RMB on a
place/transition, such a menu will appear. The option in question is:
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e Clone this Place into Portal

or in a case of a transition:

e Clone this Transition into Portal

The following pictures show the result of such action.

A i~ _Hf’”"'fr- Transiton1
! \—
\

Show details...
# Delete

]

nsition2

() Clone this Place into Portal

f"’rﬁnsiﬁm 1

-

© i

Placel Transitionz

Placel will change its graphical form and additionally another portal node for such a place appears.

When selecting this option for already existing portal icon, another graphical node for a clicked portal

will appear (in such a case for the described example it would be the third “Placel” graphical node).

..---”//%:alnsiu'ono

Transition1

©)

Placel

When clicking / selecting a portal node, the
clicked node will be mark with a crosshair,
and other portal nodes belonging to the
same place/transition will be drawn with a
light blue color.

When selecting many portal at once
(possible by pressing LMB and drawing a
rectangle over some area of the net) will

mark in blue all the selected portals — however in this case only their common names will allow the
distinction between multiple portal-places and portal-transitions.

In the near future it will be possible to select multiple different places / transitions and

&\: change them into a common portal. This option is inactive at the moment (Holmes 1.0)

4.1.1.1 Sets of places and transitions

Petri net dynamic involves tokens, which in general are the object determining a state of a net. The

components described so far are static ones. Details about the Petri net theory can be found, e.g., in

(Murata, 1989). Before transitions activation and firing will be described, some preliminary

definitions must be introduced.
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For a given transition t its set of input places (pre-places) is such a subset of set P, in which every
place have at least one arc going to (directed into) t. Set of pre-places will be called et .

Set of output places of transition t (set of post-places) is such a subset of set P, in which every place
have at least one arc directed into them from the transition t. Set of post-places will be marked as te

Analogously, sets of pre-transitions and post-transitions for a given place p can be defined, marked
respectively as ep and pe

4.1.1.2 Transition enabling / activation

Transition t is called enabled (active) if in each place from set ot there are at least as many tokens as
the weight of an arc connecting a given place with t.

Transition reaction is enabled, because in place H2
there are 3 tokens, more than the weight of an arc
connecting it with reaction (which is equal to 2) and
there are 2 tokens in place 02, which is also more than
ff*’”’"  readion H20 the weight of an arc connecting 02 with reaction
= wﬁh‘l:‘ (weight=1, not written by assumed convention).

otherReaction

Transition otherReaction in not enabled. It requires at least 3 tokens in O2 to be enabled, while there
are only 2 of them.

4.1.1.3 Transition firing

Enabled transition may (but do not have to) fire. In a simulation of a classical (non-stochastic) PN, the
chance of firing for an enabled transition is assumed to be 50% in every analyzed simulation step.
Firing of the transition takes the tokens from its pre-places (et) in the number defined by weights of
the arcs, and in the same moment produces tokens in all post-places (te) in the number defined by
the weights of the proper connecting arcs.

Firing the transition changes the state of the net, i.e., distribution of tokens in places. For the last
example, assuming H2 is place p0, 02 — p1, H20 — p2, the initial state for the example is the 3-value
vector (3, 2, 0) assigning number of tokens for every place.

For example, firing the transition reaction from the last example will change the state of the net as
follows: mg —[reaction] — mj . State m; is a vector (1, 1, 2), a net for this state after transition firing
is given in the picture below.
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Transition takes 2 tokens from H2, 1 from 02, and
produce 2 tokens in H20, all according to the rules that
govern transition firing in a classical Petri net.

r,_.f-“’fr reaction H20
A

s “?HE*D Both transitions in m; are inactive (i.e., they are not

enabled) due to too small number of tokens in their
pre-places.

otherReaction

4.1.1.4 Conflict of transitions

Two or more transitions are in a conflict if they compete for tokens in same shared pre-places. In the
last example both transitions are in a conflict because they both share place 02 as their pre-place.

If there are less than 3 tokens in 02, only reaction can be enabled by this place (assuming there are
enough tokens in H2). However, if there are 3 or more tokens in 02, both reaction and otherReaction
become enabled. If there are exactly 3 tokens and reaction fires first, the otherReaction stops being
enabled. On the other hand if in the simulation otherReaction fires first, reaction stops being enabled
in the same moment. Therefore, for every simulator there is a need to shuffle enabled transitions in
each step (i.e., in some internal list of transitions, from which enabled transitions are selected to be
fired in a given step), in order to provide equal chances of firing for the whole simulation.

In the example, with 3 tokens in 02 it is not possible to fire both transitions — it would be possible if
there were at least 4 tokens in O2. For the latter case, there are 4 possible scenarios in a simulation
step:

e neither transition fires, 02 = 4 (4 — 0 tokens taken = 4)

e reaction fires, tokensin 02 =3 (4 —1taken=3)

e otherReaction fires, tokensin 02 =1 (4 -3 taken=1)

e both transitions fire, tokensin 02 =0 (4—-1-3taken =0)

Such scenarios are possible in the default mode for the classical Petri net simulation, when there are
50% chances for firing. Later in this manual we will talk about other modes, e.g., Maximum mode in
which every enabled transition must fire immediately (with respect to the number of tokens in pre-
places). In such a mode only fourth explained scenario will be possible from the example.

Another simulation mode is such in which only one transition per step can fire. Such a mode is often
typical in the stochastic simulations, it will also be explained later in greater details. For the classical
PN such mode is called Single mode in Holmes (Chapter 6.5 in this manual).

4.1.2 Extended Petri net
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There are four additional types of arcs in this type of Petri net. Such nets can be created, e.g., in a
Snoopy (Heiner, Richter i Schwarick, 2008). It should be noted that using them can sometimes
significantly influence the possibilities of further net analysis, e.g., analysis based on t-invariants.
Holmes support all these types of arcs.

4.1.2.1 Read arc

This is the most common and popular type of an extended arc, which, in theory can be ,created”
using only arcs from a classical Petri net definition. In simple words such an arc is bidirectional — it is
directed both into place and into transition it connects. Such an arc works in the following way: in
order to enable a transition, a place connected by the read arc must have enough tokens (equal of
more than the weight). When the transition fires, it does not consume tokens from a place
connected by the read arc, nor produces them in this particular place.

In other words however, one can also say that in the same moment a transition consumes tokens
and produces the same amount of them in a place connected by a read arc — the final result is the
same — the number of tokens in such a place does not change after transition firing.

Transition TO is enabled, because both in PO and
P1 there are enough tokens (more than 1 in both
cases). If TO fires, it will only produces token in
place P2, because PO is connected with TO by read
arcs. On the other hand, 1 token will be taken
from P1 in case of TO firing.

There are two ways for drawing read arc. One is to
simply select it from Petri net tool subwindow, the
second is to draw two normal arcs in opposite
directions. There is a safety measure in Holmes for
the case, when there is already a non-read-arc arc
between place and transition, and the user choses

p0 0 p2 read arc from net tools subwindow and try to draw it.
In such a case a warning message will appear and the

Problem !

A Please remove arc beiween these two nodes in order to create a read-arc.

p0 © p2
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In the above example there is already a normal arc from t0 to p2. The user selected read-arc from PN
tools subwindow and try to draw it from p2 to t0. The message says that this cannot be performed
(such a window would not appear if the user kept the selection of a normal arc — in that case two
arcs leading in both direction would be automatically converted by Holmes into read arc).

ATTENTION! In literature there are two names for such arcs: read arc and double arc.
They are not the same, i.e. read arc has a common single weight assigned to it, while
double arc can have two separate weights for both ingoing and outgoing connection.
Holmes allows this, cf. example below.

/ In this example, T34 is connected with P30 with a
{ ‘ double arcs — P30 is given here as a portal. The left
@ < P30 node has arc going from T34, the bottom right
T34 node —into the T34. For these arcs two weights can
@ be assigned — and by doing so this will create a

double arc. The difference between double arc and

\\ read-arc is a little blurred however, therefore a

-
Ll
[=]

=
|
caution is advised.

Read arcs impact on the t-invariants based analysis will be discussed later.

4.1.2.2 Inhibitor arc

This is a blocking arc, which sole purpose is to block the firing of a transition, when there is enough
tokens in a place with such an arc.

In the example, TO is not enabled thus it cannot

@ fire. There is of course more than enough

! tokens in P1 to enable TO, however, there is

also 1 token in PO. This is enough to initiate the

[: : :] = ,[: :] disabling ability of the inhibitor arc (we assume,
that is weight is 1, therefore it is not drawn on

PO 0 P2

the net picture). As long as there is at least one
token in PO, it inhibits firing ability of TO by its inhibitor arc.

NOTE: this kind of arc can only lead from place to the transition, never the opposite.

This type of arc is not ‘visible’ for the invariants generator. All the simulation modules

o: however behave correctly in accordance to the inhibitor arc functions.

4.1.2.3 Reset arc
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This type of arc does not have weight. In case of firing of a transition that has this type of arc going
into it, this transition will consume all the tokens in the places connected with it by the reset arc.

@ In the following example, TO is active, reset arc leads
from PO to TO. If TO fires, it will take 1 token from P1,
and all the tokens from PO, then it will produce 1 token

in P2.
(L ( :]

PO 0 Pz NOTE: this kind of arc can only lead from place to the

Pl

transition, never the opposite.

4.1.2.4 Equal arc

Last type of arc is an equal arc. Its function is as follows: transition connected by it with a place is
considered enabled (with respect to that place) if and only if there is exactly as many tokens in such
place as is the weight of an equal arc.

In the example TO is not enabled. There are enough

@ tokens in P1, however there are 2 tokens in PO,
i connected with TO by an equal arc. The weight of
this arc is 1, therefore TO is not enabled. It would be

4’@ only in a state, where in PO there is exactly one

PO T0 P2 token.

NOTE: this kind of arc can only lead from place to the transition, never the opposite.

4.1.3 Petri nets with time

A brief theory will be introduced in this section, details concerning Petri nets with time can be found
e.g., in(Popova-Zeugmann, 2013).

For the beginning it should be noted, that there are two distinct types of Petri nets with time
supported by Holmes at this time: Time Petri Nets (TPN) and Timed Petri Nets (Duration Petri Nets,
DPN).

Holmes allows the ,configuration” of the classical transitions to work in one of the two ways defined
by TPN and DPN nets, but also in both ways at once. This especially concern the simulators: Holmes
can simulate both TPN and DPN models, but also hybrid ones (later referred as TDPN). This
connection is possible only to some degree, as it will be explained later.

4.1.3.1 Time Petri Nets (TPN)

The definition of such a net is as follows.
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Time Petri net (TPN) is a 6-elements set Z={P, T, F, W, mo,l}, where:

e Pand Tare disjunctive, finite sets of respectively places and transitions: P N T= &,

o Fc(PxT)uU(TxP)defines a set of arcs,

e W :F — Nassigns an integer value to every arc,

e mg:P — Npis an initial state of the net,

I1: T —>Q x(QF v{wo})and for every transition t € T, where I(t) = ( I1(t), I5(t) ) the
inequality /1(t) < I2(t) holds.

First five elements of set £ are the same as in the definition of a classical Petri net. Later, this subset

of set £ will be called as a skeleton (of a Time Petri net).

Last line can be read as follows: there is a function /, which for every transition t € T assigns two
positive rational number (or zero), where the second number may be in theory replaced by an
infinity symbol, and (while being the numbers) the following inequality must hold: /1(t) < I,(t).

For the moment (Holmes 1.0) only integer numbers are allowed as time parameters for TPN, what in
fact does not seriously impact the analytical approaches (cf. (Popova-Zeugmann, 2013).

First time ( I4(t) ) is the Earliest Firing Time (EFT), i.e., that much time must pass after transition
becomes enabled, before it can fire. The second time ( /2(t) ) —is the Late Firing Time (LFT) — it is the
maximum time an enabled transition can wait until it fires. Therefore, with every transition a counter
is combined, counting time from zero to some value between EFT and LFT after transition becomes
enabled. The time is determined randomly when the transition becomes enabled (determined every
time this happens, i.e., when a transition (before firing) stops being enabled and after some time
becomes enabled again, the time is generated anew). For the inactive (not enabled) transition its
time value for its internal counter is often marked with # in the literature.

In Holmes it is assumed that time counts the simulation steps. By such a step we understand all the
sequences of task in the algorithms, that determine transitions activation and firing. In the simulator,
every time a transition becomes enabled, a value T, is generated for it (EFT < T, < LFT) and the
transition clock starts counting time from 0. When it reaches generated time T, transition fires.

Example is given in the picture. TO is
enabled, its time parameters are: EFT = 4.0
and LFT = 8.0.

T1 is not enabled. Its parameters are: EFT =
_D 2.0 and LFT = 5.0. It is not enabled because
i in P1 there are 2 tokens, 1 less than required

P2

by the weight of the proper arc. Its
‘inactivity’ is marked in Holmes by # / # symbols. -1 / -1 for TO in Holmes shows the enabled
transition, for which time towards which a clock will count haven’t been determined (i.e., because
the simulation in Holmes in this example has not started yet). Still, it can help in the distinction
between enabled and not enabled transitions.
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In the picture there is a situation in the
simulator 3 steps later. The state understood
as tokens distribution did not change.
However, Petri nets with time have their
state described by more complex structure.

Among marking, which determines number

PO TO =5 of tokens in places, there is a second vector

for the transitions, which hold the value of

internal counters for the transitions and the time value the counters try to reach. For the transition

TO, three steps later there is now 3 / 5 values assigned, meaning that the clock value is equal to 3,
and the clock counts toward 5 (value between 4 and 8).

Two additional steps later, the situation is as
presented in the picture. Internal clock of TO
counted from O to 5, therefore TO fires. It
takes 1 token from P1, 1 from PO, and
produces 1 token in P2.

It stops being enabled after firing, because

PO there are no more tokens in PO.

IF there were e.g., 2 tokens in PO BEFORE firing, the situation AFTER firing would be different — as
presented in the following picture below:

The difference is as follows: PO had 2 tokens,
1 has been taken when TO fired after
counting to 5 (as described in the above
pictures). Because after firing TO is still active,
its clock is reset to 0, and new value
between EFT and LFT is being generated. In
the example this value is 4 this time. Four

steps later, if TO will still be enabled, it can
fire again.

It should be noted, that when transition stops being enabled after firing (or also
before that), its internal clock and value toward which the clock counts are being
reset and marked as # / #. If transition is still enabled after firing, the clock is reset to
0, and a new value between EFT and LFT is being generated.

4.1.3.2 Timed Petri Nets (DPN: Duration Petri Nets)

The second supported Petri net with time is Timed/Duration Petri Nets. Its definition is as follows:

Timed Petri net (DPN) is a 6-elemens set 22={P, T, F, W, mq, D}, where:
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e Pand Tare disjunctive, finite sets of respectively places and transitions: P N T=
o Fc(PxT)U(TxP)defines a set of arcs,

e W :F — Nassigns an integer value to every arc,

e mo:P —Npis an initial state of the net,

D:T-> Qo .

Again, first 5 elements makes the skeleton of Timed Petri net — it is in fact a classical Petri net. The
last element is a function which assigns to every transition a positive rational number (or zero).

Therefore, to every transition a value dy is assigned. This value determines how long tokens
production will last if the transition fires. The firing of a transition is changed in this type of net and
it is divided into two phases. An enabled transition MUST fire immediately (such a behavior is
always assumed in the Timed Petri nets). In the first phase, when enabled transition fires, it will
immediately consume tokens from its pre-places from its set et. Then, the second phase of firing
begins. In this phase a transition counts from 0 towards dy. When its clock reaches dyx then the
transition produces tokens in its post places from te.

(#14.0) Representation of a DPN transition is similar as
@ _ LQ before. There are no EFT and LFT values, but there is
a value for the transition internal clock (first one

FO TO F1

before /) and the value dy (second one, after /).

In the example, # / 4.0 means the transition is enabled, but it has not fired yet. It will of course fire
immediately when the simulation starts, the red value will then change into 0/ 4.0. After two steps if
the simulation, it will looks like in the picture below.

Red frame marks the enabled and “firing’ transition,

(20[4.0) meaning that it already consumed to tokens from
@ " ""“Q pre-places, but it has not yet produced tokens in
PO T P1 post-places. When simulator reaches 4" step, TO will

produce one token in P1 (and immediately ‘fire’
again, i.e., consume token from PO and it will start counting (again) towards dy = 4.

4.1.3.3 Time-Duration Petri Nets (TDPN)

This special type of net can be created in Holmes. It connects TPN and DPN features into one
transition (to some degree).

(#14:0) There is however one problem with such

-1 4 -1 merging of two net types. In DPN enabled

20
@ D . transition must fire immediately. In TPN — no

B0 TO Pl sooner than when the clock reaches EFT value
(and no later than LFT). In Holmes, in the
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Properties window and options concerning simulator (see Chapter 8.1 — Properties) two distinct and
separate scenarios can be chosen for the simulator behavior.

e Enabled transition TDPN will take tokens from et and start counting towards dy after its
internal clock reaches Ty: EFT < T, < LFT. It is default mode for the simulator. In the example
above it could be e.g.,, Ty = 3 (EFT=2 < T,=3 < LFT=4), meaning that after 3 steps, if the
transition fires, it will consume tokens from its pre-places, and then will start counting
towards dx. When this value is reached, transition will produce tokens in post-places. The
transition can stop being enabled BEFORE T, happens. When it happens however, and the
transition starts counting to d,, it cannot be disabled.

e The second mode (options ,, TDPN transition acts like DPN when TPN internal clock = EFT” in
Simulator tab of the Properties window) assumes, that T, will not be randomly generated. It
means, that such a transition counts toward EFT, but as soon as this value is reached, it will
fire immediately in a way described for the DPN.

4.1.4 Functional nets

It is somehow difficult to provide a single definition for such nets from the literature. Such a net can
be found in (Valk, 1978) or (Hofestadt i Thelen, 1998).

Functional Petri net is 5-elements set F = {P, T, F, Vi, mg}, where:

e Pand Tare disjunctive, finite sets of respectively places and transitions: P N T= &,
o Fc(PxT)U(TxP)defines a set of arcs,

o Ve F—>N, Vee{{glxs,..,x}|xieP,g—>Q—> N}vN}

e mg:P — Ngis an initial state of the net.

Functional net has the same structure as a classical net, i.e., places, transitions and arcs. The
difference lies in arcs, more precisely: weights are replaced by functions, which are constantly
evaluated depending on the net state. Set V¢ can have two distinct ,objects” : the first one is the
evaluated function, the second (alternatively) is the normal weight as in the classical net. In this way,
not all arcs must have functions assigned to them.

In Holmes, all the transitions which have at least
@ i ) @ one arc with assigned function, are marked with
=] T1 Pl

an “f” symbol. The example of such a transition in
the picture is TO.

@ ul f ’“O It should be noted, that it is not so obvious to tell
PO Ls P3 from the picture alone, whether TO is enabled or

not, or how many tokens it will produce — it depends on arcs with functions. All we can say here, is
that in this state T1 is not enabled (no tokens in P3).

Set oty = { PO }, set tp® = { P3 }. On the next picture a window with functions manager will be
presented. Its main goal is the creation and management of functions that can be written and

32



assigned to the arcs of a given transition (therefore this window is activated in Holmes for the
specific transition).

Not all things connected with the function editor will be described here. For the
detailed description see 4.4.3.

& Transition: TO — X
Tables:
D Place name Function Correct Arctype Weight | Enabled

p2-->T P2 NORMAL 1
T-->p3 P3 p2+pl NORMAL 1
Function builder

1D: Function edit field: Enabled? Result:

T—=p3  [p2+p1 | E (s Check and add

Error log:

€3 Clear function
Functional transition

Places table for selection

D Tokens Flace name:

=
ra
EEIEE
0
%]

In the upper table there are two rows, for the arcs connected with TO. First column serves as the
identifier for arcs, in this example p2-->T is the incoming arc (from place P2) while T-->p3 denotes an
arc going from TO to the place P3. The first row/arc does not have function assigned (empty field
under Function column). Its weight is equal to 1 (Weight column). In theory, the second arc/row has
the same weight, but since the column Enabled and Correct are both checked, the function takes
precedence over the static weight value.

The very function is quite simple: p2 + p1l. It means, that the weight depends on the state of the net,
namely to value of tokens in places P1 and P2. It should be noted, that P1 is neither in ety nor eto. It
means, that function variables can be the places of the whole net, which allows the creation of more
‘state-dependent’ connections between transitions and places.

The bottom table has purely informative goal — it shows all the existing places of the net — their
tokens (in the current state), names and what is important — IDs used as the names of variables in
functions.
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O

PO

T1 P1
=~f oo
TO P3
T P
- .
i "\ee
TO P3

Knowing the function one can tell the weight of the
arc (in the current state/simulation step), and thus
answer the question whether TO is enabled or not. It is
enabled, because there is one token in PO, and the arc
does not have function assigned. When the transition
fires, it will produce p2+p1 tokens in p3. Since p2+pl =
3, three tokens will be produced in P3, one taken from

Let’s assume T1 firing in the next step. It does not
produce anything (no post-places, ti1® = { & } ), but
this so called output transition will take 1 token from
P1, P2 and P3 (et; = { P1, P2, P3 } ). T1 is no longer
enabled, however TO still is. Effects of its firing are
showed in the next picture.

TO takes 1 token from PO and produces only 1 token
(this time) in P3, because p2+p1l in the last state was
equal to 1.

It should be noted at the end, that net functions can be assigned to the classical, time and many
other net types in Holmes. In the current version of Holmes, functions can be assigned only to the

“classica

arcs. Read arg, inhibitor, reset and equal arc cannot have functions assigned. However, in

future it is possible to implement such feature for the extended arcs, with the exception of the reset

arc (cf. its description).
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4.1.5 Stochastic nets

Nets of this type are still being developed in Holmes, however there are some

@ functionalities already present in our program. Here the basic description will be

given. Information about Holmes support for these nets in the current version will

be described in details in the simulators chapter of the manual.

Stochastic Petri net (SPN) isasetS={P, T, F, A, W, mgy}, where:

e Pand Tare disjunctive, finite sets of respectively places and transitions: P N T= &,
o Fc(PxT)U(TxP)defines a set of arcs,
e W :F — Nassigns an integer value to every arc,

o A:T—>Ro"is afiring rates set for transitions,

e mo:P —Npis aninitial state of the net.

The main difference lies in a set A with firing rates for transitions. Function of such a set will be

described later in the simulators chapter. In general the firing rates are modifiers for the stochastic
functions deciding the probability of firing for the enabled transitions.

In the current version of Holmes, every transition can have firing rate assigned (1.0 by default). In

future, extensions for SPN will be implemented, i.e., net types of transitions.

Stochastic Transition Standard stochastic transition, identical to the classical one | Working
with the exception of firing rate assigned.
Mass Action Kinetics mode is available in the simulator,
where the tokens distributions in pre-places have an impact
on the probability of transition firing.
Deterministic Transition Delay being a specific value. It can be interpreted as a time
. transition TPN where EFT>0 and EFT=LFT. @
Basic
functionality
working
Immediate Transition Transition fires immediately when activated, DPN dx=0.
i .
Basic
functionality
working
Scheduled Transition Transition fires at the specific time / schedule.
H :
Not yet

implemented
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4.1.6 Hierarchical net (multi-leveled nets)

It should be noted, that this is not a new type of a Petri net, e.g., with its own definition. It is an
extension of the graphical representation of the net, similar in functionality to the already explained
portals — and in fact such nets require portals in their structure to further extend it. In simple words
such nets have some of their region drawn in different sheets than other, making the decomposition
of the net structure easier to handle and analyse (in theory). There are some features of these nets,
that must be clarified from the beginning:

e Nets of these types have their structure divided into regions, but these regions can and
should be connected with each other’s.

e Their implementation has been created on the basis of Snoopy representation of such nets.
There can be however some serious problems when importing, and more importantly:

exporting such nets between Holmes and Snoopy.

(0]

Importing hierarchical (classical) net from Snoopy is possible, yet
caution is advised and manual verification of the resulting export.
Holmes will warn the wuser if any problems occurred.

Exporting to Snoopy is implemented to some degree. Due to the plans
of extending this type of net in Holmes, not all features that Holmes
allow can be exported at all.

In fact, making a hierarchical net in Holmes is still under development,
yet the basic functionality is already present and can be used. It is
strongly advised to store such nets as Holmes project files, because this
option is the safest way of saving a model.

e There are three new elements in Holmes used to build such nets.

Subnet T-type Coarse Subnet with places being the interface (connecting
D Transition | | L] elements).
Subnet P-type Coarse Subnet with transitions being the interface (connecting
O Place @ elements).
General subnet -n/a- -n/a- Both places and transitions can be used as the
@ communication mechanism for such subnet. Using this
option will make export to Snoopy impossible, because
this feature is not available in Snoopy.
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l/ Sheetd | Sheetd We will start our example with a net with a single tO
transition. Choosing Subnet P-type element from PN
elements (Section 4) will not only draw it, but also create a
new sheet for this net (Sheet 1).

In our program graphical representations of subnets are
O called meta-nodes (their arcs being called meta-arcs). They
are in fact only the graphical representations, to some
degree similar to portals, not a distinct and separate elements like normal places or transitions.

0 Mo

For the next picture and Sheet 1 Externize button has been used, as already
explained in 2.1

Sheet 0

[=] =.|:|@I-j}(

Sheet 0

Sheet 1 ¢ H=0x

[»]

o—3 O

[«]

[« ] I»]

The arc in the main net (always the one drawn in Sheet 0) is drawn in blue color. The additional
effect of connecting t0 with MO is the creation of t0-portal, and its second representation in Sheet 1.
In this way the connection between subnets and the main net can be drawn.

It now should be clear, why we call such arc as meta-arc. In fact, from the Petri net theory
perspective such an arc does not exist. It only serves as a graphical reminder of a connection
between different regions of one net/model. It the example there is only one transition: t0, so meta-
arc in fact connects this transition with itself, i.e., its two portals being the graphical representation
of the single transition: t0.

[~ sheet0 Let’s add two additional

Sheet 0

places, pO in the main
sheet *8=8X " net, plin the subnet. The
result is showed in the

(o]

picture.

pa pl
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When tO0 fires (it is an input-transition, with no pre-places, therefore it is always enabled), 1 token in

p0 and 1 in p1 will be produced:

Sheet 0

Sheet0

Sheet 1 o Hl=

Ol ] Ol
t0 0

[

(®) O

pd pl

O x

-

[4]

[«] m ]

[ ¥]

Now, let’s add net Type-T Subnet, with p0O being interface places between such a subnet (Sheet 2)

and the main net (Sheet 0):

Sheet 0

Sheet 1 o

O————0)

9\@

[4]

Sheet 2

pO

P s .4

@ F1NT

[aTm]

[ Tw]

[4]

pO

Now we have 2 subnets connected with main net by both transition (t0 for subnet M0) and place (p0

for subnet M1).

When trying to draw an arc from t0 to M1 (Subnet T-Type) a warning will show up:
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Sheet 1

[ T»]

anT.:.l:lx_ Sheet 2 s H=0Ox
MO 0 pO
Problem >
A Meta-node type T (places-interfaced) can get connection only from places! j 2
b
PO

Also, when trying to add a PT-type net (a General Subnet), another warning will show up:

Compatibility issue

*
@ Snoopy compatibility mode is activated in program options.

Dual interface (PT) subnetworks are not allowed.

Properties window for Holmes will be described later, now let us assume, that compatibility mode
(with Snoopy) has been turned off:

Sheet0

Sheet 0

Sheet 1 o M=0x

Sheet 2 e M=0x
@ Ol t0 0 t2
Sheet 3 gET.:.I:Ix_
i ©) ()
@ [« 1] pO p2
p0
g

O
t0

[T

tl
1

[«]

[ ¢

Meta-node M2 represent subnet from Sheet 3. It can have both places and transitions as interface
nodes.

To close this example, let’s see the very same net as in the picture above, but without the subnets:
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pl
pO p2
oL
to tl

Or without portals at all:

pO pl p2

There are 3 useful options in Holmes, already described for the menu bar:

Compress subnets 3 a‘ Removes empty sheets from project.

Align to upper left I y Align all the elements in subnets to upper left corner (with respect to
R distances) — useful for Snoopy import.

Resize panels LA Adjust maximum sheet size to match the existing elements.
. |

Double click on any meta-node will show the proper Sheet for such a subnet.

Hierarchical nets will be extended with new features and analytical tools in the future.

4.1.7 Other net types

Other net types will be added to the program in the future.
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4.2 PN elements data panels and subwindows

Holmes allows to see net element data in the Section 5 subwindow. Many value associated with a
given selected element can be change there. In this section of the main window different views can
be seen, depending on the clicked area: place, transition (transition type matters), arc and sheet
(empty sheet space).

4.2.1 Place data

When a place has been clicked with LMB, its view will become available:

| MetElement | Selection | As one can see, there are a few elements that
Net Element =0OF % described a given selected place.

1D 0 glD: 1 sl
ID — place ID within the net. Such IDs are always

Name: Placel

Comment: counted from 0, separately for places, transitions and
arcs.

Tokens: 1|Z“

Sheet: 0 Zoom: 100 gID — element global ID within the net — for all three

Ll | 2045, | 551 main elements: places, transition and arcs (therefore

portak - h element will always have a different gID)

Name offset:  xOff: IZE YOiF: ’IE each element will always have a dltferent giD).

O o . .
Qmmxglmmb Name — place name, visible in the editor window.

Comment — field for additional comments and
descriptions for a place. Not visible in the editor.

Tokens — shows the current token value in a place.

Sheet — sheet identifier in which (sheet) a place is

drawn. Usually O (for non-hierarchical nets).

Zoom — current zoom size for a sheet. 100 is default and neutral zoom. Any other value will be given
in red here.

Location — x and y coordinates of a place within a sheet. They can be changed here, but it is much
easier to simply drag a place within the editor window.

Portal — shows information whether a place is a portal or not.

Name offset — x and y coordinates of a name text in relation to x,y coordinates in Location textbox.
E.g., if in Location there is 300,200, and x,y of a Name offeset are e.g., 20,20, it means their global x, y
in the editor are 320, 220.

They can be changed here, but it is much easier to use CHANGE NAME LOCATION
button:
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Normally the button is like:

< cHanGE wame Locamion

But when clicked it will change into:

) CHANGE NAME LoCaTion ¢

In this mode a mouse wheel with Shift button (or not) can be used to change the name
location. E.g., when clicked and the user will roll the mouse wheel, the name will move
in the editor horizontally. When the Shift button is pressed, the mouse wheel will
change the name vertical location. To end this mode one can:

e (Click CHANGE NAME LOCATION button again, or
e Click LMB anywhere on the sheet in the editor other than the already selected place.

When exporting/importing net to Snoopy, these values (for the name) will be saved/loaded. There
are a few options in menu Windows -> Properties -> tab System for this feature (it will be also
described later in the manual).

B settings — X
: . 1
%& System & Editor * Simulator Eh@hnalyzer \; Other
R settings

R path: CAProgram Files\R\R-3.2 2\bin\Rscript exe
Rx64 path: C:\Program Files\R\R-3.2 2\bink64\Rscript exe

| Set R path | [] Force R localization on startup

1’0 operations
(Snoopy) Resize net when loaded:

80%  m 100% O 120% {Snoopy) Align to grid when saved

0 140% O 160% O 180% {Snoopy) Use Snoopy offsets for names
[ ] (UNSAFE) Use old Snoopy loader (PN, extPN, TPN/DPHN *0ONLY*)

Warnings concerning wrong save format

[] Use simple notepad (restart required)

1/O operations are for mostly for Snoopy export/import. For example, choosing other value than
100% will automatically rescale the net when importing a net. This can be an useful option, because
in general elements of a PN in Holmes are two times larger than in Snoopy (i.e., usually 40px to 20px
in Snoopy). Choosing 120% will add 20% of value for every x and y coordinate for places and
transition when importing a net. The same function can be obtained by the already explained
buttons B1 and B2 from toolbar (2.2 Chapter of the manual).

(Snoopy) Align to grid when save will automatically act as B4 button from toolbar.
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(Snoopy) Use Snoopy offsets for names will make Holmes adjusting the name coordinates to better
suit it for Holmes graphical representations. Turning it off will reset the offset for every name to 0,0..

Turning this option off and exporting the net to Snoopy will save the net with all the
names offsets set to 0,0.

4.2.2 Transition data

[ MetElement | Selection This window in Section 5 of the Holmes main window
Het Element =H=X | presents transition data. Some of them have identical
ID: 0 gi;:1 meaning like the ones already described for places.
Name: Transition0
Comment:

ID — transition main ID — same data as for places.

Sheet: 0 Zoom: 100
Location: | 5521, | 124 gID — global ID — same as for places.
Functional:  [] pdiin Name — transition name (same as for places).

Name offset:  XOff: | Dlzl' yOft: | UIZI'

(} CHANGE NAME LOCATION C:

Comment — transition comments (same as for places).

Sheet — sheet ID for transition location (same as for
places).

Zoom — transition’s sheet zoom info (same as for places).

Location — x and y coordinates for transition (same as for

places).
Portal — shows if the transition is a portal or not (same as for places).

Functional — if this checkbox is pressed, the transition is considered functional no matter if it have
functions defined for its arcs or not. In other words, when there are functions for the given
transition arcs and the user wants to disregard them, all it takes is to uncheck this checkbox. THIS
WILL NOT REMOVE THE FUNCTIONS — it will simply make them inactive until this box is checked
again.

Qf Functions | Functional editor - shows the functions editor as described already in the
editor previous chapter.

Name offset — transition name offset (same as for places).

CHANGE NAME LOCATION — works the same as for places.
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4.2.3 Time Transition data

[ MNetElement | Selection | This view has all the data boxes as described for a
Net Element =0 % normal transition, with some additional ones:
10 1 qlD: 2 . . .
= EFT / LFT — such fields allow the assignment of time
Hame: Transition1
T values for TPN net type.
EFT / LFT: 0 1o ATTENTION: since EFT < LFT must hold,
Duration: 0 one should always start with a LFT value.
e Only then Holmes will allow the change
Sheet: 0 Foom: 100 A
Location: | 5521, | 2561 of EFT from 0 to LFT at maximum.
Portal: Ll Functi . . . .
Functional: O ';':,'f,;","s Duration — tokens production time as described for
Name offset:  xOff: UE yOfF: UE the DPN time net.
8 e
Qmm”&““""’"{:’ TPN active — clicking this will enable the EFT and LFT

values e.g., in the simulator. Even if they have been
assigned, the simulator will use them only if this
option is clicked.

DPN active — exactly as the abode, this time for the DPN type. As it has been already explained, both
option can be selected at the same time.

4.2.4 Arc data

[ “MNetElement | Selection | This view has less fields that can be modified directly in

Net Element =0 X it.

glD: 4

Comment: Comment — a comment can be assigned to an arc, it will

not be displayed.

Weight: ﬂzl‘

L= HORNAL Weight — for every* arc a weight can assigned.

Read arc: no
Start Node: £ ]

Name: Traneitiond Type — type of arc: NORMAL, READARC, INHIBITOR,

gl: 2 Sheet: 0  Location: 552, 256 RESET, EQUAL
End Node:

WILTE A TEE Read arc - this field will show a very useful information:

glD: 3 Sheet: 0 Location: 414, 249 . . .
whether the arc is a direct read arc, or a hidden read arc,

i.e., a so called double arc (,,double arc (hidden readarc)”
— described in the previous Chapter).

Start Node and End Node contains data about starting

and ending nodes of an arc (either places or transitions).
Additionally their gID, sheet ID and location will be displayed here.

! See the description of the extended arcs in the previous manual Chapter, especially the Reset arc.
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4.2.5 Sheet data

This view will appear when an empty space within a sheet is clicked.

l/ Het Element r Selection

Het Element =0& X
PN Name: |defau|t |
1Dy 0 (sheet position: 0)
Zoom: 100%
Width: 1850 1850 (orig.)
Height: 1300 1300 (orig.)
Autoscroll: L]

different than 100% at the current sheet.

PN Name — the name of the whole net (not
a single sheet!)

ID —sheet ID.
Zoom — zoom level, 100% is neutral.

Width and Height — allows changing the
size of the sheet. They can be changed only
when zoom is set to 100%. The right values
shows the original size when zoom is

Autoscroll — turning it on and off will allow or disable the fast moving feature (Chapter 2.4.3).
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4.3 Context menu

This menu will appear when RMB will be clicked on a sheet or a net element.

Show details...
% Delete

#* Transition OM/OFF
Functions builder...
G Clone this Transition into Portal

Manu for transition:

Show details... - this will show separate window for
transition data, described later in the manual.

Delete — removal of the transition from the net.

Cut/Copy/Paste — (Holmes 1.0 : currently not
implemented)

Transition ON/OFF — option for turning transition ON and

OFF for the simulation. Will be explained later in great details.

Function builder... — window for functions edition.

Clone this Transition into Portal — will create a portal for the transition and it will add another

graphical node for that portal.

Show details...
# Delete

the right for arcs. There are less option

here and they work analogously as the
ones for transitions.

() Clone this Place into Portal

On the left there is a menu for places, on % Delete

In the current version of Holmes no menu is available for meta-nodes and meta-arcs.

Context menu for a sheet:

=) Fast zoom reset

Select All It will appear when an empty space of sheet will be right-clicked.

Select All — this option will select all the nodes. It can be used to

“% Refresh manually drag the whole net into different region of a sheet. This
& Clear colors option will activate some hidden interface algorithms, therefore it
Save to image file may require some CPU time and memory!

Paste — currently not available.

foom ]
Network Analysis » | Refresh —force the sheet to redraw, rarely if at all needed.
Hetwork Tools b

Clear color — there are many modules in Holmes which can draw
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different elements of a Petri net structure in different colors. Choosing this option will restore the
default colors presented in the editor.

Save to image file — this option allows saving a sheet into a picture file. The resolution of the picture
depends on the current zoom.

Fast zoom reset — this option restores the default, 100% zoom level.

Zoom — it will open a smaller menu that allows changing the zoom into one of different values: 100%,
80%, 50% and 30%. The smaller the value, the smaller the net elements and the more of the net
become visible.

Network Analysis submenu:

& Import tinvariants from file Import t-invariants — it allows reading t-invariants file created in

& Generate tinvariants other tools (see Invariants Generator chapter).
W Generate MCT sets

MCT Options [

Generate t-invariants — this will start t-invariants calculations in

the background.

Generate MCT sets — it can refresh the MCT sets. This option is not needed in the current version,
because the MCT sets are always automatically computed when the t-invariants become available in
the project.

MCT Options — another options concerning MCT sets will be available here, at the moment there is
an option here to save MCT sets and t-invariants to file.

Network Tools submenu

Show TPN transitions Show TPN transitions — marks in light green time transitions with TPN

Show DPN transitions mode enabled.
Show TPN/DPHN transitions

Fix Snoopy compatibility

Show DPN transitions — marks in light green time transitions with DPN

mode enabled.

Show TPN/DPN transitions — marks both TPN and DPN transitions: pure TPN, pure DPN and mixed
ones.

Fix Snoopy compatibility — this experimental option may be necessary to fix a project
that consists of hierarchical Petri net imported from a Snoopy file. If some
connections with the subnets seems to be lost, choosing this option may restore
them. When the hierarchical net has been created in Holmes from the beginning, this
option does nothing (i.e. it is not necessary).
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4.4 Net elements data windows

Such windows contain detailed data for transitions and places, they can be opened by clicking Show
details... menu option from the context menu.

4.4.1 Place data

% Node: NEIL1 — X
Place general information:
ID: 19 Portal: yes Tokens: 1|Z|, IN-Trans: 3 OUT-Trans: 138

Hame: MEIL1

Comm.: [Endonuclease Vill-like 1, DNA glycosylase/AP lyase Meil1, DMA-(apurinic or apyrimi
dinic site) lyase Meil1, Nei-like protein 1, Mei homolog 1, FPGA

Places chart
MEILT dynamics

40 7\
M Wari

20

20

Tokens

10

A

0 100 200 300 400 500 00 700 800 900 1000
Simulation steps

Sim. Steps: Repeated: Mode:
|_- simStart | | 1uuu+{ | 1‘7{ 50/50 mode v | Petri et -

Such a window has two parts, the upper one contains the following information:

ID — places ID, counted from 0 from the places set.

Portal — informs whether the place is a portal (logical place) or not.
Tokens — current number of tokens in place.

IN-Trans — the number of pre-transitions for the place (set op)
OUT-Trans — the number of post-transitions for the place (set pe)
Name — name of the place

Comm. - comment of the place

The bottom part of window contains a chart with the results of tokens distribution for a place coming

from a quick simulation. SimStart button allows to make such a simulation again.
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4.4.2 Transition data

% Node: DNA_back_to_pool — hd
Transition general information:

ID; 184 Portakno Avgdf. 221% | PRE-Place: 1 POST-Place: 0O
Hame:; DMA_back_to_pool
Comm.:

Transition chart
DMA_back to_pool dynamics
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|_- SimStart 1000%{ 10‘7{ 50/50 mode v | Petri Net -

The upper part of the window contains the following information:

ID — transition ID counted from 0 for the transitions set.

Portal — informs whether the transition is a portal (a logical transition) or not.

Avg.f — average firing, contains the average change of firing for the transition based on a fast
simulation perfomed when the window has been opened.

PRE-Places — number of pre-places for the transition (set et)

POST- Places — number of post-places for the transition (set te)

Name — name of the transition.

Comm. - comments for the transition.

The bottom part of window contains the average firing change for a transition in some set time
interval. For example, in the picture there a 60% peak around 300" step of simulation. In means, that
in 10 steps aroung 300" one the transition fired 6 times (interval is set for 10 in the picture).
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4.4.3 Functions editor

This window can be open by using Functions builder... option from the context menu for a transition
or by clicking a button in the transition data subwindow (Section 5).

The funtions editior look as in the following picture:

a Transition: pBETA_displacement_by_pDELTA - *
Tables:
fiD Flace name Function Correct Arctype Weight | Enabled
p23--=T |PCNA_high_level NORMAL 1
p48-->T |complex_DNA_1nt_S5dRP_APE_polBETA NORMAL 1
p79--=T |polDELTA NORMAL 1
T--=pl DNA_1nt_APE_polDELTA_PCNA NORMAL 1
T-->p81  |polBETA NORMAL 1
Function builder
1D0: Function edit field: Enabled? Result:
| O o Check and add
Error log:
ﬁ: €3 Clear function

[_] Functional transition

Places table for selection

D Tokens Place name:
pl 1 APE -
pl 0 DMA It APE polDELTA PCNA =]
p2 0 DMA 1INt APE polEPSILON PCMA
p2 0 DMA APsite with APE
pd 0 complex DNA break APE BETA
ps 0 DMAflap APE poEPSILON PCMA i ]
ph 0 DMAflap APE polDELTA PCNA 9
p7 0 complex DNA 3dRP NEIL3 -
pa 0 complex DNA 3dRP hNTH1
pg 0 DMA ligated APE polDELTA PCNA LIG1
p10 |0 DMA ligated APE polEPSILON PCMHA LIGT
pi1 |0 DMA unligpatch APE pEPSILON PCHA
p12 |0 DMA unligpatch APE polDELTA PCNA

4]

oo OB LA A dOim o Pl

There are three main parts here:

In part 1 there is a table for every incoming and outgoing arc for a transition. First column serves as
the identifier, e.g., p23-->T describes an arc FROM place p_23 going TO transition (its name is part of
the window title bar). In the example, the place name is PCNA_high_level (second column). Next
columns are as follows: funtion/equation (if definied), function validity, type of arc (functions are
possible only for the normal arc in the current version of Holmes). Last but one column denotes the
weight of an arc (used if function is not correct / not enabled or not exists at all). Last column informs
whether the function has been enabled or not (it should be noted, that even such an enabled,
correct function will not be used IF the transition status is not set to ‘functional’ — explained later).

Equations/functions can be defined for both pre-places (set et) and post-places (set te). The
difference between such functions is as follows:

e Arcs for places from set ot (with identifies like p«-->T) define the ‘activation’ weight for the
transition (i.e., the number of tokens necessary for a given place in order to enable the
connected transition).
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e Arcs for places from set te (with identifiers like T-->p,) denote the number of tokens that will
be produced in such places if the transition fires.

By clicking a row in part 1 of the window will update the content of the part 2, e.g. for T-->p1 from
the example, part 2 of the functions editor will looks like:

Function builder
1D Function edit field: Enabled? Result:

T—=p1 | O | ) Check and add
Error log:
< €3 Clear function

[] Functional transition

The most interesting part of this window is the field named Function edit field. Funtions/equation in
Holmes are realised by a free java library exp4j included in our tool (Apache Licence,
http://www.objecthunter.net/exp4j/license.html ). It allows the usage of the following operators /

functions:
+, -, %/ Standard arithmetical operations
+, - (unary) Positive (almost unused) or negative value
xNy x to the power of y
% modulo — the rest from the division
() parenthesis
abs Absolute values
acos Arcus cosinus
asin Arcus sinus
atan Arcus tangens
cbrt Cubic root
ceil Upper integer value of a rational number
cos Cosinus
cosh Hiperbolic cosinus
exp Euler value to the power of (a value after exp in parenthesis)
floor Lower integer value of a rational number
log Natural logarithm (base e)
log10 Decimal logarithm
log2 Binary logarithm (base 2)
sin Sinus
sinh Hiperbolic sinus
sqrt Square root
tan Tangens
tanh Hiperbolic tangens

An important case of integer numbers for tokens must be clarified. In general, the

value of the function is always a rational number type Double in Java. In ceil/floor

function are not used in the equations, its value will be Double number of Holmes,

which will be conterted to Integer type to obtain tokens value, i.e. any fraction will

be cut off. It means, that a Double values 2.9 and 2.1 will both be reduced to 2 (an Integer number)
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in Holmes (at least since the rational number of tokens will become available in Holmes in future
versions, e.g., for continuous Petri nets). For this case, a floor/ceil functions should be used.

Another picture show more complicated function:

a Transition: pBETA_displacement_by_pDELTA

= s
Tables:
fiD Flace name Function Correct Arc type Weightl Enabled
p23--=T |[PCNA_high_level

NORMAL 1
pd48--=T |complex_DNA_1nt_5dRP_APE_polBETA NORMAL 1
p79--=T |polDELTA NORMAL 1
T--=p1l DNA_ 1nt_APE_polDELTA_PCNA asin(p0) * (p194+p20+p21) * (p77+pB0) v] NORMAL 1
T-->p81 |polBETA NORMAL 1
Function builder
ID: Function edit field: Enabled? Result:
T—=p1 |aSiﬂ(DU}'* (p19+p20+p21) * (p77+p80) | 9425 \w/ Check and add
Error log:
€3 Clear function
[_] Functional transition

After providing the function and set Enabled? checkbox to true, button Check and add will start the
verification/validation of the equation. If it is correct, it will be added for the proper arc. In Enabled?
checkbox is not clicked, this button will only verify and add the function the the arc, but it will still be
disabled (not used). It the function is correct, its current evaluation will be given in the Result field.

A case of an incorrect function is given below:

a Transition: pBETA_displacement_by_pDELTA — X
Tables:
D Place name Function Correct Arctype Weight| Enabled

p23-->T |PCNA_high_level NORMAL 1

p48--=T |complex_DNA_1nt_SdRP_APE_polBETA NORMAL 1

p79-->T |polDELTA NORMAL 1
T-->pl DNA_1nt_APE_polDELTA_PCNA asin(p0) * (p19+p20+ 777 ) * 4 NORMAL 1
T-->p81 |polBETA NORMAL 1
Function builder

ID: Function edit field: Enabled? Result:

T—=p1 |asin(p0}* (p19+p20+p212) * 4 | | | ws Check and add

Error log: -

Mon existing place identifier used: p212 Q Cleapiuiction

[] Functional transition

In error log Holmes tries to identify the problem. In this case, the used identifier for a place (p221)
not exists in the net, therefore the function cannot be evaluated. In the table (Part 1 of the window)

this part of the function has been replaced with “???”. Flags Correct and Enabled are obviously set to
false automatically.

54



IMPORTANT! When any place is removed from the net, verification of all functions is
performed in the backgroud in Holmes. All functions affected by the removal will
becomed disabled and set as incorrect.

Let’s assume there is an equation pO+pl+p2+p3 in some arc. If pl, p2 and p3 will be removed (let’s
assume, in the same moment), the Holmes log window will be shown:

[2015-09-25 11:47:57] Removing all nodes (places and transition) and all arcs.

Function: "p0+p1+p2+p3 + pd" {fID: T—=p5) of transition t0 has been dizabled due to removal of place p2

Function: "p0+p1+ 297 +p3 + p4' (D T—=p5) of transition 10 has been disabled due to removal of place p3

Function: "p0+p1+ 297 + 797 + pd" (filD: T—=p5) of transition t0 has been disabled due to remaoval of place p4

[2015-09-25 11:49:25] Some functions have been affected by the removal operation. Please read reporis above this message.

Help button shows simple notapad with informations about functions elements.

Functional transition checkbox activate or disable the ‘functionality’ of a transition. If transition
status is “Functional” only then any enabled functions assigned to this transition arcs will be used
e.g., in the simulators.

Part 3 of the functions editior window shows all places existing in the net with their IDs for funtions:

Places table for selection

DMA unligpatch APE pEPSILOMN PCHA
DMA unligpatch APE polDELTA PCNA

T =TT =T ==t -

D Tokens Place name:
p0 1 APE -
p1 0 DMA 1nt APE polDELTA PCNA |=|
p2 0 DMA 1nt APE polEPSILON PCNA
p3 0 DMA APsite with APE
pd 0 complex DNA break APE BETA
pa 0 DMA flap APE poEPSILON PCNA
Jal] 0 DMA flap APE polDELTA PCNA
p7 0 complex DNA 3dRP MEIL3
pa 0 complex DNA 3dRP hNTH1
p9 0 DMA ligated APE polDELTA PCNA LIG1
p10 |0 DMA ligated APE polEPSILON PCNA LIG1
0
0

4]
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5 Netinformation windows

From this menu user can choose various modules containing data
about the given net.

E=E Net properties...  Cul-F

)
N Search node... Ctrl-F

=
Het data tables...  Cirl-x

h Invariants Viewer... Ctl-J

My Metmo states...  Crl-w

5.1 Net search

This window can also be activated by shortcut Ctrl+F. The window looks like in the picture:

% Net nodes search window — >
Search options

Places: | |v|
Transitions: | |v|
Search for: | Search ID:

) Search places ® Search transitions

(( Previous ), Hext

Selected node info

Type:

Portal: In-arcs: --- QOut-arcs: -

It allows the user to search for the specific place or transitions, giving the user basic information
about each in the bottom part of the window.

e Places list — one can choose a specific place by name from the list

e Transitions list — similar as above for the transitions.

e Search for — in this field one can put a name or part of the name of a given place or
transition. After pressing Enter program will search for the first matching element.

o Search ID: - similar as above, but if will switch the specific list into an element with the
provided ID.

o Search places and Search transitions allow specifing the search targets for the two
previously described fields (Search for / Search ID).
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e Previous and Next buttons are connected with the Search for field. If more than one element
matches the provided name, these button will iterate these elements.

e In the bottom part of the window, in panel Selected node info simple data about chosen
found element will be provided.

An example is given in the picture:

=
acement |of_OiGG1 APE_ high_level
ase_activity OGG1_displ
complex DNA_L & Net nodes search window —
lisplacement_of, )
Search options
Places:  |p21.0GG1 v
» NEIL1 0GG1 OGG »
Transitions: | v Fevice o
Search for: |OGG1 Search 1D:
corrl '@ Search places ) Search transitions

“ Previous

Selected node info
Type: place
Portal: yes

by_PNKFR disposa I_ofm

In the above picture an example for search by name is given. Search places button is active and
‘OGGY’ in Search for has been written. First found element is also enabled in the net, also one can
notice (in real program, not in the picture) that the net will move in order to center the found
element. This feature can be quite handy in the bigger nets. If the element is a portal, all its graphical
nodes will also be marked in color. If Next button will be clicked, next place (if exists) with a phrase
‘OGGY’ in its name will be found and selected (analogously for the Previous button).

" Next

/

POBE TA_rECrimtment

0GG1
In-arcs: 5

3p  disposal_of_ Out-arcs: 5
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5.2 Net properties

This module can be also activated with a shortcut Ctrl+P. Picture below shows the example of the
window, for some, already created net.

ped

% Petri net general information and properties —

General Petri net informations:

Project name: |DNA repair by Base Excision Repair process |
Nodes: 404 MNormal arc: 656 Net static properties:
Transitions: 245 Read-arc: 0 m m
Places: 159  Inhibitorarc: 0
Arcs: 656 Resetarc: 0 m - -
tmvarants: 308 Equalarc 0 L
B Save to file
Invariants details:
The net is covered by t-invariants. ||
Tran3itions data: ]
td Inwv:3l Fired:31 t0 DNA synthesis LF delta
tl Inwv:3l Fired:31 tl DNA synthesis LP epsilon
L2 Inv:15 Fired:15 tZ MBD4 displacement by AFE
t3 Inv:s Fired:5 t3_MPG displacement by AFE
T4 Inv:s Fired:5 t4 MYH displacement_ by AFE
t5 Inv:27 Fired:27 t5_NEILl liase actiwvity
6 Inv:zd Fired:24 t6 NEILZ liase activity
€7 Inv:20 Fired:20 t7_NEIL3 displacement byAPE
& Inv:d Fired:4 &_NEIL3 displacement
t3 Inv:d Fired:4 t9 NEIL3 liase actiwvity
tl0 Imv:l2 Fired:12 tl0 0GEl_liase activity
tll Imwv:20 Fired:20 tll OG5l displacement by AFE
tl2 Inwv:124 Fired:124 tl2_PCNA freed
tl3d Imv:32 Fired:32 tl3_FPCHA decreasing
tld Inv:l Fired:1 tld PCHAE increasing |
tld Inv:dd Fired:23 t13 TDG displacement bw AFE hl

The window will be now explained on the specific net example, obviously it will look different and
show different data for different nets.

The main data window shows are:

e Project name - it can be changed here

e Nodes - sum of places and transitions

e Transitions - sum of all transitions (all types)

e Places - sum of all places

e Arcs - number of arcs (all types)

e t-invariants - number of t-invariants (if already generated / loaded)
e Normalarc - number of normal arcs

e Read-arc - number of read arcs
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Inhibitor arc - number of inhibitor arcs
Reset arc - number of reset arcs
Equal arc - number of equal arcs

In the top right part there is a panel with net structural properties

Met static properties:

m m m m Green color mean the net has the property,
MR T N RN red-thatithasn't.
TR [ N .

For the moment Holmes checks the following net properties:

PUR - Pure —the net does not have read arcs.

ORD - Ordinary — all arcs have weight equal to 1.

HOM - Homogeneous — all arcs going from a place have the same weight.

CON - Connected — there is no pair of vertices which does not have an undirected path in
between.

SC - Strongly Connected — for every pair of vertices a directed path can be found.

NBM - Non Blocking Multiplicity — minimal weight from in arcs going into some place is no
less than minimal weight of arcs going out of that place.

CSV - Conservative — every transition produces exactly as many tokens in set te as in
consumes from the set ot

SCF - Static Conflict Free — there are no places shared as pre-places for two or more
transitions.

Ft0 - Ft = {}, Input Transitions — transitions without set et

tFo - tF = {}, Output Transitions — transitions without set te
FpO - Fp ={}, Input Places — places without set ep
pFO - pF = {}, Output Places — places without set pe

Clicking any property button in panel will shot a brief explanation, as presented in the example

below.
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General Petri net informations:
Project name: DMA repair by Base Excision Repair process |
Hodes: 404 Hormal arc: 656 Met static properties:

0 | PR | oro | wom |
Places: 159  Inhibitorarc: 0

. L osc [lesv [ ek

0

Transitions: 245 Read-arc:

Arcs: 656 Resetarc:
t-invariants: 308 Equal arc: m m - -
H 54 Non-blocking Multiplicity X

Invariants ¢ @ Petri net meaning:

The net 1 The minimum of the multiplicity of the incoming arcs for a place is not el
less than the maximum of the multiplicities of its outgoing arcs. =

Transitio

] Inwv: _ ) i _

1 I Biological interpretation:

3 Inve The amount of produced and consumed molecules of a certain component

3 Tovs: is always equal.

td Inv:

3 Inv: £

té Inv:es TILCU. &% TU_NEIGE _IIooc OCLIVIGCY

t7 Inwv:20 Fired:20 t7_HNEIL3 displacement byAFPE

tE Inv:d Fired:4 t8 _NEIL3 displacement

T3 Inv:d Fired:4 t9 NEIL3 liase_activity

tld Imwv:lZ2 Fired:12 tl0 051 _lisse activity

tll Imw:20 Fired:20 tll 0GG1_displacement by AFE

tl2 Inwv:lad Fired:124 tl2 PCHA freed

tl3d Inwv:32 Fired:32 tl3_ PCNA decreasing

tld Inv:l Fired:1 tld PCHA increasing |

LlS Inva2d Fired:25 £l15 TDE disvlacement bv LPE i

With a Save to file button one can write basic net properties into a text file.

Invariants details will only show information if the invariants have been generated. If it is so, it will
start from the information whether the net is covered by them or not. If the net is not covered by the
t-invariants, all not covered transition will be written here.

Next comes the list of all covered transitions with some t-invariants related informations.

LI - where x counted from 0 is the ID of the transition.
e Inv:xx - where xx is the number of t-invariants which have ty in their supports.
e Fired: xx - information how many a given transition (in sum) will be fired in all the t-

invariants in which supports it is present.
e Last column is the full name of the transition.
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5.3 Net tables

Shortcut for this window is Ctrl+X. The window looks like in the example picture:

@ Net data tables — | %
Tables: P I T/Inv. data

o} Place name: Tok | In-T | Out-T Avg. Tk
0/APE 1 6 15 38,34|~
1|DMA_1nt_APE_polDELTA_PCNA 0 1 1 0,026
2[DMA_1nt_APE_polEPSILON_PCNA 0 1 1 0,044
3|DNA_APsite_with_APE 0 9 1 0,123 _
4|complex_DMNA_break APE_BETA 0 1 1 0,327
5|DNA_flap_APE_poEPSILON_PCNA 0 1 1 0,02|=
f|DNA_flap_APE_polDELTA_PCNA 0 1 1 0,011
7|complex_DWA_3dRP_NEIL3 0 1 1 0,033 = =
8|complex_DNA_2dRP_hNTHA 0 1 3 0,023 | Invariants sim.
9|DNA_ligated_APE_polDELTA_PCNA_LIG 0 1 1 0,01}

10[DMA_ligated_APE_polEPSILON_PCNA_LIG1 0 1 1 0,019 ae L L

11|DMA_unligpatch_APE_pEPSILON_PCNA 0 1 1 0,019 State simulator

12|DNA_unligpatch_APE_polDELTA_PCNA 0 1 1 0,013 r

13[complex_DWA_3dRP_0OGG1 0 1 3 0,025

14|FEN1 1 3 4 0.9 10 UUUE

15[LIG1 1 4] 4] 16,921| Net type:

16[LIG3_XRCC1 1 3 3 37,050

17|MBD4 1 4] 4 27,818

18[MPG 1 4 2 32,856 Submode:

19[NEILT 1 3 18 8,235 n

20[NEIL3 1 3 5 14,424

21/0GG1 1 5 5 10,562

22|PCNA 0 3 1 0,042

23|PCNA_high_level 1 2 3 0,376

24|PCNA_low_level 0 1 2 0,365

25|PNKP 1 1 2 0,095

26|PPi 0 5 1 0,734

27[TDG 1 4] 6 16,021

28|UNG2 1 4 3 35,585

29(group14_waste 0 1 1 0,028

30[_BoxcAC 0 2 1 0,023

31|compleDMNA_UNGZ_Shydrolra 0 1 1 0,005

32[complexDNA_APs_MBD4 0 2 3 0,022

33[complexDNA_APs_UNG2 0 2 3 0,008

34{complexDNA_APs_hNTH1 0 5 2 0,049

35(complexDMNA_APs_hSMUG1 0 4] 3 0,033

36|complexDMNA_MBD4_ethenoC 0 1 1 0,01

37|complexDMA_MBD4_uracil 0 2 1 0,029«

Available button which govern the tables here are as follows:

PIT/Inv. data Places — shows the table for places

ot
2 Places Transitions — table for transitions.

.| Transitions Switch P or T — it will switch the IDs in a pair of selected

| S8 Switch P/ T | places / transitions (e.g., if place Panc has ID=11, and place
Py: has ID =77, then after selecting both of them (with Ctrl
button pressed), this button will make Papc ID=77 and Pyy. ID
=11.

{1+~ tinvariants

Invariants sim.

o |- - Show data ATTENTION: ID is used to identify transition in various stored data packages
in Holmes, therefore using this option can make these data obsolete

State simulator

- SimStart

10 000 . . . . . .
- t-invariants — shows the table with t-invariants basic data
Het type:

Petri Net -
Submode: 61
50/50 mode b




Subpanel Invariants sim. is connected with the second, extended t-invariants table. It will be
explained later in the manual, after explanations about simulation algorithms.

5.3.1 Places table

Places button will show table with places, as in the example below:

a — O *
Tables: P IT/Inv. data
D Place name: Tok | In-T | Out-T Avg. Tk
0|APE 1 G 15 25,663~
1|DMA_1nt_APE_polDELTA_PCNA 0 1 1 0,036 [ Transitions
2|DMA_1nt_APE polEPSILOMN PCHNA 0 1 1 0,049
3|DNA_APs . _ 0,111 -
@ Node: complex DNA_break APE_BETA X
4{complex_| 0,34
5/DMA_flap | Place general information: 0,017|=
G|DMNA flap] p; 4 Portal:no  Tokens: U|Z|, IN-Trans: |1 OUT-Trans: 1 0,012
; Eﬁm:g:: Name: |complex_DNA_break APE_BETA gggi
a[DNA_ligat| Comm.: 0,014
10|DMA_ligat; 0,018
11|DNA_uniig 0,018
12|DNA_uniig 0,013
13|complex_[ - Places chart 0,022
14|FENT complex_DMA_break APE_BETA dynamics 0,801
15/LIG1 31,705
16|LIG3_XRQ = 3172
17|MBD4 4 60,526
18|MPG " 34 022
19/MEILA 5 3 11,446
20/MNEIL3 e 39,506
21/0GG1 22 25, 765
22|PCMA | 0,042
= 14T T LI
24 PCMA_low 0 0,361
Sg EEFF’ 0 100 200 300 400 500 600 700 80D 900 1000 ggg;
570G Simulation steps 32542
SS UNGQM Sim. Steps: Repeated: Mode: Zgg;;
group14_ ) = - ) I
30|_80x0AC Jj simstart | | 1000f+{ | 1 |s050mode |~ [Petri et |~ 0,016
31| compleDNA_UNG2_ShydroUra 0 1 1 0,006
32|complexDNA_APs_MBD4 0 2 3 0,02
33|complexDMNA_APs_UNG2 0 2 3 0,01
34|complexDMNA_APs_hNTH1 0 5 2 0,042
35/complexDMA_APs_hSMUGA 0 4/ 3 0,035
36|complexDMNA_MBD4_ethenoC 0 1 1 0,009
37| complexDNA_MBD4_ uracil 0 2 1 0,025]«

All columns except Avg.Tk show data already explained in the manual (places sub-window section).
The last mentioned column shows data from fast background simulation from the given net state for
1000 steps. The lower the value, the less tokens the place accumulated in such a simulation. For
example value 0.026 means, that in 1000 steps sum of tokens in all steps has been equal to 27.
1000.0 would mean, that for the whole 1000-step simulation the place had (in average) 1 token in it.

Clicking any row will show place details, as seen in the above picture.



5.3.2 Transition table

Pressing Transitions button will show a table with data concerning the net transitions. Example

window is given below:

% Net data tables - O x
Tables: P IT/Inv. data
D Transition name Pre-P|PostF  Fired Inv
0|OMA_synthesis_LP_delta 2 2 0,68 0]~
1|DMA_synthesis_LP_epsilon 2 2 0,85 0
2|MBD4_displacement_by_APE 2 2 0,67 0
3|MPG_displacement_by APE 2 2 0,38 0=
4{MYH_displacement_by_APE 2 2 0,38 0
5|MEIL1_liase_activity 1 1 3,78 0
G|MEILZ_liase_activity 1 1 275 0
7|MEIL3_displacement_byAPE 3 3 0,55 0 - -
B|NEIL3_displacement 2 2 155 of |[finvanants sim.
9|MEIL3_liase_activity 1 1 1,55 0
10/0GG1_liase_activity 1 1 2,05 0
11/0GG1_displacement_by_APE 3 3 0,56 0 State simulator
12[PCNA_freed 1 1 2,26 0 r
13|PCMA_decreasing 1 1 18,02 0
14|PCMNA_increasing 1 1 17,06 0 410 000
15 TDG_dis.pIacement_by_AF'E 2 2 1,16 0 Net type:
16/UNG2_displacement_by_APE 2 2 0,23 0
17|cleavage_gri4 by MPG 1 2 1,04 0
18|cleavage_Shydroxyl)_by_MEIL1 9 2 0,18 0 Submode:
19|cleavage_5hydraxyU_by_NEIL2 i 2 03 o
20|cleavage_5Shydroxyl)_by_MEIL3 1 2 0,25 0
21|cleavage_5hydrouracil_by_UNG2 1 2 0,27 0
22|cleavage_8oxoG_by MYH 1 2 1,05 0
23|cleavage_S8oxyG_by NEILA 1 2 0.3 0
2d|cleavage_FapyG_by _hNTH1 1 2 0,62 0
28|cleavage_FapyGC_by_MEIL1 1 2 0,26 0
26|cleavage_gr23iwaste_by_MNEIL3 1 2 0,97 0
27|cleavage_FoPy by 0GGA 1 2 0,28 0
28|cleavage_8oxoG_by 0OGG1 1 2 0,51 0
28(cleavage_cytGlyc_by _hMTH1 1 2 1,05 0
30|cleavage_SHydUrac_by_hMNTH1 1 2 0,39 0
31|cleavage_ethenCyto_by_TDG 1 2 0,55 0
32|cleavage_of APs_by APE 1 1 5,68 0
33[cleavage_thymGlic_by _MNEIL1 1 2 0,49 0
3d|cleavage_thymGlyc_by_hNTH1 1 2 0,54 0
35|cleavage_ethenoC_by_MBD4 1 2 0,58 0
36|cleavage_BoxoAC_by_TDG 1 2 0,58 0
37|cleavage_uracil_by MBD4 1 2 1,23 0|

Pre-P and Post-P columns gives information about each transition pre- and post-places. Fired column
tells about average transition firing in the fast, background simulation (1000 steps), e.g., 0.18 means
that in the simulation transition had 18% chance of firing. Last column — Inv tells in how many t-

invariants support a transition is, if they are computed.

As before, clicking any row will activate transition data window already explained in the previous

chapter of the manual.

5.3.3 Simple t-invariants table

Pressing t-invariants will show the table about t-invariants. They will be briefly explained here, but in
order to fully understand some of them, it is advised to read the theory about the t-invariants
generator later in the manual. The example window of such a table is given below:
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@ Net data tables — | p e
Tables: P I T/Inv. data
ID | Tr#| Win | Feas | pinT | inT | oufl | ~Arc| Inh | Sur | Sub | Cx=0|Can. Name
0 20 v v 1 0 1 0 o L| L rd \v| |Default description of t-invariant...| «
9 2 g Z 1 0 1 0 i ; ; z Z Default description of Hinvariant... [ Transitions
2 2 ] v 1 0 1 0 of LI L | lw| |Default description of t-invariant...
3 2 Z Z 1 0 1 0 0 ; ; Z Z Defaultdescr@pt@on oft—?nvar@ant... 3
4 2 v v 0 0 0 0 o L| L 4 \¥| |Default description of t-invariant...
5 2 vl = 1 0 1 0 of [ [] v [v] |Default description of Hinvariant...[—
[ 2 vl v 1 0 1 0 of [ [] v lv] |Default description of Hinvariant...
7 2 vl [v] 1 0 1 0 o [ [l v] [v] |Default description of t-invariant... . -
8 2 W = of o o o o O | ¥ | ¥ |Defaultdescription oftinvariant.| | | 'nvariants sim.
o o = 1 o 1 0 of O [ O | [ | b4 |Default description of tinvariant..
10 18 |w v 1 0 4 0 o L L 4 lv| |Default description of t-invariant...
19 18| v v 1 0 4 0 of [ [] v lv] |Default description of Hinvariant... State simulator
12[ 18] [ v] 1 0 4 0 of OO | 00 | vl | ¥l |Default description of tH-invariant..
13 18 s v 1 0 4] 0 of LI L | | |Default description of t-invariant...
14 20 v ] 1 0 1 0 of [ ] v [w] |Default description of tinvariant... 10 UUUE
15 2 Z z 1 0 1 0 0 ; ; z z Default description of Hinvariant... Net type:
16 2 ) || 1 0 1 0 of L L ¥ lv| |Default description of t-invariant...
17| 18 vl [v] 1 0 4 0 ol [ L] v] [v] |Default description of t-invariant...
18 19 [v] v] 1 0 4 0 0| [ L] v] [v] |Default description of t-invariant... Submode:
19 19 [v) v 1 I ol L1 | L] | ¥ | [ |Defaultdescription of tinvariant..
20 18| v = 1 0 4 0 of [ [] v lw] |Default description of Hinvariant...
21 19 vl [v] 1 0 4 0 o [ L] v] lv] |Default description of t-invariant...
220 19 vl [v] 1 0 4 0 ol [ L] v] [v] |Default description of t-invariant...
23 18 [v] V] 1 0 4 0 0| [ L] V] lv] |Default description of t-invariant...
24 19 v = 1 0 4 0 of [ [] v [w] |Default description of tinvariant...
25 19 v = 1 0 4 0 of [ [] v lw] |Default description of Hinvariant...
26 18] vl [v] 1 0 4 0 o [ L] v] lv] |Default description of t-invariant...
27 19 vl [v] 1 0 4 0 ol [ L] v] [v] |Default description of t-invariant...
28 19 [v] V] 1 0 4 0 0| [ L] V] lv] |Default description of t-invariant...
29 20 v = 1 0 1 0 of [ [] v [w] |Default description of tinvariant...
30 2 vl = 1 0 1 0 of [ [] v lw] |Default description of Hinvariant...
3 18 vl [v] 1 0 4 0 o [ L] v] lv] |Default description of t-invariant...
32 19 [v] v] 1 0 4 0 0| [ ] v] [v] |Default description of t-invariant...
33 19 v ] 1 [i 4 [i of [ ] ] [¥] |Default description of tinvariant...
34 18| v = 1 0 4 0 of [ [] v [w] |Default description of tinvariant...
35 19 v v 1 0 4 0 of [ [] v lv] |Default description of Hinvariant...
36 19 vl [v] 1 0 4 0 o [ L] v] lv] |Default description of t-invariant...
37 18| [v] v] 1 0 4 0 0| [ ] v] [v] |Default description of t-invariant...| =
Columns from left to right are as follows:
e ID - t-invariant number counted from 0
e Tr.# -number of transition in the t-inv. support

e Min. -isthe t-inv. minimal

e Feas. -isitfeasible?

o pInT - pure Input Transition —how many transition in the t-inv. support does not have ANY
ingoing arcs / pre-places

e inT - Input Transitions — similar as above, but the read arcs and inhibitor arcs are not
counted as ‘arcs’. The motivation here is, that such arc will not ‘provide’ any tokens, they can
only influence the transition firing chances.

e outT - Output Transitions — analogously as above

e r-Arc -how many read arcs, also double arcs are counted

e Inh. -Inhibitor arcs connected with transition in the t-inv. support

e Sur. -isitsur-invariant?

e Sub. -isitsub-invariant?

e Cx=0 -isitrealt-invariant (nor sur or sub)

e (Can. -isthet-inv. canonical, i.e., maximal common divider of t-inv. non-zero entries is = 1

e Name -name/function of the t-inv
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Tables:

5.3.4 t-invariants extended table

This window is strongly connected with the simulation algorithm. Pressing Show Data will show the
table. Example picture is given below.

ID _[Trans. # to t1 t2 13 4 5 6 17 8 9 to

3 4 t15 t16 | H7 18 t19 t20 t21 t22 t23 t24 125

t26

t27

1(2.15%)

1(0.52%) 1(0.83%)

1(0.52%) 1(0.83%)

100.52%)

110.48%) 1(0.52%)

10.83%)
1(0.83%)
121%) 1(0.33%)

1075y 1(0.52%)

1(0.56%) 1(0.95%)

HEEBBEEEEEE
HHEEHEEECBEE

110.56%) 110.85%)
1{0.56%) 1(0.95%)
1(0.45%) 1(0.56%)] 1(0.95%)

10.7%) 10.56%) 1121%) 110.95%)

110.65%) 1(0.55%)

110.65%)

HEE
S HE

[1w07%)

3

[1(0.18%)

)1
HEHEE

[t0.54%)

1(0.64%)
1(0.64%)

EEEE]
HEEE

1(0.53%)

1(0.53%)

100.53%)

1(0.53%)

1(0.53%)

1(0.19%)

HEEBEEEEBE
HEEEEEEEEEE

H

-HH
HEIEE

3

10.17%)

El-|
EEEE

[100.65%) 1(0.55%)

3
=i

110.65%)

1(0.68%)
1(0.58%)
1(0.64%)

100.53%)

1(0.53%)

1(0.53%)

1(0.53%)

BEBEEEEE EEE
EEHEEBEEEEEE

[4]

First column is the t-invariants ID (number), second gives the number of transitions in its support. All
the next columns are connected with the net transition, and the percentage value given in them is
the average chance for every transition to fire (from the simulation results). For example, if in a cell is
1(16.36%) it means, that such a transition is used once in the t-invariants (its non-zero entry is equal
to 1, this of course can be any other positive integer value, cf. invariants generator theory) and its
average chance for firing is 16.36%. This can give the information about the chances of firing for all
the t-invariants transitions, i.e., the average chance for the whole inv. to perform its function.

Columns painted in dark grey informs about the transition that did not fire even once (background
simulation steps = 10 000 for this table). Button Start Sim (with icon) will make the simulation again
and the values can change. Other simulation modes will be explained later.

T-invariant row painted light grey means, that at least one its transition did not fire in the simulation
(its column is painted dark grey).
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5.4 t-invariants window

Such a window gives some detailed information about every invariant.

@ Holmes Invariants Viewer

General information

(| X

Invariant: |Mriillt13{|3:‘|?] |'|| 3 Next | |I¢ Previous ' Recalculate statistics
Minimal: no Feasible;: yes  Sub-inv: no Sur-inv: no Canonical: yes
pinTrans: 13  inTrans: 0 outTrans: 3 ReadArcs: 0 Inhibitors: 0 ! Show data in notepad
Description:
Imv_17
[_] MCTHransitions table
Tables
(|n] Transition Supp. Firing% stdDev
0 HIF_1_alpha_SH_and_HIF_1_beta_dimerization 2 14, 57% 0,96% -
1 running_genes_responsible_for_cell_adaptation_to_hypoxia 2 12,21% 0,94%
2 binding_VEGR_and_VEGFE_2 2 12,2% 0,94%
3 YVEGFR2_expression 2 50,15% 1,5%
4 starting_a_tyrosine_kinase_signalling_cascade 2 12,15% 0,95%
5 GLUT1_induced_processes 2 11,5% 1,02%
7 canstitutively_expression_of_HIF_1_beta 2 14,61% 0,97% 5
12 |low_concentration_of_oxygen_in_the_organism 4 50,03% 1,85% I
13 |HIF_1_hydroxylases_inactivation 2 23,18% 1,77%
14 |CBP_p300_synthesis 2 49 59% 1,82%
15 |no_degradation_of HIF_1_alpha 2 13,53% 1,17%
18 |NO_synthesis 2 15,78% 1,42%
19 |MMPS_pericytes_recruitment_and_invasion 1 4 17% 0,69%
20 |PDGF_AB_and_BBE_endothelial_secretion_by_pericytes 3 49 78% 1,71%
21 |FGFRs_activation 1 4,05% 0,66%
22 |PDGFRs_upregulation 1 4 05% 0,66%
23 |binding_PDGFAB_and_BB_with_PDGFRs_activated 1 4,04% 0,67%
24 |removal_of ligands 1 4 04% 0,67%
25 |pericytes_and_smooth_muscles_cells_migration 1 3,66% 0,47%
26 |strong_endothelial_activation 2 23 27% 1.72%
27 |endothelial_proliferation_and_migration 1 14 26% 1,05%
28  |binding 1 3.45% 0,44%
289 |new_stabilizated_vessels 1 15,71% 0,79%
30 |eNOS_activation_by_interraction_with_CalM_Ca_complex 2 11,9% 1,14% |
36 |binding angiopoietins with tie receptor on endothelial cells 2 12.3% 0,99% hl

t-invariant can be chosen from the list, and also by using button Next and Previous. Below the button
are detailed information about invariant transitions, as explained in 5.3.3 chapter.

In Description field one can assign a comment for every t-invariant.

Table show the average chances of firing for the t-invariant transitions, as explained before. This time
each simulation has 1000 steps, and 20 simulation are computed. The average value of firing chances

is given, with the standard deviation as well.

Button MCT/transitions table will switch the table into MCT sets view, where non-trivial sets (having

more than 1 transition) and single transition outside them are given.
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% Holmes Invariants Viewer

General information

Invariant: l:li‘l 3} Hext | |II Previous

- O X

' Recalculate statistics

Minimal: no Feasible: yes  Sub-inv: no Sur-inv: no Canonical: yes
pinTrans: 13 inTrans: 0 outTrans: 3 ReadArcs: 0 Inhibitors: 0 ! Show data in notepad
Description:
Inv_17
MCT/transitions table
Tables
D Element

MCT1 MCT_1

MCT2 MCT_2

MCTS MCT_5

MCTT MCT_7

MCTS MCT_8

MCT9 MCT_9

MCT11  |MCT_11

t12 low_concentration_of_oxygen_in_the_organism

t18 MNO_synthesis

t27 endothelial_proliferation_and_migration

t30 eMNOS_activation_by_interraction_with_CaM_Ca_complex
171 processess_increasing_MNO

173 normal_state

Show data in Notepad button will export the information about t-invariant into a text file.
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5.5 Initial states management window

Window is available in the Net menu, by shortcut CTRL+M and in some other relevant windows of
Holmes. Example window is given below.

W Holmes starting states manager - m} x
States table Buttons
Sel:| state D] po p1 | p2 | p3 pa ps pé p7 p2 po | p1o | pt1 | p12
X mo{i) |0 i) 0] o i) o i) o o i) o o \/ Set net state
mo(z) |1 0 0 2 0 0 0 2 1 0 0
mo(3) |3 0 1 2 1 2 0 0 3 1 0 0 0
f , Add current
u net state
(4 Create new
ustalevector
“ Replace
state
Remaove
state

@ Edit
o state vector

4] i [»
Others
State description:

Default first (0) working state for current net editing. For analytical purposes please use new states 1, 2 or hig
her.

Its goal it to help manage net initial/starting states, e.g. for simulations.

In the main table stored states are given (they are saved in the Holmes project files). It should be
noted, that states depend on the set of places. Adding or removing a place from the net will alter
stored states (automatically, by Holmes, i.e. columns can be removes/added with 0 value by default).

Currently chosen stated is marked by X in the first column. It does not mean it is the actual current
state, but only that this state (vector) will be used by the simulation algorithms.

ATTENTION! First state in the table is a specific one . If it is active (marked X), every

change in tokens in places (in net editor!) will be automatically written into such a

state (only to the first one/row in the table). If, for example, second state is chosen

and the user will change the tokens in the net editor (not in the state manager
directly), such a change will not be marked (automatically) in the states manager, but it can be
activated by the user (explained later).
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Simply put, state m0(1) can be changed directly in the net editor (and only this default first row state
in the table). Every state, also that one, can be changed in the states manager (outside of net editor).
It can be done by simply changing any cell except the first two columns. Assigning any negative value
will be automatically corrected by changing it to O.

Buttons Available buttons are as follows:

v Set net state Set net state — set the chosen/clicked state (in the table) as the net
current one. All places in the net will acquire tokens in numbers defined

Add current by the selected mO state.

U net state

Create new as the next state (will add the state to the table).
u state vector

Add current net state — makes the current tokens distribution in the net

Create new state vector - creates new state with all entries set to 0.

Replace
"j state

Replace state — when a state row is clicked in table, this button will

replace its values by the values of tokens currently residing in the net

Remove ] )
state places in the editor.
- Edit Remove state — removes clicked state from the table.
@ state vector

Edit state vector — another window for changing tokens values in the
state.

It should be noted, that chosen/clicked state is different from the selected state. The latter is marked
by X, the first ones refers to clicking a row in the table (row will be painted light grey). Buttons
described here works for clicked states. For example when user click the third (m0(3) ) row/state and
click Remove state button, a window will appear:

Remove state? X

& Remove selected state (table row: 3) from the states table?

| Remove state | | Cancel |

It should be noted, that in this example still the first state (m0(1)) is selected (marked X), but the
third row has be clicked, and for this state/row the button refers to.

States are stored in the Holmes project file.

Edit
@
n‘
Button state vector

will open a window similar to the example below.
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a Holmes state editor - O X
State vector data
State vectorlD: 0 @5 Settokens | New tokens number:
efault first (0) working state for current net editing. For analytical purposes please use new states 1, 2 or hig r\i@ in all places UE
her.
State vector table
D Place name Tokens
0[VCAM1 0.0 -
1|early_leukocytes_in_inflammed_endothelium 0.0
2Z2lmonocytes_in_intima_media 0.0
3|CCR2 0.0
4|intima|_macr0phages 0.0
5|macr0phages_with_scauanger_receptors_SRA_or_CD35 0.0
G|lipoprotein_particles_modified_by_oxidation 0.0 =
7|scavanger_receptors_modyfied_lipoprotein_particles_complex 0.0
8|modyfied_by_glycation_lipoprotein_particles 0.0
9|M_CSF 0.0
10{macrophage_foam_cell 0.0
11|MCP1 0.0 | |
12|apoptotic_bodies 0.0
13|ICAMA 0.0
14|selectin_E 0.0
15|highly_toxic_hydroxyl_radical 0.0
16liron_ion_Fe3 0.0
17iron_ions_Fe2 1.0
1B|super0xide_radical_anion 0.0
19|hydrogen_peroxide 0.0
20(hydroxide_ion 0.0
21newly_formed_MNADPH_oxidase_enzyme_complex 0.0
22|superoxide_dismutase_S0D 0.0
23|peroxynitrite_ ONOO_anion 0.0
24|oxygen 0.0
25|L_arginine 0.0
26|citruline 1.0
27|iINDS 0.0
28|nitric_oxide 0.0 ~|

One can change tokens for every places for a given state, assign same value to all places (Set tokens
in places button with the text box in top right corner). Also a state can be assigned with a comment.

5.6. Holmes interface section 6 sub-windows

In Holmes main window, its bottom right part has been denoted as section number 6. There are a
few tabs there connected with various modules: Clusters, Knockout, Fix, T-inv, P-inv, MCT, MCS oraz
gSim. In this chapter (5) four of them: Fix, T-inv, P-inv and MCT will be explained, as they are
connected with topics of this chapter.

5.6.1 Net fix/checking tab

At the moment, there are four different options in this tab, offering various option for net structure
checking. One of them (first) is dependent on the t-invariants calculations. The tab is given in picture
below:
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Clusters |/ Knockout r Fix |
Tinv [ Pinv | mMCT | mcs |
Fix =03 x

t-invariants:
Hormal: 71 / Non-inv.: 13361
Sub-inv.: 60 / Sur-inv; 441

Show
inv.

f

g

Input: 0 / Qutput: 3 places

Input and cutput transitions
Input: 36 / Output: 10

Show
trans.

Input and output places: 2 Show

f

Show
T&P

Linear transitions and places
Transitions: 26 / Places: 47 4

!

Button Iﬂ will recalculate the presented values in the tab on the left, based on the t-inv.
set. Also, every place connected with the non-proper t-invariants (if exist, sub-, sur- or non-inv
vectors, cf. invariants generator theory) will mark places where the problem exists. For the moment,
without the theory, let us just say that such non-invariants (if their transition will fire) will produce
excessive tokens or consume more of them than they produce (in other words for such vectors
equation Cx=0 does not hold). All places where such a problem exists will be marked. For example
(picture below), Placel is marked Sub:1, because in the net there is one sub-invariant, which firing
will take token from Placel, but within such sub-inv. there are no transitions that could produce the
consumed token.

Sub:1
Placel Transitionl
Nonl:1 Nonl:1
Place0 Transitiond Place3
Sub:2
Transition3 Place? Transition2

Show
Button: IE mark all input and output places of the net (respectively, without sets ep and
pe). Example is given in the picture:
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L —0) il

Transition4 Placel Transitionl
IN-iIace %‘I’)—place
Place0 Transitiond Place3
IN-iIace
Transition3 Place? Transition2

Show
Button IE marks all input and output transitions (respectively without sets et and te).
Example is given in the picture below:

IN-trans OUT-trans
Transitiond Placel Transitionl
> >
L]
Place0 Transition0 Place3
OUT-trans m OUT-trans
Transition3 Flace® Transition2
Show
Before last button: NT1&P | will be explained, some definitions are necessary.

Linear Transition we call a transition having exactly one ingoing and one outgoing arc.
Linear Place we call a place having exactly one ingoing and one outgoing arc.

Linear region we call an area of the net where at least 2-elements chain of linear places/transitions
exists.

Example effect of such button is given in the picture below:
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Linear place

[
i

Transitiond Placel Transitionl
O Linear trans O
Place0 Transitiond Place3
- LINEAR REGIONNEAR REGION
Transition3 Placez Transition2 Placed
Q LINEAR REGIONINEAR REGION | INEAR REGION
Places Transitiond Places Transitions

Single linear places and transition (green) are usually not a problem. However, linear region can

indicate an area which could be easily reduced to one transition and/or place having the same

function for the e.g. t-invariants perspective.

In other words, the flow of tokens in such region is and

always be the same, no matter how long such a region will be. Therefore it can possibly be simplified

and replaced by a simpler structure.

5.6.2 t-invariants tab

Besides window explained in chapter 5.4, this tab allows among other things to draw invariant

structure on the net. It looks like in the picture below:

[" 7w [ piv | wmer | mcs |
T-inv =0 X

T-invariant: | | hd |

| €€ Previous | | 3} Next |
| Refresh || () Recalculate |
sSur-nv: -
Sub-inv: -
None-inv: -

Show [] Color MCT
“x  details Transitions glow

Invariant-net structure painted
Min. time:
Avg. time:
Max. time:

Structure:

T-invariant — a specific t-invariant can be chosen from
this box (keyboard arrows up/down work when this
box is selected).

Previous / Next — other way of changing active t-
invariant.

Refresh — if invariants are already calculated, it will
refresh comboboxes with sur/sub/none vectors.

Recalculate — can take longer, forces t-invariants
calculations, then activate Refresh function as well.

Sur/Sub/None — these comboboxes allow choosing non
canonical vectors (if exist).

Show details — open window explained in 5.4.

After choosing any vector, its structure will be painted
on the net. Each painted transition will have value
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assigned from the t-invariant non-zero entry it corresponds to.

Color MCT - if checked, every transition belonging to the non-trivial MCT set will be marked in MCT
set color on the t-invariant structure (see 5.6.4).

Transitions glow — another graphical feature, transitions slightly glow.

In the first combobox (T-invariants) there are few interesting option on the end of the list:
null transitions - marks all transitions not covered by the (real, classical) t-invariants.

inv/trans frequency — for every transition it shows the number of t-invariants, the transition belong
to.

For cleaning colors these button make, one can:

”

e Choose first ,---" combobox entry.

e Choose icon E from toolbar (section 3 button C5, chapter 2.2)

e Chose ,Clear Colors” from context menu in the editor

If last option is checked (default) ,Invariant-net structure painted” it will paint the t-invariant
structure. The example is given below:

p20
2
4 t1 @ pH
] { @ pL7
44 pé . 4 pig |

Obviously, transition painted green belong to the t-invariant support. All places marked green have
at least one input and one output transitions belonging to the support.

74



5.6.3 p-invariants tab

Similar to the t-invariants explained already.

T [ pinv | mcT [ mcs

| At the moment possible option is to check the
invariant structure and obtain its details in the

P-inv =00 X
separate window.
Pinvariant:  [Inv. #19 (size:13) |+ |
— Show
“w  details

Drefault description of p-invariant #19

5.6.4 MCT sets tab

MCT (Maximum Common Transitions sets) or mADT (maximal Abstract Dependend Transitions sets)
are automatically generated when t-invariants set become available within the project.

They are computed from the feasible t-invariants (cf. chapter 7.1). They group transition always
working together in all available t-invariants. Formally, single transition is also an MCT set on its own.
We call such sets trivial ones and in practice only consider non-trivial, 2 or more elements ones. As
for their theory and biological application, the reader can see e.g. (Sackmann, Heiner i Koch, 2006)

and (Formanowicz, Sackmann, Kozak, Btazewicz i Formanowicz, 2011).

Select All
t pS pE

Paste

“% Refresh
& Clear colors
Save to image file

=) Fast zoom reset

L&

Zoom » P

Network Analysis ¥ ‘& Import invariants from file
& Generate invariants (Abyss)

& Generate invariants (INA)
W Generate MCT sets
MCT Advanced Generation P

MCT can be seen in the net structure, separately or all at once (because they are disjoint subsets of a

set of transitions). Example is given below:
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Chosing option No-MCT transitions from the list will also show all trivial MCT sets.
Show details will show separate window with MCT set data.

Show all options shows all non-trivial MCT sets painted in different colors. Every transition has (apart
from color) a number of MCT set and (in parenthesis) the number indicating to size of the given MCT
set.

Chosing option Different colors will show every single set in an unique color.
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Sheet 0

Sheet0

MaT 42 (2)

nﬁ#o (3)

]

Cleaning colors is the same as for the t-invariants structure view:

e by choosing first option ,,---" from the list.

e by icon in the E toolbar.

e by choosing Clear Colors from the context menu.

Select All

Paste

“Z Refresh
& Clear colors

.5 Save to image file

2 Fast zoom reset
Zoom

Network Analysis
Network Tools
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6 Simulation algorithms

From the very beginning it should be noted that there is more than one simulation algorithm

implemented with different modes that can be switched. Current Holmes simulation modes are

present in the table.

Graphical simulation

Explained below the table.

State simulator
(fast simulation, Standard Token
Simulator)

In fact this is the same algorithm as the so called ‘graphical simulation’.
The different lies in the presentation of the results. Graphical simulation
concerns the net structure and the results are given as the flow /
accumulation of tokens in places. State simulator (as it will be referred
to later in this chapter) gives the results in a form of data vectors that
are used by different modules in different ways in Holmes. Example of
such simulator can be the firing chances of transitions within the t-
invariants, as it has been explained in the previous chapter.

Stochastic simulator

Used mainly in the stochastic Petri nets (SPN), requires transitions firing
rates provided by the user (e.g. as firing rates vector similar to the
already explained initial states vectors)

Stochastic Simulation Algorithms
(SSA), Gillespie SSA

Y MORE SOMPHISTICATED SIMULATOR FOR SPN NETS.

@ This algorithm is not yet fully implemented in Holmes
1.0, although its components are already present.
However, in the current version it is still inactive
(estimated time for full version: end od 2017).

As it has been already stated in the table, graphical and state simulators refer to different

visualization of the results, but are in fact the same algorithm. Therefore, it is sometimes possible to

see rather strange message, that ‘in order to run some simulator, a simulator must be stopped’. If in

any form similar message appears, it always should be interpreted as a warning that a graphical

simulation is in progress and should be stopped, because the state (background) simulation is

needed and cannot perform its function due to graphical simulation enabled.

As a general rule it should be established that whenever the user wants to perform

some simulation except the graphical one, the latter should be stopped and the initial

state restored (via e.g., initial states manager).

78




6.1 Graphical simulator

Its options are available in the second tab of the section 4 of the main window (left one). Default tab
is Tools (with Petri net components to be selected in order to draw / modify a net). Second tab is
Simulator.

Graphical simulator is simpler than a full state simulator, i.e. it is the same algorithm, but with less
functions / modes available. Its main goal it to visualize flow of tokens in the net structure. Obviously,
only simple observations of the net behavior can be seen that way.

Tools Simulator

Simulator =0Oo'X  Mode - available modes are Petri Net, Timed Petri Net nad Hybrid

Mode: |Petri Net |,,| Mode. Will be explained later.

Time/step: 0
Simulation options;
" 1 [ 2 Available button:

44 3 w4
w5| @6
7 8
9| @10

State manager

Time/step — current simulation step

- retract simulation by one step (one firing)

- makes the one step forward in the simulation

- retract the simulation by whole state (multiple firing)
- makes multiple firing forward

- starts continuous simulation forward until paused / stopped

- as above, but single firing per step

- pause, active if buttons 1-6 have been activated

00 N O U1 A WN =

[ ] Maximum mode - stop the simulation when all firings in the current step are

[] single mode finished (may take short time to occur)
9 - resets state to the selected mo state selected in the states
manager (chapter 5.5)
10 - saves to current tokens distribution as the net state mo (cf. chapter 5.5)

Maximum mode — if active, all enabled transition will fire simultaneously (if enough tokens are
available).

Single mode — similar to button (6), with one important exception. In default 50/50

mode (opposite to maximum mode) some transitions may not fire even when enabled. In this mode
(i.e. single mode) only one transition per step can fire. Therefore combining 50/50 mode (i.e. when
Maximum mode IS NOT enabled) and Single mode (enabled) would result in some ‘empty-steps’
when none transition fires (even when some are enabled). Therefore by default checking Single
mode WILL ENABLE maximum mode as well, what in turn guarantee that if at least one transition is
enabled, it will fire. In order to disable automatic maximum mode in single mode the user should
check the option “Single-maximum mode (single-50/50 when unchecked” in Simulator Engine
Options in the Simulator panel in Properties window (menu Windows-> Properties).
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The option on the top of the simulation panel (Mode: , see: previous picture) can take three modes.
Petri Net mode makes all transition behave as a classical ones (even if they are not classical in the
current model, e.g. timed.) Timed Petri Net mode is available only for pure time Petri nets. If there
are some other transition than time ones, Hybrid mode will be automatically used (cf. chapter 4.1).

. . 4 44 )
To retract the simulation one can use button (1) or (3), of course if the
simulation went any further from the step: 0.
L% . -
Button : (5) is the most commonly used one. It utilize the selected mode and

show the results on the net structure automatically.

Button o (7) i o (8) are active when simulation is started by using button

9 w

(5). (7) — pause, freezes the simulation, it can be used e.g. for making

pictures of ongoing simulation.

o

IMPORTANT. Stop button: (8) . First of all, its activation may take some
time, because in order to stop a simulation, all the firing (i.e. consumption and

production of tokens must be completed).

This button will not reset the state of the net to the selected initial one. It will only stop the
simulation that is already in progress. In order to reset the state, other button is necessary:

U (9).

It should be remembered, that it is not possible to add or remove net elements when any simulation

is in progress. If one tries to do this, the following message will appear:

Warning *

& Only Pointer is available when simulator is working.

In order to change the net, all simulations must be stopped.

U

structure will be performed by the user, first Holmes will restore the selected initial
step automatically (as if the reset has been pressed), and then the change in the net
structure will be executed.

If reset button has not been pressed and some changes in the net

-
i

The last button is ek (10) — when the simulation is stopped it will add a new initial state for

the stored states — based on the current tokens distribution from the current simulation step.
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" It should be noticed that the reset arc influence the graphical simulator

] capability of retracting steps (going backward). In the current version of
{EEQ Holmes, if the reset arc is present in the net structure, the graphical
simulator will not be able to restore tokens taken by this kind of arc. This

is @ minor inconvenience however, because it concerns only graphical simulation. All other simulators
work forward only, therefore all arcs can be used without the fear of losing any information.

6.1.1 Transition deactivation (simulation knockout)

The option is present in the following picture showing a context menu utilized on a transition.

polBETA pDIBeta_rekruitment
Show details...
% Delete
plex_DMA_with_1n
# Transition ON/OFF
Functions builder...
C- Clone this Transition into Portal lex_DNK breal: APE

The selected transition has a thunder icon. Such a transition will be considered permanently disabled
no matter how many tokens are in its pre-places (set et). It is true for any simulator in Holmes, not
only graphical one. In other words, when a user sets some transition of the net as disabled, all
simulators will treat such transition as disabled. This can be used for analyzing knockout behavior of
some reactions/functions in the simulation analysis.

This feature does not concern t-invariants based analysis (this type of analysis has its own
knockout modules and algorithms, which will be explained later in the manual).

6.1.2 Marking multiple places with tokens in a simulation

In Properties window (CTRL+W) in a tab Simulator there is an option ,Places change color during
simulation”. If it is selected, after 10 steps of the graphical simulation, Holmes starts painting places
with more than 10 tokens in different colors. This allows the observation of net regions that

accumulates more tokens than the other ones. Example is given in the picture below:
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6.1.3 Graphical simulation speed

In the Properties window, Simulator tab there are two interesting bars:

Simulator graphical options
Transition firing delay: Arc token delay:

1
[ L ] [ L.

b 15 25 35 45 55 b 15 25 35 45 55

In general, the lower the selected value, the faster the graphical simulation will be performed in the
Holmes editor window. First bar cannot be lower than the second one. The fastest way for fastening
the simulation is to draw the left bar on the left — the right one will follow. Speed can be changed

during the active simulation.
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6.2 State simulator

This chapter extends the basic theory given in chapters 4.1.1 — 4.1.4. Three main simulation modes
will be explained here: Petri Net, Timed Petri Net oraz Hybrid Net with other possible sub-modes for
them (50-50 / maximum / single mode.

6.2.1 Petri Net mode

k1

The example uses extended net: read arc (p3-t0), inhibitor arc (p1-t0) and reset arc (p1-t3). For such
a net (or obviously for the one without extended arcs) default mode is Petri Net.

Enabled transitions in the net state (mo ={0,2,1,1} ) are:

e t1andt2 asinput transitions
e t3 active by reset arc from p1 (p1 has more than 0 tokens)

Transition t0 is not enabled. p3 has 1 tokens (enough for read arc) and p2 also has 1, however there
is inhibitor arc going from p1 (with 2 tokens, inhibitor weight=1).

Simulator will activate transition depending on the sub-mode: 50/50 or maximum. For 50/50 sub-
mode there are 5 possible scenarios:

e t1 fires
e t2 fires
e t3fires

e random combination of the above, however there is one not so obvious scenario here: if t3
fire before t2, it will take 2 tokens from p1, then t2 produces there 1 token. However, if first
t2 fires (before t3), then it will produce third token in p1, then t3 will take all of them by its
reset arcs. Sequence of transitions firing is random in 50/50 and it is determined by the
simulator before the actual firing begins.

e no transition fires. It should be notet, that this possible scenario is not very usefull in the

)
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simulations, however it is possible. If it happens, simulator ‘reset’ such a simulation step and
tries to fire transitions again (in another randomly selected sequence) in the same step, until
at least one fires.

For the Maximum sub-mode there are firing scenarios::

e t1 always fire
e alternative:
o first t2 fires, then t3, tokens in p1 = 0, in the next step t0 will not be blocked and can
fire (if t2 won’t fire before it)
o first fires t3 (taken 2 tokens from p1), then t2 which produces 1 token in pl. In the
next step t0 is blocked.

In the maximum mode all enabled transitions must fire, the only thing that can prevent it is that
some other transition which fire first in the same step, consume tokens necessary for other ones to
be enabled. If in maximum mode no transition can fire, it means that there is a deadlock and it is the
very last state of the net — simulation cannot continue.

Sub-mode single does not change rules of transitions choosing, the only modification is that only one
transitions can fire in this mode in one simulation step.

6.2.1.1 Tokens reservation by read arc

It is a rather technical issue connected with the simulator decisions. When active transitions are
being added to the activation list, they reserver tokens from their pre-places (one by one). In this way
it is not possible to have in the activation list more transition than actually can be fired (taking tokens
in pre-places into consideration).

An example is given by the following picture. Let us assume that the

| (random) order in which transition will be added to the activation list is as
follows {t1, t0}. Transition t1 is enabled and it should be added to the list. It
R0 is indeed added (not fired yet!). Then, without the reservation mechanism,

adding enabled t0 into activation list (while 1 token is in p0) could results

t1
in firing both transition, when there is a conflict in their pre-place (not

enough tokens for both transition to fire). Therefore, every added transition (to the activation list)
reserves tokens before firing.

Such a mechanism for the above example does not have any practical implications — it just works
within the simulation algorithm. However, when read arcs are considered, such mechanism do have
more serious implications.

There are read arcs between p0-t0 and pO-tl. It means
that token in 0 is necessary to activate t0 and t1, but it
will never be taken during these transitions firing phase.

The question arise is it possible to fire both t0 and t1 in
one step when there is only one token in p0?
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The question can have some serious impact on the behavior of e.g. a biological system. Catalytic
compound in p0 does not take place in reactions t0 nor t1, but it makes them possible. It is only 1
token, so can it be used for both reactions?

The default behavior (window Properties, tab Simulator, option , Transitions reserve tokens in
places via read-arc”) is on. It means, that in this example, only one transition will be able to fire in
one simulation step. Turning this option off will enable (e.g. in maximum mode) faring of both
reactions in the same step.

Both reaction are activated by p0 and fire because:

i a they cannot take it anyway (read-arc)
0 p3 b option mentioned before is turned off.
po
tl p4
p2

6.2.2. Time Petri Net mode

This mode is available only for
TPN/DPN/TDPN time nets. The
example is given in the picture.
The number following transition
has been already explained later,
to example for t0: EFT=0, LFT=2,
-1/-1 means the simulation has not

yet started.

In this step, tO real firing time
(random between EFT and LFT) is
2. For the next two steps the

simulator will count from 0 to 2,
then t0 will fire.
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Transition t0 again drawn firing
time equal to 2 (between EFT /
LFT). Transition t1 has firing time 8
— maximal LFT time (available
integer times are 3,4,5,6,7 and 8).

6.2.2.1 Time conflicts

One important issue concerning time should be explained. When two transitions are in conflict (they
share the same pre-place), it is important to remember, that their time constraint my cause an
inhibition effect on each other.

Transition t0 and t1 are in conflict. The problem here is that t1
has no chance to fire due to its high EFT, much higher than the
other transition LFT. Of course there may be some source of
tokens which will make enough tokens in p0O for t1 to remain
active until it fires, but it is still advisable to remember about
such time conflicts when making a net.

6.2.2.2 DPN nets

Their functioning has been already briefly explained in chapter 4.1.3.2.

(#14.0) Transition TO may be enabled, but since the
simulation has not started yet, there is a #
. . . symbol. Duration for this transition is 4
PO TO P1

Let us assume 2 steps of the simulation passed.

Transition TO consumed tokens immediately

(2.0 /4.0)
when it was enabled. Then is started counting
- i - towards its duration time.
PO T0 P1

Since 2 steps have passed already, two more are
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necessary for TO to produce token in P1. Deactivation of TO is not possible when it starts counting

(and consumes tokens).

6.2.2.3 TDPN nets

Let us assume the following net:

When the simulation started, transitions tt1 and

tt2 became enabled. First drawn Ty = 8 (in range
<5, 10>), second Ty = 2 (range <2,4>). Transition
tt0 time Ty = 21 ( <10, 22> ).

There
simulation step 2.

is a question what will happen in

We see in the picture how tt2 transition

consumes tokens, and its clock (DPN type) starts
counting towards 4 (6 step, then tt2 will
produce token in p2).

What is important here is that tt1 stops being enabled. In a TPN model deactivation of a transition is
possible up to the point when its counter is almost at Tx . On the other hand, DPN transition or TDPN
when its TPN counter reaches Ty must fire immediately. Tokens will be produced after counting to dy

value.

The problem with the above net is that tt1 will never fire. Its EFT is longer than LFT of tt2 (5>4) what
means this scenario will repeat. tt0 works to slow to produce more than 1 tokens in p0 (tt2 will very

soon takes one).

Charts from transition data window (chapter 4.4.2) in a time simulation for tt0:

Transition0 dynamics

: 'l | | || i | || | Il i
4 |||| ||||||||||

I

Firings chance %o

l||

\\ | H Hlll "flli'
W
|||| ||||| || ||I|”|||| | |||| || |||||

I m'/\"'

j 'Wlm |JI

0 100 200 300

400 500

500 700 800 900 1000
Simulation steps

Chart for ttl is given below — the transition cannot fire.
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Firings chance %o

N
m
te)

Transition! dynamics

o] 100 200 200 400 500 G600 700 200 200 1000
Simulation steps

Chart for tt2:

Firings chance %o

Transition2 dynamics

0 100 200 300 400 500 600 700 800 Q00 1000
Simulation steps

When ttl EFT will be change to 0, it will give it a rather small, but non-zero chance of firing. The new
chart to ttl is given below:

Firings chance %o

Transition1 dynamics

0] 100 200 300 400 500 B0 700 200 200 1000
Simulation steps
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6.2.3 Hybrid Mode

This mode will automatically be activated, when among timed transitions (TPN, DPN or
? TDPN) there will be any other transition type, e.g. a classical one.

The picture shows a state from a hybrid mode

simulation.
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6.3 Stochastic simulator

Two main differences between such an algorithm and the ones described so far are:

e Probability of firing any transition depends (among other things) on the transition firing rate.
The default value is 1.0, the lower the value (from 1.0), the less chances the transition has,
the higher than 1.0 — the higher the chances.

e The probability can also depend on the marking of the net, specifically — of the number of
tokens in pre-places of every transition.

By default, the algorithm chooses one transition in each simulation step for firing.

6.3.1 Stochastic algorithm for SPN

The goal of the algorithm is to calculate the chances of firing for every enabled transition by
obtaining a probabilistic firing time. Transition with the lowest value will be fired next. In a mass
action kinetics mode, the number of tokens in every transition pre-places are also considered in the
equation.

Firing (or waiting time) dt are obtained from the following equation (Balazki i Einloft, 2014):

f(dr) = (1) x o7 TOxat
where r(T)) is the transition firing rate.

When mass action kinetics enabled, different scenario is considered. The example is given below:

¥ =i

™ =T

CEEER. ek

Pl p3

Transitions t0 and t1 are enabled. It should be noted however, that t1 (if allowed) could fire two
times, because there are enough tokens in its pre-places (t0 can only fire once).

Value q(T;) — is a number of potential firings of a transition in a time unit dependent on the number
of tokens in the pre-places. A new equation for firing probability is given for such a scenario:

F(dt) = q(T) x () x e~aTxrToxat
The algorithm simulates a stochastic choice by calculating for every transition a stochastic firing time:

—In(1—x)

time; = ———————
e q(T;) x r(T;)
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Where i is a number of enabled transition, x is a real random value from (0, 1), r(T;) is a transition
firing rate.

When mass action kinetics is turned off q(T;) = 1. When it is active g(T;) for transition T; denotes the
maximal possible firing times for a given transition (in the above example g(ty) =1, g(t1) =2)

6.3.2 Firing rates manager

This is a similar window to initial states manager already described. It can be activated from the

Jf"z' Fire rate
simulation options by a button Manager

@ Holmes SPN transitions firing rates manager — | x
Firing rates vectors table Buttons
Sel | 1D | Firing rate vector description R
= 5 |Mﬂ Setlecttms
firing rates
1 |Defau|tname
Save current
firing rates
‘r, Replace
firing rates
Remove
firing rates
|z Edt
1 “ firing rates
Others
State description:
Default name

Selected firing rates vector is marked by X.
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Buttons Select this firing rates — this button select the firing rates vector to be used in

%// o e the stochastic simulation.

£ firing rates

Save current firing rates — creates a new firing rates vector from the values

[ Saivacurunl currently assigned to transitions (via e.g., the editor).
firing rates
o Replace Replace firing rates — similar as above, but the selected vector is replaced.
, firing rates
Remove firing rates — removes the vector from the list / project.
Remove
firing rates

Edit firing rates — activates editor window.

% Edit

1 firing rates

% Holmes firing rates editor — | x
Firing rates vector data
Firing vector ID: 0
Default name
Firing rates table
|m] Transition name Firing rate SPM sub-type
0HIF_1_alpha_SH_and_HIF_1_beta_dimerization 1.0 Stochastic -
1|running_genes_responsible_for_cell_adaptation_to_hypoxia 1.0E-5 Stochastic
2|binding_VEGR_and_WEGFR_2 1.0 Stochastic
3IVEGFR2_expression 1e-16|Stochastic
4|starting_a_tyrosine_kinase_signalling_cascade 1.0 Stochastic
5/GLUT1_induced_processes 1.0 Stochastic 1
6|binding_EPO_and_EPOR 1.0 Stochastic T
?|c0nstitutivelv_expression_of_HIF_1_beta 1.0 Stochastic
8|hvdroxylation_of_p roline 1.0 Stochastic
0|conservative_hydrolysis_of_asparagine 1.0 Stochastic
10|binding_HIF_1_0COH_OH_and_VHL_VBP_1 1.0 Stochastic
11|jno_HIF_1_alpha_HIF_1_beta_dimerization 1.0 Stochastic |
12|low_concentration_of_oxygen_in_the_organism 1.0 Stochastic
13|HIF_1_hydroxylases_inactivation 1.0 Stochastic
14|{CBP_p300_synthesis 1.0 Stochastic
15/no_degradation_of_HIF_1_alpha 1.0 Stochastic
16/normalization_of_oxygen_status_in_the_organism 1.0 Stochastic
17|VHL_synthesis 1.0 Stochastic
18|NO_synthesis 1.0 Stochastic
19|MMPS_pericytes_recruitment_and_invasion 1.0 Stochastic
20/PDGF_AB_and_BB_endothelial_secretion_by_pericytes 1.0 Stochastic
21|FGFRs_activation 1.0 Stochastic
22|PDGFRs_upregulation 1.0 Stochastic
23|binding_PDGFAB_and_BBE_with_PDGFRs_activated 1.0 Stochastic
24|removal_of_ligands 1.0 Stochastic
25|pericytes_and_smooth_muscles_cells_migration 1.0 Stochastic
26|strong_endothelial_activation 1.0 Stochastic
27|endothelial_proliferation_and_migration 1.0 Stochastic —
28lhindina 1n Starhactic il
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6.4 Stochastic Simulation Algorithm (SSA)

Not yet implemented, estimated time: end of 2017.

(Gillespie, 2001).
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6.5 Simulator - main window

Simulators in Holmes have their own window. It is available from the menu Analysis -> State
Simulator... or by shortcut (Ctrl+Q):

@ State Simulator — O *

N" T

u!

Data acquisition

"I Simple mode r II- N < KnockoutSim

i F g ) ===l States Selected m0 state ID:
' simstart ‘g smsettings Mo | panager | o

Progress
O sor -

l/ [ *;"E Places dynamics I/ 1) Transitions dynamics

f Ciear

Places chart options Chart graphic
| ®) Thin
[ Show all | ! Show notepad | [ Sorted by tokens

) Normal
(21 Thick

Places: E [~]

| € Addtochart| ‘ €3 Remove | | ¢ Clear chart | | T save Image | | —._Find place |

Places chart
Places dynamics

Tokens
(=]
w

0,2

0,1

0,0
0,00 005 0,10 015 020 025 0320 035 040 045 050 055 060 065 0,70 075 08 085 090 0,95 1,00 1,05

Step

In this chapter the Simple mode tab will be described (KnockoutSim in the next one). They both can
use same simulators, the difference lies in the data gathering procedures.

Data acquisition
Selected m0 state ID:

' SimStart a'“ SimSettings .

Progress
0 STOP 0%

2 Clear

Button SimStart enables simulator (working in background). Simulation can be stopped using STOP
button. Types of simulation depends on the configuration of the simulator in the SimSetting options.

There are safety measures implemented, because the simulator uses the actual net
structure, which during this process cannot be changed. For these reason the main
window (Holmes) is blocked when the simulation is being performed.
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When trying to close the simulator window and return to main Holmes window during the active
simulation, the warning will be given:

Simulator working X

@ Simulator working. Window closing operation cancelled.

oK

Button States Manager opens the window already described in chapter 5.5. Clear button should
clear the memory after the simulation, but this feature depends on the JRE, so the clearing may not
be instantaneous.

'& SimSettings

SimSettings allows to configure simulators.
% Simulator settings — O >
Global settings
Steps: Repetitions: Random number generator:
| h EIEIEIIil | 'muli[ |Random (Java default) -]
Simulator selection:
|Standard token simulator |v|

Standard simulator settings

Het type mode: Simulator sub-mode: [] Allow empty steps
i Classical Petri Net ® 50/50 mode {async.)

) Time{d) Petri Net ) Maximum mode (sync.)

i) Hybrid Net ) Single fire mode

Stochastic simulation settings for SPN

Fire rate [_] Mass action kinetics enabled
Manager

Gillespie SSA (Stochastic Simulation Algorithm) settings

Fire rate Components
Manager Manager

e Global settings:

o Steps -setthe maximal®> number of simulation steps.

o Repetitions — in some modules multiple simulation are used and the results
averaged. This option concerns the KnockoutSim module to be described in chapter
6.6.

o Random number generator — selection of random generator, Java default one works
fastest in the current version of Holmes.

o Simulator selection :

= Standard token simulator — described in chapters 6.1 — 6.2

2 If the state space is small, the simulation may end sooner due to net deadlock.
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= Stochastic simulation for SPN — described in 6.3
= Gillespie SSA (exact version) — not yet available
= Gillespie SSA (fast version) — not yet available
e Standard simulation settings:
o Net type mode — see chapter 6.2
= (Classical Petri Net — chapter 6.2.1
=  Time Petri Net — chapter 6.2.2
= Hybrid Mode — chapter 6.2.3
o Simulator sub-mode - explained in chapters 6.1 and 6.2
= 50/50 mode (async.)
=  Maximum mode (sync.)
= Single fire mode
o Allow empty steps — in 50/50 mode this will allows steps without firing any (active)
transition.
e Stochastic simulation settings for SPN — see chapter 6.3.
o Fire rate manager — chapter 6.3.2
o Mass action kinetics enabled — when enabled, tokens in pre-pleces have influence of
transition firing chances
o Gillespie SSA (Stochastic Simulation Algorithm) settings —:

I . Fire rate
o L feature not yet functional.

Components

o) L feature not yet functional.

The main (active) simulator is ALWAYS set in the Simulator selection.

6.5.1 Places analysis

The bottom part of simulator window has two tabs — separately for places and transitions.

For the example let us assume, that there is some net in Holmes, Standard tokens simulator for Petri
Net / 50-50 mode is enabled, and 1000 steps of simulation will be performed.

||. Show all

After the simulation has finished, the button has been pressed.

The bottom part of the simulator window can look like in the example:
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l/ 1 *';"E Places dynamics r -+ Transitions dynamics

Places chart options Chart graphic
Ill Show all | I:! Show notepad | [ sorted by tokens ® Thin
i ) Normal
Places: = [~] ) Thick
| (== Addtochart| | 0 Remove | | "fCIearchart | | ﬂ Save Image | | '__.\ Find place |
Places chart

Places average tokens data

p20_PDGF_AB_and_BB_secreted
Tokens: 180.617 (maximum in this simulation: 214.078

Flace ID

|I Tokens toMax m ZeroTokens

< I |

In the chart there is information about tokens accumulation (sum of all tokens in all steps) in places
during the simulation.

e Bartype:
o Tokens —red bar — what was the sum of tokens during the simulation steps
o toMax — light-grey bar — difference between max number of tokens accumulated in
one of the places and the number of tokens in the currently selected place
o ZeroTokens — dark-grey bar — means that during the simulation the place did not
acquired any token (not present on the picture above).

Places chart options

LI!I Show all | | ! Show notepad | (] Sorted by tokens
Places: [— |«]
| =) Addtocharl| \_g Remove | | "fCIearcIlart | | ﬂ Save Image | | --u Find place |

Available options:

o Show notepad — shows data in notepad.

e Places — list of places.

o Sorted by tokens — changes the sequence of places on the above list.

e Add to chart — will add place history during the simulation to the chart (will change the chart
type, see below)

o Remove —remove the place from the chart (see below)

o Clear chart — clears the chart

e Save Image — saves the chart as a picture
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o Find places — will mark and center the net editor on the selected place.

When some place will be added to the chart, it can look like in the example below:

Places chart

Places dynamics

450

400

350

300

250

Tokens

200

150

100

50

a S0 100 150 200 250 300 350 400 450 S00 550 G000 G50 F00 750 800 850 Qoo Q50 1000
Step

— p36.Place36 — p29.increased_shear_stress p11.HIF_1_alpha_degradated p61.basal_transcription_machinery_BETM

6.5.2 Transitions analysis

This panel has the very similar view as the places analysis panel, the only difference here is that
average transition firing during the simulation is considered here.

( O] places dynamics r (L1 Transitions dynamics |

Transitions chart options Chart graphic
Iy, showan | | B8 shownotepad| interval: [ 100 [ Sorted by firing ® Thin
S— | | | ) Normal
ransition: |
st ) Thick
| £ Add tochart| | €3 Remove | | “# Clear chart | | ft Save Image | | . Find trans. |
Transitions chart
550
500
450
400
o
= 350
Z .
= 300 t3_VEGFR2_expression
= 250 Fired: 527 (maximum in this simulation: 527.0
S 200
150
100
50
s}
to t1 t2 t3 t4 t5 16 7 ta t9  t10 t11  t12  t13 14 t15  t1B  t17  t18 19 {20 t21 2
4] i [ »

Transition comparison chart:
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Transitions chart

Transitions dynamics

28 |
26 1|
24
22 |
EORIE
12

o 161[

14

124

107

Firin

L= (% DS O ]

0 50 100 150 200 250 300 350 400 450 500 550 600 650 YOO 750 800 850 900 S50 1000
Transition

|— 49, TGFbetal_synthesis =— t43.EDG_1_synthesis — t3.VEGFRZ_expression 42, 51P_synthesis |

One more feature should be explained here, the Interval field. On the example above, it has been set
to 40. It means that in the simulation having 1000 steps, every 40 are averaged. For example, setting
this value to 1 will draw every single step of the simulation for the selected transitions (no average in
this case).

NOTE 1: modification of the Interval value clears the chart, however the data remains in memory
(i.e., simulation does not need to be repeated).

NOTE 2: Interval maximal value is: number of sim. steps / 5. For 1000 steps, this is 200.
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6.6 Simulation knockout analysis

For more detailed data gathering during the simulation, second tab utilizing knockout feature can be
used.

@ State Simulator - O X
O30

. = KnockoutSim ‘

GO
¥ fl Simple mode

General options panel

* ' Load all ,j!% Save all \___\ Analyse
a— = \
7 - ] ) === States Selected m0 state ID: 0
B SimSettings
gl < m"J] Manager | Defaultname
Reference data acquisition panel
Progress
' simstart 0%

["] Show results in notepad

Reference data details panel

Ref.sets: | — [+][ € Remove
Date: Net mode:  — Max mode: —
Sim. steps:  — Repetitions: —

Knockout data acquisition setup
Transitions: |-— [*][ aae |[ € rRemove |

..‘-f‘ Clear
MCTset: |- [+|[ @add || € Remove | ansd
Special options
- SimStart [] Use editor offline marks  [_] All transitions {one by one)  [_] Show results in notepad
Progress
0%
Knockout data details panel
Data sets: | — [+|[ € Remove
Date: HNet mode: Max mode: -
Sim. steps: - Repetitions: -
Disabled: = —-———-
The button are:
* ‘ Load all
° — - load simulation knockout results from a separate file (.sim extension,
outside of project file).
- Save all
. - saves the simulation results to .sim file.
r— -\I
"\__.\ Analyse
. - activate analytical window (see below).
-
‘# SimSettings
° - chapter 6.5, simulators settings.
'Fﬁﬂ-] States
Liig] Manager .
. 9 - states manager window.
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Panel for gathering reference data (i.e., when NO KNOCKOUT is set):

Reference data acquisition panel
Progress

' SimStart 0%
["] Show results in notepad

It should be remembered, that whole KnockoutSim window uses repetition of simulation. Depending
on the number of steps and repeats, this may take some time to complete, but the more accurate
the results will be.

When Show results in notepad is set, notepad with brief summary will show when the simulation
finish. Simulator window cannot be close until the simulation is finished or stopped by STOP button.

Second panel shows the reference data set signature on the list.

Reference data details panel

Ref.sets:  |Ref:0 Date: 20150024 17:03:16 NetMode:BASIC MaxMode:false |~ | [ € Remove |
Date: 2015/09/24 17:03:16  Netmode:  BASIC Max mode: FALSE

Sim. steps: 11200 Repetitions: 100

Third panel is more complicated, its goal it to gather knockout data.

Knockout data acquisition setup

Transitions: | |V|| \w/ Add || €3 Remove | o
£* Clear
MCT set: = [+][ «Jadd |[ € Remove | —
Special options
U simStart [_] Manually disabled transitions  [_] All transitions {one by one) [ | Show results in notepad

Progress

In this panel the user can set the transitions or whole MCT set to be knocked out during the
simulation. Add, Remove and Clear buttons are used for this goal. When SimStart is clicked, every
selected transition and MCT set will be disabled and the simulation will gather data about the net

behavior.
Special options:

e Manually disabled transitions — when this option is set, the SimStart button will work
differently — it will test the net in its current ‘knockout’ state, i.e. if some transitions are set
to be disabled (see chapter 4.3), such a simulation data will be gathered. Transitions and
MCT sets in the right top text field are ignored in this mode.

e All transitions (one by one) — this will also ignore the upper part of the panel. It will make a
separate simulation for every transition of the net, when it is disabled (separately). This make
take some time, depending on the number of simulation steps and repeats.
It is strongly advised to save the data after such a long simulation (Save all button).

Choosing both above options and clicking SimStart is not possible:
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Forced stop x

A Simulation for manually disabled transition and for all transition are mutually
exclusive. Please choose only one.

Last, fourth panel of the KnockoutSim tab shows the signatures for every knockout simulation
performed using the third panel:

Knockout data details panel

Do seis:  Dafaset: Disabled 0 NeWodeBASIC Maxbodsdtiss |+ | © Remove
Date: 2015/09/24 17:29:10 Netmode:  BASIC Max mode: FALSE

Sim. steps: 1000 Repetitions: 100

Disabled: 10

@\ Analyse

The real analysis is hidden behind the button and the window it activates.

For the example below it is assumed that the reference set has been calculated, and all sets for all
disabled transitions one by one as well are available ( All transitions (one by one) mode used).

& Knockout data visualisation - m} x

Main options panel

Rorsts: Dol 6E0isabie " NeUHGGEASIC WaxModeRase ]  Sim seres: [Package:0 ieps 0000 Reps 000 <]

Data sets: |Dalasel:0: Di: 10 HNetMode:BASIC MaxMode:false (HIF_1_alpha_SH_and_HIF_1_beta_dimerization) |v|

{ '],E|| Show reference { 'ﬂ Show knockout QIE Full series @ Show notepad
X dataset | dataset -2 | ¥
m Charts [ !L.Ji Places [ g Transitions ’/g Places (series) [ E’j Transitions (series)

-"ﬂ Compare reference
and knockout

Charts

Places chart

Transitions chart

0,50
0.45
0,40
0,35
@ 0,30
=
@ 0.25

=
0.20

0,15
0,10
0.05
0,00

126 27




In this window the reference set (if more than one is available) and the knockout set can be
compared.

Main options panel

Rorsots: [DBSSE0: DA NeMOISAS WaNOISSS 1 [v] Sm.seres: [Package:dSieps: 10000 Repsr 000 <]

Data sets: |Data set:): Disabled:t0 NetMode:BASIC MaxMode:false (HIF_1_alpha_SH_and_HIF_1_beta_dimerization) |v|
{ _]E\ Show reference { 'ﬂ Show knockout ("= Compare reference QLEEI Full series @ Show notepad
it dataset i dataset \lﬁ and knockout %= datatables ) summary

m Charts ( ['\w_;E Places ( g Transitions ( Q1 Places (series) ( Eﬂ Transitions (series)

Fields Ref sets, Data sets and Sim. series mean respectively: the reference set, the (one, selected)
knockout set or the data package for knockout, available when the All transitions (one by one)
option in the third panel of the last described window has been used in the knockout simulation.

|ﬁ {.'_‘r- Show reference &;ﬂ Show knockout
Button dataset and dataset

shows data tables for the

reference and the knockout sets. The example below concerns the second button. Its pressing will fill

m Charts LJ?1 Places EH Transitions
the table in three tabs: — and = First one shows

the data in charts:

G

Charts { E Places ’/ E Transitions {g Places (series) ( Eﬂ Transitions (series)

Charts

Places chart
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The upper chart is for places, the lower for transitions. First one shows the sum of accumulated

tokens, the second - average transition firing. The ‘negative’ bars are only used to mark

transitions/places which did not fired/did not accumulated tokens — in order to clearly distinguish

them from the ones that e.g. fired rarely, but more than 0 during the simulation. Such bars often

indicate places and transitions which were affected the most by a knockout of some other transition.

————————

m Places
Inatab ~—=

more detailed data are available.

i‘g Charts m Places ( I:D-l Transitions [/Ql Places (series) ’/ El Transitions (series)

Place single knockout data table:

1D Place name: AvgT: MinT: MaxT: notT: | stdDev:| S1% | S2% | 53% | S4% | S5%
0|HIF_1_alpha_5SH_stable_form_no_degradated_in_proteasome 1515765 1425298 1606 ,406|0 27703| @8 95 99] 100| 100
1|<KNOCKOUT=active_transcriptional_factors 0 0 01000 0 0 0 0 0 0
2| <KNOCKOUT=VEGF 0 0 01000 0 0 0 0 0 0
3EPO 0,874 0,839 0,912|0 0,01 69 95 99| 100[ 100
4VEGFR_2_on_endothelial_surface 2500,547| 2 404,63 25938580 2044 67| 95 99 100 100
5 <KNOCKOUT=VEGF_VEGFR_2_complex 0 0 0{1000 0 0 0 0 0 0
Gl =KNOCKOUT=GLUT1 0 0 0/1000 0 0 0 0 0 0
7|PHD2_activated 1,824 1,464 23|10 0137 69 94/ 99| 100[ 100
8|FIH_activated 0,559 0,49 0,665|0 0,024 &7 96 a9 99| 100
9/HIF_1_beta constitutively_expressed 801,574 705663 8697130 25337 66| 95 99 100[ 100
10|HIF_1_alpha_OH_inactivated 0,564 0,493 0,738/0 0,025 72 98 o9 g9] 99
11|HIF_1_alpha_degradated 755,256| 621521| 897,658(0 30313 68 95 o0o] 100] 100
12|WHL_with_VBP_1_complex 697444 584784 840,234/0 42,003) 69 95 98] 100[ 100
13|transcriptional_cofactor_histone_acetyltransferase_protein_CBP_p300 24938 496| 2 373,377| 2580,414|0 20523 69 94/ 99 99| 100
14|HIF_1_hydroxylases_inactivated 539,26| 435161 644,394|0 32,105 70| 95 98] 100[ 100
15/eNO5_activated 0,24 0,208 0,276|0 0,01 67 96 99| 100[ 100
16[NO 0,676 0,652 0,708|0 0,007 68 96 99 100[ 100
17| <KNOCKOUT=bFGF 0 0 0{1000 0 0 0 0 0 0
18/ <KNOCKOUT=FGFRs_activated 0 0 0/1000 0 0 0 0 0 0
19/<KNOCKOUT=PDGFRs_upregulated 0 0 01000 0 0 0 0 0 0
20|PDGF_AB_and_BB_secreted 2 499,476 2413,009] 2589,691/0 26,972 69| 95 99] 100[ 4100
21/<KNOCKOUT=PDGF_AB_and_BB_PDGFRs_complex 0 0 /1000 o o o o o o
22|activated_endothelium_by_hypoxia 0,792 0676 0,930 0039 63 95 99 100[ 100
23| <KNOCKOUT=pericytes_recruited 0 0 0/1000 0 0 0 0 0 0
24|endothelium_proliferated_and_migrated 759,646| 696182 8285310 2022 69 95 99 100[ 100
28|<KNOCKOUT =pericytes_and_smooth_muscels_cells_migrated_and_proliferated 0 0 0/1000 0 0 0 0 0 0
26lvessels_stability_by_pericytes 0,284 0,247 0,32|0 0,012 68 94/ 99 100[ 100
27|caM_ca_caveolin_1_complex 396,742 33515 462,605[0 20539 70| 94 9a] 1o00[ 100
28|caveolin_1 3,307 2,382 52630 0383 71| o5 oo g9 100
29jincreased_shear_stress 1571,254| 1445753 1688,685/0 36,297) 67 95 99| 100[ 100
30[angiopoietin_1_Ang_1 317,843 223588 431427[0 20315 67| 95 99 100[ 4100
31|angiopoietin_2_Ang_2 0,351 0,326 0,379|0 0,008 66 95 99 100[ 100
32[Tie_2_receptor_for_angiopoietin_1_and_2 1 884,671 1766893 1987,359|0 33,392 67| 95 99 100| 100
23|complex_angiopioetins_with_Tie_receptors 0,283 0,238 0,221)0 0012 69 95 99 99 100
34|sphingosine_1_phosphate_S1P 49,204 8,764 148,84/0 26,464 67 96 99] 100[ 100
35lendothelial_differentiation_gene_1_EDG_1 40,495 0645 154 666|0 26734 65| 95 99| 100{ 100
36|Place36 2450,524| 2 386,408 2506,297|0 20,912 68 94| 100] 100[ 100
37|heparin_binding_epidermal_growth_factor_like_growth_factor_HB_EGF 614,463 553652 BE5,14/0 17,687 69 94/ 99) 100| 100
38/<KNOCKQUT=epidermal_growth_factor_receptor_EGFR 0 0 0/1000 i 0 0 [i] i 0
39/<KNOCKOUT=HB_EGF_and_EGFR_t I 0 0 0{1000 0 0 0 0 0 0
40[transforming_growth_factor_beta_1_TGFbetal 47,825 7828 152974|0 27591 69 95 99| 100{ 100
41|TGFbetaRIL 50,326 6,969] 159,125|0 27,73 68 95 99| 100[ 100
42|TGF_betal_TGF_betaRII_complex 22,881 6774 81,0280 11,833 77| 94] 98 99[ 400
43|oxygen 2411 1,633 4,14B[0 0343 71| o5 99 g9 9o

In the example rows are places. Names grayed indicated places which did not receive any tokens,
possibly because of the knockout effect. The columns are as follows:

e AvgT — average number of sum of tokens in all steps of the simulation averaged by the

number of repeated simulations.

e  MinT — average minimal number of sum of tokens during all repeated simulations.

e MaxT — average maximal number of sum of tokens during all repeated simulations.

e notT - informs in how many simulation the place did not receive any tokens.
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e stdDev —standard deviation of the results.

e S1% - S5% . Column S1% shows how many percent of results is the range <AvgT - stdDev,
AvgT + stdDev>, S2% : <AvgT - 2*stdDev, AvgT + 2*stdDev>. Can be useful for checking
Chebyshev's inequality.

[EH Transitions
Tab ==

{& Charis ( _= Places ’/ E—‘ Transitions {Q' Places (series) ( E’j' Transitions (series)
Transition single knockout data table:

D Place name: AvgF: MinF: MaxF: notF: | stdDev:| S1% | 52% | S3% | S4% | S5%
0 0 0 0{1000 0 0 0 0 0 0
1| <KNOCKOUT> ing_genes_responsible_for_cell_adaptation_to_h 0 0 01000 0 il 0 i 0 il
2| <KNOCKOUT> binding_VEGR_and_VEGFR_2 0 0 0{1000 0 0 0 0 0 0
3|VEGFR2_expression 05 0,484] 0,515|0 0,005 68 95 99| 100/ 100
4| <KNOCKOUT> starting_a_tyrosine_kinase_signalling_cascade 0 0 0/1000 [i] 0 0 0 [i] 0
5| <KNOCKOUT> GLUT1_induced_processes 0 0 0{1000 0 0 0 0 0 0
G| <KNOCKOUT> binding_EPO_and_EFOR 0 0 01000 0 0 0 0 0 0
7|constitutively_expression_of_HIF_1_beta 0,16 0,143 01730 0,004 69 95 99 100[ 100
3|hydroxylation_of_proline 0,361 0,344 0,375/0 0,005 &7 95 99 100] 100
9\conservative_hydrolysis_of _asparagine 0,21 0,198 02220 0,003 70/ 94 99 100] 100

10|binding_HIF_1_OH_OH_and_VHL_VBP_1 0,361 0,344 0,374)0 0,005 &7/ 95 98] 100 100
11|no_HIF_1_alpha_HIF_1_beta_dimerization 0,21 0,198 0,222|0 0,003 70/ 94] 98] 100] 100
12/low_concentration_of_oxygen_in_the_organism 05 0,482 0,514/0 0005 68 95 99] 100[ 100
13[HIF_1_hydroxylases_inactivation 0,26 0,244 0,272|0 0,005 67 95/ 99| 100[ 100|=
14|CBP_p300_synthesis 05 0,477 0,516|0 0,005 69 95 99 98] 100
15|no_degradation_of_HIF_1_alpha 0,152 0,138 0,164(0 0,004 67 95 09 100/ 100
16(normalization_of_oxygen_status_in_the_organism 0,08 0,072 0.083|0 0,002 68 95 99 100] 100
17|VHL_synthesis 05 0,483 0,517|0 0,005 &7 95 99 100] 100
18|NO_synthesis 0,107 0,009 0,116/0 0,003 &7 96/ 98] 100 100
19| <KNOCKOUT> MMPS_pericytes_recr _and_i i 0 0 0/1000 0 0 i i 0 0
20|PDGF_AB_and_BB_endothelial_secretion_by_pericytes 05 0,485 0,514/0 0005 68 95 99] 100[ 100
21| <KNOCKOUT> FGFRs_activation 0 0 0{1000 0 0 0 0 0 0
22| <KNOCKOUT> PDGFRs_upregulation 0 0 01000 0 0 0 0 0 0
23| <KNOCKOUT=> binding_PDGFAB_and_BB_with_PDGFRs_activated 0 [i /1000 ol o o o o o
24| <KNOCKOUT=r _of_li d: 0 0 0{1000 0 0 0 0 0 0
25 <KNOCKQUT> pericytes_and_: th | les_cells_migration 0 0 01000 0 il 0 i 0 il
26|strong_endothelial_activation 0,26 0,244 02720 0,005 67| 95 99/ 100[ 100
27|endothelial_proliferation_and_migration 0,152 0,142 01630 0,004 &7 95 99 100] 100
28| <KNOCKOUT= bindin 0 0 01000 0 0 0 0 0
29|new_stabilizated_vessels 0,123 0,115 0,134|0 0,003 63 95 99 100] 100
30(eNOS5_activation_by_interraction_with_CaM_Ca_complex 0,107 0,099 0,116(0 0,003 66 96 99 100] 100
31|ceavage 0,186 0,174 0,198(0 0,004 67 95 09 100/ 100
32[caveolin_usage 0,42 0,399 04410 0,005 69 95 o8] a9 100
33|processes_increasing_shear_stress 05 0,483 0,516(0 0,005 69 95 99 100] 100
34/CaM_caveolin_1_binding 0,266 0,254 0,280 0,004 68/ 95 98] 100 100
35|caveolin_1_synthesized_in_FER 05 0,484| 0517|0 0,005 &7 95 99 100] 100
36|binding_angiopoietins_with_tie_receptor_on_endothelial_cells 0,123 0,114 0,133)0 0,003 69 94 99 100[ 100
37|constitutively_expression_of_angiopoietin_1 0,187 0,175 0,193|0 0,004 67 95| 100 100] 100
38|Tie_expression 05 0,482 0,517|0 0,005 &8 95 99 100] 100
39/angiopoietin_expression 0,247 0,234] 0,258|0 0,004 68 94) 99 100] 100
40|vessels_remodelling 0,124 0,115 0,134|0 0,003 68 96 99 100] 100
41/S1P_and_EDG1_binding 0,493 0,48 0,505|0 0,004 68 95 99 100] 100
42[S1P_synthesis 05 0,486 0,516/0 0,005 &6/ 95 98] 100 100
43|EDG_1_synthesis 05 0,482 0,515/0 0,005 ®9] 95 98] 100/ 100

Except that the average firing of transitions is considered here, the columns has the same properties
as in the places tab. Row marked red is the transition manually set as disabled..

/=l Compare reference - _|
't ] ) Charts {h Places
Button and knockout will change the data in: , = and
l:EH Transitions
— They will look like in the example picture:
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m Charts ’/ E Places ( g Transitions [/g Places {series) ( E’j Transitions (series)

Charts
Places chart
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Reference tokens: 599,154 StdDev: 35,402 T T T T EE TEm T |
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Now the charts show the difference between reference set and knockout sets for places and

transitions.

5 _J—] Places g Transitions
: and :

Also in the tables changed.

In the example, transition t73 has been set to be disabled. There are no completely knocked out
transitions, yet more subtle changes can be observed.
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(& Charts ( 4 Places ’/ m Transitions [Q1 Places (series) ( E1 Transitions (series}
Transition single knockout data table:
o Place name AvgFRef | stdDevRef| AvgFKnock| stdDev. diff = noFire
73 0,5 0,005 0 0 -inf 1000
25|pericytes_and_smooth_muscles_cells_migration 0,041 0,002 0,007 0,001 [-832,22% |0
28|binding 0,041 0,002 0,007 0,001 |-83,17% |0
24|removal_of_ligands 0,042 0,002 0,007 0,001 |-82,6% |0
23|binding_PDGFAB_and_BE_with_PDGFRs_activated 0,042 0,002 0,007 0,001 -82,6% |0
22|PDGFRs_upregulation 0,042 0,002 0,007 0,001 |-82,6% 0
52[synthesis_factors_that_variously_stimulate_proliferation_survival_bFGF 0,042 0,002 0,007 0,001 |-82,6% 0
21|FGFRs_activation 0,042 0,002 0,007 0,001 -82,6% |0
2|binding_VEGR_and_VEGFR_2 0,126 0,004 0,022 0,001 |-82,57% |0
51|synthesis_factors_that_variously_stimulate_vessels_permability 0,042 0,002 0,007 0,001 [-82,57% |0
1|running_genes_responsible_for_cell_adaptation_to_hypoxia 0,126 0,004 0,022 0,001 [-82,57% |0
4|starting_a_tyrosine_kinase_signalling_cascade 0,126 0,004 0,022 0,001 |-82,57% |0
19|MMPS_pericytes_recruitment_and_invasion 0,042 0,002 0,007 0,001 [-82,54% |0
45|binding_HB_EGF_with_EGFR 0,042 0,002 0,007 0,001 |-82,54% |0
53|synthesis_factors_that_variously_stimulate_migration_MMPs 0,042 0,002 0,007 0,001 [-82,54% |0
0|HIF_1_alpha_SH_and_HIF_1_beta_dimerization 0,15 0,004 0,026 0,001 [-82,4% 4]
7|constitutively_expression_of HIF 1 _beta 0,15 0,004 0,026 0,001 [-82,4% 4]
50[complex_binding_to_HREs_hypoxia_responsive_elements 0,15 0,004 0,026 0,001 [-82,4% 0
5/GLUT1_induced_processes 0,125 0,003 0,022 0,001 [-82,38% |0
6|binding_EPO_and_EPOR 0,024 [0,001 0,004 |0,001 [-81,48% 0
72|EPOR_synthesis_induced_by_hypoxia 0,024 0,001 0,004 0,001 [-81,48% |0
55/CaM_EPOR_binding 0,024 0,001 0,004 0,001 |-81,48% |0
S6|upregulation_of_EPOR_signalling_pathways 0,024 0,001 0,004 0,001 [-81,48% |0
f4|HIF_1_alpha_proline_hydroxylases_ativation 0,212 0,004 0,053 0,002 o]
G3[HIF_1_alpha_asparagine_hydroxylases_activation 0,212 0,004 0,053 0,002 4]
9\conservative_hydrolysis_of_asparagine 0,212 0,004 0,053 0,002 0
11|{no_HIF_1_alpha_HIF_1_beta_dimerization 0,212 0,004 0,053 0,002 4]
3|hydroxylation_of_proline 0,347 0,005 0,199 0,004 |-42,78% |0
10|binding_HIF_1_0OH_OH_and_VHL_VBP_1 0,347 0,005 0,198 0,004 [-42,77% |0
G6|activation_of_proteasome_degradation 0,347 0,005 0,198 0,004 |[-42,76% |0
18|NO_synthesis 0,164  |0,004  |0,104 0,003 |-36,71% |0
30(eNOS_activation_by_interraction_with_CaM_Ca_complex 0,122 0,003 0,096 0,003 [-20,91% |0
29\new_stabilizated_vessels 0,164 0,004 0,13 0,003 [-20,59% |0
sdlincrease_in_intracellular_Ca 0,21 0,004 0,177 0,002 |-15,61% |0
57|caM_binds_ca 0,21 0,004 0,177 0,003 |-15,61% |0
37|constitutively_expression_of_angiopoietin_1 0,21 0,004 0,177 0,004 |-15,61% |0
31|cleavage 0,209 0,004 0,177 0,004 |-15,6% 0
34|CaM_caveolin_1_binding 0,274 0,004 0,253 0,004 |-7,59% 0
32|caveolin_usage 0,435 0,005 0,423 0,005 |-2,8% 4]
46|TGFbetal_TGFbetaRII_binding 0,494 0,004 0,494 0,004 |-0,14% 0 n/a |n/fa
47|activin_like_kinase_5_ALK_5_activation 0,49 0,004 0,49 0,004 [-0,12% 4] n/a nfa
3|VEGFR2_expression 0,5 0,005 0,5 0,005 [-0,11% 0 n/a nfa
17[VHL_synthesis 0,5 0,005 0,5 0,005 |-0,1% 4] n/a n/fa
35/caveolin_1_synthesized_in_ER 0,5 0,005 0,5 0,005 |-0,07% 0 n/a n/a |
Columns:

e AvgFRef — average number of firing in all steps in all simulations for the reference set.

o stdDevRef — standard deviation (1000 repeated simulation has been performed in the
example).

e AvgFKnock i stdDevKnock — as the two above, for the knockout set.

o Diff — difference in average firing of a transition

e noFire —in how many simulation a given transition did not fire a single time.
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QE Full series
Last button S= datatables compares all places and all transitions together (from the

Q| Places (series)
reference and knockout data sets). Results will fill tab . and

E| Transitions (series)

Example for the first one:

tﬁ Charts I/ {7 praces ( [T transitions (Q| Places (series) I/ E\ Transitions (series)

Places ison single knockout data table:
D Transition name Disabl pe po p10 p11 p12 p13 p14 p15 p16
tHIF_1_alpha_SH_snd_HIF_1_bats_dimerization -1.47% 1.71%  |+12.58% |-5.29%  |+42.57% |+15.33% |-43.51% |-4.32%
ftrunning_genes_ - For_cell _to... +37.46% T6.53% |-25.21% |+6.58% [+2.84% | 8.55%  |+10.71% | -62.75% | 72.89% |-13.53%
[tbinding_VEGR_and_VEGFR_2 -15.96% |-0.18% [+232.55% +0.2% +0.16% +0.17% -7.14% +5.95% -0.12% +10.34% |-34.14% |-7.03%
EVEGFRZ_sxprassion 16.08% |+0.06% $0.25% |0.26% |+0.38% | 7.36%  |+6.18% | 0.14%  |39.72% | 34.31% |7.03%
ltstarting_a_tyrosine_kinass_signalling_csscade C15.89% |-0.15% C0.16%  |+0.13% |+0.17% |-6.44%  |+5.66% [-0.07% |£10.17% |34.1% |-6.99%
EGLUTZ induced_processes +31.52%0 |-0.06%  [<0.13% +0.12%  |-0.1% +0.33%  |+22.82% |-20.21% |-0.16%  |-33.17% |+0.2%  |<6.33%
ltbinding_EPO_and_EPOR 0528  |+d.6286  |+4.75% £5.528%  |-1.3% +2.35% |-1.16%  |-1.98%  |+5.128 |+12.758% |+2.54%

ltconstitutively_expression_of_HIF_1_beta 3 +3.75% |+12.93% +42.62% 41.56% |-3.67%
8lthydroxylation_of_proline +0.1%  [+0.1%  [+0.23% -0.84% -0.12% |-0.48% |+0.48% [<0.05%
9ltconservative_hydrolysis_of +0.17%  [+0.06% [+0.05% |+0.08% |-0.11% |+0.23% |+0.52% 0.08%  |-0.55%  |+0.17% [+0.1%  |-0.2% +0.17% |0,
ltbinding_HIF_1_OH_OH_and_VHL VBP_1 +0.12% |-0.01%  [+0.0%  |+0.02% |-0.19% |+0.26% |+2.28% -0.13% |-0.25% |+0.38% [+0.05% |-0.23% |+0.08% |-0.
ltno_HIF_1_alphs_HIF_1_beta_ +0.04% |+0.4%  |<0.44% +7.69% -0.16%  |-0.6% +0.77% [+0.11% [+0.35%
[thove \_of_oxygen_in_the_organism +a4.01% +27.4% |+27.21% 91.46% |-11.38%
[EHIF_1_hydroxylases_inactivation -75.47% X . +25.57% |+0.15% |+32.44% .73% +0.28% [+10.11%
[ECBP_p300_synthesis +19.26% +33.57% S157%  [+8.57% |-1.7% +12.5%
_of_HIF_1_alpha [75.03% |-0.18% |-0.02% |+0.05% 0% [+17.9% +10.0%  |-0.2% +0.08%

_of_oxygen_status_in_the_organism +43.38% |-30.46% |-21.83% |-0.88%  [+5.24% |-31.66% 11.57% |-28.18% ~6.18% |-6.67% |+10.27% ~143% |-28.98% |-25.01% |-28
7[VHL _synthesis +0.06% |-0.07%  |-0.31% |+0.13% |-0.13%  |+0.35% ~0.3%  [+0.25% 0.08% ~0.08% [+0.09% |-0.21% |-0.
5[tNO_synthesis 57.97% |-0.15% |-0.03% |+0.04% |-0.16% |-0.12% <0.1%  [+3.05% |+0.67% |-25.78% |+22.31% |-0.01% |+36.77% 26.77% |-0.24%  |-0.07% |0,
9[tMMPS_pericytes_recruitment_and_invasion -0.02% |-0.1%  |-0.24% |-0.1% -0.13%  [-0.23%  |-0.27%  |-0.27% |-0.48%  |-0.04%  |-0.03% -0.11%  [<0.08% |-0.27%
20[tPDGF_AB_and_BB_sndothelial_sscration_by_pericyt... +37.58% ~6.72% |-29.55% |+6.78% |+3.31% |-5.27%  |10.79% | 62.50% |-73.06% |-13.55%
21[tFGFRs_activation +0.18% [0.02% |+0.2% -0.15%  [+0.08% |+3.25% |+0.11% |-0.03% |+0.07% |-0.0%  |+0.11% |-0.42%  |-0.02% |+0.11% |0.27% |-0.0%
22/tPDGFRs_upregulation +0.08%  |+0.01% |+0.13% |+0.05% |-0.13% +0.2% +2.4% +0.22%  |-0.08% +0.22%  |-0.05% +0.16%  |-0.24% -0.0% -0.34% 40.47%  |+0.11%  |-0.33%
23[tbinding_PDGFAB_and_BE_vith_PDGFR=_activated ~0.25% |-0.08% |+0.16% |+0.01% |-0.14% |=0.36% [+0.5%  |+0.01% |=0.07% |-0.01% |=0.18% |-0.04%  [-0.25% |-0.08% |-0.44%  |+D.44% |=0.05% |=0.07%  [+0.2%
24[tremoval_of_ligands +0.16% |-0.2%  |-0.1%  |+0.02% |-0.09% |-0.22% |-2.21% |+0.57% |-0.33% |-0.04%  |-0.31% |-0.13% |-0.48%  |-0.04% |-0.07%  |-0.28% |-0.03% |-0.26% |-0.1% _ |-0.4
25[tpericytas_and_smooth_musles_cells_migration +0.28% |-0.16%  |-0.04% |+0.07% |-0.04% |-0.1%  [+0.17% |-0.03% _ |-0.08% |-0.14%  |-0.04% |-0.07% |-0.32% |+0.01% |-0.17% |-0.41% |+0.02% |-0.02% |-0.1% _|-0.
26tstrong_ _activation 99.93% |-6.15% |-248% |-4.71% |-1.08% |+2.62% |-74.79% |+5.26% |-19.25% |NNNMNMM-15.95% |-26.06% |-3.26% |-5.74% 19.57% |-4.11% |+2.63% |-2.99% |-z,
27|tendothslial_proliferation_and_migration +74.03%0 |-0.03%  |-0.02%  |+0.12% |-0.08% _|+0.08% +52.71% [<0.1%  |-0.24% |-0.22%  |+33.02% |-25.02% |-0.01%  |-47.14% |-0.58% |+10.25% |-0.17%  |-0.06% |-0.
28[tbinding +0.14% [+0.02% |-0.1%  |-0.01% |+0.01% |-0.2% 0.0%  [+0.03% |-0.0%  |+0.11% |+0.02% |-0.07% |+0.05% |-0.24%  |-0.17% |-0.01%  |+0.07% |-0.12% _|-0.
20[tnav | vessels +0.01% [+0.01% |-0.28% |+0.15%  |-0.19%  |+0.02% 0.04%  |-0.01%  |+0.16% |+0.1%  |-0.08% |-0.38%  |-0.15%  |+0.07% |-0.4%  |+0.06% |-0.05% |-0.47% |0,
30[teNOS_activation_by_intarraction_uith_CaM_Ca_co... -46.66% |+1.2%  |-1.05% |+11.56% |-0.42% |-1.2% 15.54% |-0.68%  |+4.0%  |-0.41%  [-18.12% |+17.53% |-1.03% |+16.73% [-70.4406 |-15.82% |+1.08% |+0.83% |=0.1—
I|tcleavage -2.89%  [+2.16% |+1.67% |+44.16% |-0.6% +1.63% [-2.61%  [-0.13%  [-1.1% +5.69% |-0.91% |+1.41% |-0.41% |-1.98% |-23.67% +1.43% |+1.37% |+1.19% |+1.
32)tcaveolin_usage -4.46%  [-0.07%  |-0.05% |+1.07% |-0.16% |-0.14% [+25.0% |-2.2%  |-0.0%  |=0.19% |+0.07% |-1.84% [+1.41% |0.02% |+1.93% L.B6%  [+0.05% |-0.1%
33tprocesses_increasing_shear_stress -3.23% +2.27%  |+1.55% |+44.09% |-0.36% +1.76%  [-0.71% +0.65%  |-1.32% +5.79%  |-1.03% +1.33%  [-0.22% ~2.07% -24.04% +1.41% |+0.99%  |+1.62%  [+1.
34[tCaM_caveolin_i_binding +40.36% [+1.23% |+1.3%  |+16.18% |-0.35%  |-1.29% |70.15%a |+25.58% |-0.77% |+3.23% |-0.81% |-15.72% |16.78% |-1.27% |-40.65% <18.54% [+0.86% |+1.14% |-0.
35 tcaveolin_1_ _in_ER +40.47% [+1.24% |-0.71% |+16.13% |-0.28%  |-1.07% |70.72% |25.47% |-0.61% |+3.03% |-0.71% |-19.63% |16.6% |-1.16%  |-40.81% “18.54% [+0.67% |-0.82% |0,

. _vith_ti=_racaptor_on_sndot. +0.25% |-0.07%  |+0.21% |+0.06%  |-0.06%  |-0.32% [+2.9%  |0.31% |-0.21% |-0.06%  |-0.32%  |-0.03% |-0.07%  |+0.04% |-0.01% +0.09% |-0.27%  |-0.02% |-0.4

x _of_: 1 <24.0% [+1.79% |+1.47% |+25.6% |-0.47% |-1.4%  |-50.13%a |+14.54% |-1.03% |+4.33% |-0.82% |-13.1% [-10.73% |-1.52% |-34.59% ~1238% [+0.98% |+1.37% |+1.
Tie_sxprassion +0.21% |-0.12%  |-0.12% |+0.01% |-0.08% |-0.12% |+0.58% |0.38% |-0.02% |-0.18%  |-0.06%  |-0.18% |-0.5%  |0.02% |+0.38% 0.02%  [-0.1%  |-0.19%
s +21.35% [+1.68% |-1.55% |+36.48% |-0.49% |-1.64% |-55.05% |+13.32% |-0.52% |+3.66% |-0.69% |-11.17% [-9.19% |-1.24% |-30.48% “10.96% [+1.26% |-1.69%
X +0.11%  [+0.07%  |+0.16% |+0.12% |-0.12%  |+0.16% |+3.88% |+0.16%  |+0.03% |+0.39% |+0.03% |+0.14% |-0.54%  |+0.05% |-0.34% +0.05% [+0.03% |+0.16%
£51P_and_EDG1_binding -0.18%  |-0.23%  |-0.21% |+0.05% |-0.11%  |-0.32% |+0.43% |0.03% |-0.01% |=0.17% |0.17% |-0.03% |-0.18%  |-0.1%  |-0.04% ~0.04% |-0.09%  |-0.03%
42|t51p_synthesis +0.03% [0.1% _ |-0.26% |+0.12% |-0.19% |-0.31% [+2.72% |-0.01% |-0.03% |=0.07% |0.04% |-0.07% |-0.05% |-0.12% |+0.15% <0.06% |-0.16%  |-0.01%
43tEDG_1_synthesis. +0.14%  |-0.18% +0.17%  |+0.08%  [-0.12% +0.28%  [+3.42% |+0.81% |-0.01% +0.23%  |+0.07% [+0.41% |-0.23% ~0.07% -0.11% +0.04%  |-0.05% +0.34%
44[tECM_anhancing_and_increasing_synthesis_and_ral... ~0.08% |-0.21%  |-0.12%  |+0.04% |-0.18% |-0.1%  [-1.55% |#0.13% |-0.02% |-0.2%  |+0.17% |-0.28% [-0.08%  |-0.01%  |-0.23% ~0.03% [-0.2%  |+0.22%
45[tbinding_HE_EGF_uith_EGFR -0.04%  |-0.13%  |-0.07% |+0.03% |-0.09% |-0.17% [+2.74% |-0.02% |+0.17% |-0.12% |-0.2%  |-0.07% |-0.24%  |-0.04% _|-0.33% 0.02%  |-0.08% |-0.32%
46[tTGFbetal_TGFbetaRII_binding +0.37% |-0.21%  |-0.0%  |+0.03% |-0.13% |-0.11% [+2.9%  [0.16% |-0.16% |-0.13% |0.18% |-0.01% [-0.31% |-0.01% |+0.04% “0.1%  |-0.07% |-0.05%
47ltactivin like kinasz 3 ALK 3 activatien +0.i4%  |-0.03%  |+0.23% +0.08% |-0.4%  |=0.2%  |+4,38% |+0.26% |+0.42% =0.13% |+0.37% |-0.11%  -0.24%  |+0.0a% -0.38% +0.03% |-0.23%  |+0.38%

Simply speaking, average number of (sum of) tokens is compared here (reference and knockout sets)
and the difference given. In the first row (ID=0) indicates that transition t0 has been disabled. The
column pO (for first place) has value +152.98%. It means that much more tokens were accumulated
in the knockout scenario compared to the reference scenario in p0. —inf in p1 means, that disabling
transition t0 (we are still in the first row) crippled the production of tokens in p1 (it did not receive a
single token in the knockout scenario simulations).

E’f| Transitions (series)

Table in tab

looks similar, here transitions are compared.
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Q Charts ’/ E Places ( g Transitions ’/g Places (series) r EJ Transitions (series)

Transition i igle Knockout data table:

D Transition name 7 8 19 1o 1 Hz 3 4 15 8 u7 18
tHIF_1_slpha_SH_and_HIF_1_beta_dimerization “7.01% |+4.12% |-1.31% |+4.12% |-1.31% |-0.07% |-13.83% |-0.06% |+12.79% |+7.18% |-0.05% |-34.4% -
ftrunning_genes_responsible_for_cell_adaptation_to... 25.28% |+3.82% |+4.41% |+3.82% |-4.41% |+0.12% | 24.39% |+0.02% |+2.88% |-25.4% | 0.0%  |-66.81%
thinding_VEGR_and_VEGFR_2 +0.13% +0.07%  |-2.83%  |+0.04% |-2.83%  |+0.04% |+0.08% |+0.11% |-0.01%  |-7.i3%  |+0.3%  |-0.07%  |-25.48%
tVEGFR2_axprassion +0.14% |+0.15% +0.13% |-2.85%  |+0.05% |-2.83%  |+0.03% |+0.06% |-0.06%  |-0.04%  |-6.99%  |+0.17% |-0.02%  |-25.36%
tstarting_a_tyrosine_kinase_signalling_cascade ~0.04%  |+0.09% |-0.09% -0.04%  |-2.86%  -0.15%  |-2.67%  |-0.13%  [-0.04%  |-0.09% |-0.01%  |-7.07%  |-0.09% |-0.06%  |-23.3%
(tGLUT1_induced_processes +0.07%  |+0.13%  |+0.13% +0.08% |+8.99%  |+0.07% |+8.98% |+0.07% |+0.04% |+0.04% [-0.07% +23.25% |+0.18%  [+0.01%  |+0.09%
thinding_EPO_and_EPOR ~3.95% |+3.97% -4.64% |-0.38% |-0.83%  |+0.38% |-0.83%  |+0.02% |+5.03% |-0.02%  |+2.05% |+4.34% |-0.07% |-9.66%
teonstitutively_expression_of_HIF_1_beta 56.17% |+1.79% |-0.04% |+89.519% |-0.03% |+13.58% |-10.21% [-0.11% |-32.42%

8[thydroxylation_of_praline. +0.16% |0.15% |+0.16% |-0.11% +0.13% +0.16% -0.03%  [-0.06%  |+0.13% |-0.28% |-0.05%  |-0.14% |0,
_hydrolysis_of_ ~0.1%  |+0.08% |-0.07% |-0.05% |-0.07% |+0.08% |+0.25% |-0.1% ~0.01% |-0.02%  |+0.19% |-0.19% _|-0.04%  |+0.06% |-0.
_HIF_1_OH_OH_snd_VHL_VBP_1 “0.1%  |+0.14% |-0.14% |-0.08% |-0.14% [+0.15% |-0.14% |-0.1% X -0.03% X 0.0%  [0.01% |+0.16% |-0.26% |-0.06%  |+0.12% |0.
tno_HIF_i_alpha_HIF_1_bsta_dimsrization “0.3%  |+D.41% |-0.41% |0.12% |+0.42% |+0.32% ~0.31% X 0.08%  |+0.06% X ~0.24%
[tlow,_ ion_of_oxygen_in_the_organism +16.7%  |+20.99% |+16.7%
tHIF 1 i +0.03% +0.02%  |+12.76% |+0.02% |+0.05%
+7.08% -1.22%  |+4.22%  |-1.23% |+0.08% |+13.74%
_of_HIF_1_alpha +0.02% +0.04% +0.04%  |+1.02% |-0.13% +12.88% |0.05%  |+12.86% |+0.05%  |-0.08%  [<0.1%  |-0.01%
_of_oxygan_status_in_ths_organism -24.13% |-27.91% |-27.91% |-0.1%  |-27.91% |-27.21% |-3.84% |-24.13% |-3.13% |-9.1%  |-3.13% |-9.1% +0.04% | +49.499% |+0.01% |+6.32%
7itvHL_synthasis “0.2%  |+0.27% |+0.27% <0.27% |+0.31% |-0.17% [+0.21% |-0.01% _|-0.02% _|[SCUNSIRCH <0.05%  |-0.06%  |+0.02% |+0.2%
8[tNO_synthesis ~0.08% |0.02% |-0.02% <0.02% |-20.15% |+0.08% |+0.04% |-9.96%  |-0.02%  |-9.95%  -0.02%  |-0.09% |-0.04% |+0.03% |-25.68%
9[tMMPS_pericytes_recruitment_and_invasion “0.08% |0.15% |+0.15% ~0.15% |+0.16% 28%  |-0.09% |-0.07% |-0.14%  |+0.07% |-0.14% _|-0.07% |0.09% [+0.01% |-0.01% |-0.18% |-0.11%
20[tPDGF_AB_and_BE_=ndothelial_sacration_by_pericyt... -25.43% 25.43% [+3.97% |-4.38% |3.96% |+4.38% |-0.07% |-24.33% |+0.0%  [+2.74% |-25.39% |-0.06%
21[tFGFR=_activation <0.02% |+0.04% |+0.04% |-0.11% |+0.04% |+0.01% |-0.12% |-0.02% |-0.03%  |-0.03% |+0.03% |-0.03% |+0.06% |-0.08% |-0.02% |-0.03%  |-0.19% |-0.06%
22[tPDGFR=_upragulation ~0.1%  |+0.13% |=0.13% |-0.04%  |+0.13% |+0.11% |-0.07%  |+D.1%  |+0.01% |-0.11% |+0.01% |-0.11% |-0.08% |=0.08% |+0.05% |+0.17% |=0.15% |-0.03% |+0.26% |=0.
23[tbinding_PDGFAE_and_BB_with PDGFRs_activated +0.07% |+0.1%  |+0.1%  |-0.07%  |+0.08% [+0.1i% |-0.07%  |+0.07% |+0.03% |-0.02%  |+0.03% |-0.01%  [+0.03% |+0.01% |-0.01%  |+0.21% |+0.04% |-0.06%  |+0.13% |-O.
24[tremoval_of_ligands -0.02%  |+0.03% |+0.03% |-0.06%  |+0.03%  [+0.04% |-0.27%  |-0.02%  |+0.08% |+0.11% |+0.08% |+0.1i% |+0.03% |+0.07% |-0.05%  |-0.04%  |+0.2%  |-0.08%  |+0.ii% |0,
2E[tpericytes_and_smaoth_muscles_calls_migration -0.05%  |-0.01%  |-0.01%  |-0.04%  |-0.01%  [+0.03% |-0.26%  |-0.05%  |+0.02% |-0.0%  |+0.02% |-0.0% +0.04%  |0.1%  |-0.05%  |+0.18% |-0.19% |-0.07%  [+0.12% |-0.
26tstrong_ Lactivation 13.15% |+2.72% |+2.72% |-0.08% |+2.72% |+3.68% |+68.97% |+81.82% |+1.25% |-14.52% |+1.24% |-14.52% |+0.09% _[SnGIMN-0-05% +81.73% |-0.08%  |-15.91% |2,
27|tendotheliz_pralifaration_and_migration ©0.04% |+0.1%  |+0.1%  |-0.04%  |-0.1%  |+1.09% |-0.34% |-0.04% |+12.91% |-0.08% |+12.9% |-0.08%  |+0.1%  |+0.18% |+0.0%  |+33.13% |+0.25% |-0.04%  |+0.3% |0,
28[tbinding -0.01% |+0.02% |-0.02% |+0.01% |-0.02% [+0.04% |+0.0%  |-0.02% |-0.02% _ |-0.0% _ |-0.02% _ |-0.0% <0.04% |-0.02%  |+0.02% |+0.17% |-0.32% |-0.0% _ |-0.04% -0
20[tnav_stabilizated_vessels -0.08% |+0.12% |-0.12% |-0.12%  |-0.12% [+0.15% |-0.16% |-0.08% |+0.05% |-0.03% |+0.04% |-0.03% |-0.04% |-0.05% |-0.06%  |+0.05% |-0.03% |-0.08%  |-0.18% |-0.
30[t=NOS_activation_by_interraction_vith_CaM_Ca_co... ~2.52% |+0.99% |+1.0%  |-0.07% |-1.0%  |-13.28% |+10.68% |-2.52% |-7.75% |-0.48% | 7.75% |-0.48% |-0.09% |-4.5%  |0.02% |-19.24% |-2.57% |+0.04% |-74.08% |-0.{—
Fjtdleavage +4.66% |+1.47% |+1.47% |-0.06% |+1.47% |+1.54% |+21.78% |+4.66% |-0.01% -0.81% |-0.01% |-0.81% |+0.08% |-8.95% |-0.01% |+1.35% |+4.81% |-0.09% |+5.22% |+1.
32[tcaveolin_usage ~0.17%  |+0.13% |=0.13% |-0.1%  |+0.13% |-0.28%  |+0.4%  |+0.17% |-0.74% |-0.03% |-0.74%  |-0.03%  |+0.03% |-0.23% |+0.07% |-1.81% |=0.33% |-0.05% |-6.69% |=0.
33|tprocesses _increasing_shear_stress +4.68% |+1.51% |+1.52% |-0.08%  |+1.52% [+1.57% |+21.63% |+4.69% |+0.02% |-0.82%  |+0.02% |-0.82%  [+0.02% |-5.06%  |-0.04% |+1.36% |+4.79% |-0.04%  |+3.18% |1,
34}tCaM_caveolin_1_binding +2.78% |+1.05% |+1.05% |-0.03%  |+1.05% |+1.96% |+12.03% |+2.78% |+7.41% |-0.55% |+7.39% |-0.55%  |+0.06% |-5.2%  |-0.04% |+19.66% |+3.12% |-0.06%  |+06.4% |1,
35tcaveolin_1 _in_ER ~2.63% |+0.81% |-0.81% |-0.02%  |0.B1% [=1.7%  |-12.4% |-2.63% |+7.37% |-0.9%  |+7.36% |-0.3% -0.0%  |-3.26%  |-0.03%  |-19.74% |-2.89% |-0.01% |+00.13% |-0.
_: :_vith_tie_raceptor_on_sndot +0.05% |+0.1%  |+0.1%  |-0.07%  |+0.08% [+0.07% |-0.23%  |-0.05% |+0.06% |+0.01% |+0.06% |0.01% |+0.05% |-0.06% |+0.02% |+0.03% |+0.19% |+0.03% |-0.28% |0,
x _of_: X +3.59% |+1.33% |+1.34% |-0.0%  |+1.34% [+2.12% |+15.67% |-3.39% |+4.67% |-0.72% |+4.67% |-0.71% |+0.05% | -6.7%  |0.01% |+12.82% |+3.75% |-0.05%  |+43.39% |1,
5[tTie_expression -0.12%  |-0.12%  |-0.12%  |-0.11%  |-0.12%  |-0.08% _ |-0.15% |-0.12%  |+0.09% |-0.02% _|+0.09% |-0.01% |-0.04% |-0.13% |-0.03% |+0.03% |-0.17% |-0.09%  |-0.06%
¥ “3.18% |+1.27% |+1.27% |-0.09% |+1.27% |+2.02% |+13.44% |-8.19% |+4.11% |-0.55% |+4.1%  |-0.55% |+0.1%  |-5.78% |+0.05% |+11.46% |-3.47% |-0.02%  |+38.88% |1,
[ 40jvessels_remodelling £0.18% |+0.24% |+0.24% |-0.05%  |+0.24% |+0.1% c0.17%  |+0.18% |-0.02% |-0.03%  |-0.02% |-0.03% |+0.12% |+0.13% |+0.02% |+0.26% |+0.08% |-0.08%  |+0.16%
41[t51P_and_EDG1_binding <0.05% |+0.17% |+0.17% |-0.05% |+0.17% |+0.18% |-0.33% |-0.1%  |-0.02% |-0.01% |+0.02% |-0.01% |+0.03% |-0.04% |-0.03% |+0.03%  |-0.12% |0.03% |-0.18%
42[t51P_synthesis <0.12% |+0.18% |+0.18% |0.12% |+0.18% |+0.14% |-0.22% |-0.12% |+0.01% |-0.08% |+0.02% |-0.08% |+0.08%  |-0.09% |-0.05% |+0.01% |-0.14% |0.02% |-0.25%
43[tEDG_1_synthesis +0.03% |+0.09% |+0.09% |-0.06%  |+0.08%  |+0.1%  -0.16%  |+0.06% |+0.12% |-0.08%  |+0.12% |-0.08%  |+0.08% |+0.11% |-0.01%  |+0.12% |+0.23% |+0.03% |+0.23%
44[tECM_enhanding_and_increasing_synthesis_and_ral... -0.08%  |-0.01%  |-0.01%  |-0.1%  |-0.01%  |+0.08% |-0.32%  |-0.08%  |+0.03%  |-0.04%  |+0.03% |-0.04%  |+0.01% |+0.04% |-0.01%  |+0.14% |+0.24% |+0.02% |+0.03%
45[tbinding_HE_EGF_with_EGFR. -0.0% +0.03% |+0.03%  |-0.04%  |+0.03% |+0.05% |-0.18% |-0.0% -0.01% |+0.0%  |-0.01%  |+0.0%  |-0.0% -0.02%  [+0.03% |+0.02% |+0.13% |-0.04%  |+0.i%
46[tTGFbetal_TGFbetaRll_binding +0.02% |+0.02% |+0.04% |-0.12%  |+0.03%  |+0.03% |-0.05%  |-0.02% |0.07% |+0.04% |+0.06% |+0.04% |+0.06% |-0.12% |-0.01%  |+0.01% |+0.0%  |-0.05% |-0.22%
aq 47ltactivin like kinase 5 ALK 5 activation ; 0.1, 0.1 +‘n 12% -0.0) 0,14 +0.09 0.0 0.1 +0.01 ~0.04% |=0.01 0,04 -0.0 -0.05 £0.0 0.1 +0.08% |-0.0 0.1

Show notepad
summary

Last button

open the notepad with results in a text form.
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6.7 quickSim module (qSim)

In Section 6 of the Holmes main window there is a gSim tab:

Clusters rKnnckout |/q5im |/Fix |

Tinv [ Pinv | MCT | MCS

q5im =00 X

' SimStart ,'“ SimSettings

Data type simulated
Transitions firing data Repetitions

Places tokens data
Color arcs

state mO.

Data type simulated panel.

Button SimStart and SimSettings has the
same function as already explained in this
(6) chapter.

The main difference is that this tab shows
the simplified knockout simulation results
on the net structure.

Let us use an example. Let us assume we
have a net, where nothing is disabled.
However, some places do not receive
tokens, nor some transition fire. It means
the net is not fully live from the given initial

e Transitions firing data — transition data (should they be showed?)

e Places tokens data — places tokens data

e Color arc —should the knockout structure be drawn (see example below)

e Repetitions — for this tab maximal number is 20. Turning this option off will ignore the

repetitions value in the SimSettings and only one simulation will be performed.
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The more green the transition square is, the more times it fired. The same is true for every bar
connected with every net place.

Regions marked red are dead — their transition did not fire and their places did not receive any
tokens during the simulation.
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Places p66, p65 and p64 have
some tokens accumulated,

however t62 requires token from
p62, where there is none. t31
requires 2 from p61, which should
be provided by... t62. In the above

example, one token in p62 OR 2
in p61 are necessary to initiate
this cyclic reaction.

This module (qSim) can be very useful for observing the knockout behavior:
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Transition t7 has been manually disabled (option from the context menu, already described in the
manual), the impact on the net is given in the above picture.
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7 Other analytical modules

Modules explained in this chapter requires t-invariants or are directly involved in their generation.

7.1 Net invariants

7.1.1 Theory

The following papers deal with the necessary theory:
(Murata, 1989)
(Law, Gwee i Chang, 2006)
Algorithm foundations:
Fourier-Motzkin Gauss elimination (Fourier, 1826) (Motzkin, 1936).
Algorithm implementation:
(Colom i Silva, 1991).
Other algorithms:
(Marinescu, Beaven i Stansifer, 1991)
(Law, Gwee i Chang, 2006)
(Law, Gwee i Chang, 2007)
Feasible t-invariants:

(Sackmann, Heiner i Koch, 2006).

7.1.2 t-invariants generator

Main window is available from the Net->Invariants generator... or by shorcut Ctrl+l. Window looks
like in the example below:
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a Invariants generater and tools — -
W 1+ 1+ | Tinvariants | O+ ) P-invariants
= INA # Load %... Export Show
' Generate M generator ~ tdinvariants ~ tdinvariants tinvariants
Make Feasible adv. mode
feasible

T-invariants log window

Tools
:‘ Check
I canonity
—  Check sup.
t 2% minimality
# " Check
3% C-x=0
Test  Ref. set
A\ compare
Details

TesT  Incidence
REN  matrix

Two separate tabs are available for transitions- and places-invariants. For the t-invariants it looks like

in the picture above.

Buttons:

e Generate- starts the invariant calculations, depending on the net structure it may take some

time.

e Ina Generator - When INAwin32.exe program is available in the Holmes /Tools subdirectory,
it can be used as the auxiliary generator (Integrated Net Analyzer (Starke, 1992) ). When the
INAwin32.exe console appears, user should press ‘Y’ key to accept pre-defined generation
sequence. Window should close automatically after calculation, if it not happens and the
cursor is available in the console window, ‘N’ key should be pressed at the very end.

e Load Invariants — Holmes can read the following invariants file formats::

- Comma Separated Values, defaults file, .csv extension

- extension: .inv, from Monalisa (Einloft, Ackermann, Nothen i Koch,

- extension: .inv, from Charlie (Heiner, Schwarick i Wegener, 2015)

o CSV

o Monalisa
2013)

o Charlie

o INA

- extension: .inv, from Integrated Net Analyzer already mentioned

e Export Invariants — as CSV or .inv (INA, Charlie)

e Show t-invariant — shows t-invariants in the notepad (CSV).
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When generated by INA, Holmes will immediately ask if the invariants should be save to file. When

native generator is used, invariants can be exported using Export Invariants, but they still be the part

of the project file.

When read arcs / double arcs are detected, additional warning will be given:

Log

T ™

Processing column: 26, projected rows change: 21, remaining steps: 8
Mew rows number: 21 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 31, projected rows change: 21, remaining steps: 7
Mew rows number. 21 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 0, projected rows change: 22, remaining steps: 6
Mew rows number: 22 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 10, projected rows change: 30, remaining steps: &
Mew rows number: 30 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 18, projected rows change: 29, remaining steps: 4
Mew rows number: 29 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 24, projected rows change: 28, remaining steps: 2
Mew rows number. 28 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 33, projected rows change: 27, remaining steps: 2
Mew rows number: 27 | rejected: 0 replaced: 0 not canonical: 1
Processing column: 35, projected rows change: 98, remaining steps: 1
Mew rows number: 66 | rejected: 32 replaced: 0 not canonical: 1
[2015-04-19 10:55:14] Operation successfull, invariants found: 66

WARMING! Double arcs (read-arcs) detected belween nodes::

Place: p_30 and Transition {_34

Feasible invariants computation/check is recommended - depending on the set it may ar
may not change during this procedure.

[ »

Button Make Feasible will make the t-invariants feasible according to the literature given in 7.1.1. It

is advised to leave option Feasible adv. mode on (however it may need more time to calculate

feasible set). The effects will be given in the log window, for example as report:

Created non-minimal feasible invariants: O

Self-propelled readarc/double arcs invariants left unchanged: 22
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l/ = 4 | Tinvarants | (< Pinvariants
- INA # Load %... Export Show
- Generate &, generator . t-invariants . t-invariants t-invariants
Make Feasible adv. mode
feasible
T-invariants log window Tools
Processing col| What to do? . .:{; Chec!n
Mew rows num — Lananily.
Processing col| | = New (feasible) invariants set computed. What to do now? —  Check sup.
Mew rows num Save it to file and replace the current set. 2% minimality
Frocessing col Save it to file only (do not replace current set). 2 Check
e
[;ETSFUUHSSEZUE Do not save to file, only replace current set. £33N C-x=0
Discart new feasible invariants set. Test  Ref. set
TN, compare
WARMING! Do | | | | ‘ : pa
Place: p_30 af Save & replace Save only Replace only | Cancel | Details
Faasizle Invarnibemsor oo o oo G oo oS T e S T g T U TS T :
may not change during this procedure. Test  Incidence
matrix
Checking t-invariants correctness for 48 invariants.
Proper t-invariants (Cx = 0): 48
Sur-t-invariants (Cx=0) 0
Sub-t-invariants (Cx=0). 0
Mon-t-invariants (Cx === 0} 0
Created non-minimal feasible invariants: 0 1
Self-propelled readarc/double arcs invariants left unchanged: 16 T

e Save & replace — new set can be stored as a file, it will immediately replace the current t-
invariants set

e Save only - save to file only.
e Replace only - replace the current set with the feasible one.
e Cancel - disregard computed feasible check (standard t-invariants set will remain)

Right panel buttons:

Tools Check canonity — checks invariants for greatest common divisor = 1 (part of the
H“:. C“E’C:Y native algorithm, may be useful if some unknown set of invariants has been
= canon

just read from the file, not generated by Holmes).
—  Check sup.
L2\ minimality Check sup. Minimality — test of support minimality (comment same as above)
“ Check
3N C-x=0
Check Cx=0 — checks the equation Cx=0
TesT  Ref. set
compare
Details
Effect in log:
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Checking canonicality for 66 invariants.
Mon canonical invariants: 0

Checking support minimality for 66 invariants.
Mon support-minimal invariants: 0

Checking invariants correctness for 66 invariants.
Proper invariants (Cx = 0). 66

Sur-invariants (Cx=0) 0

Sub-invariants (Cx=0x 0

Man-invariants (Cx === 0} 0

In (Starke, 1992) a few other types of vectors have been given: sur-invariant and sub-invariant, for

which does not hold the C - x = 0 equation, but the respective inequalities hold: C" - x > 0 (sur)

and CT-x <0 (sub).

Last button Ref. Set compare can compare the t-invariants from a file with the already computed set

stored currently in Holmes project memory. Effects will be given in a log:

Prev. computed set size: 66

Loaded (now) set size: GA

Common set size (load & ref); 44

Loaded invariants notin a computed set: 22
Computed invariants not in a loaded set. 22
Repetitions in commaon set: 0

Total repetitions in loaded:0

Inititating further tests for the loaded set of 66 invariants.

-= Mon canonical invariants found : 0
-= Mon support-minimal inv. found: 0
Froper invariants (Cx=10); 44
Sur-invariants (Cx = 0): 0
Sun-invariants (Cx = 0). 22
Mon-invariants (Cx===0). 0
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7.1.3 p-invariants tab

This tab has similar buttons like the previously described one, the only major difference is lack of

feasible invariants sub-generator.

-a Invariants generator and tools

( - = |+ | Tinvariants

() pinvariants

E INA - Load
W

Generate generator .. p-nvariants

%.. Export
. pdnvariants

Show
~ p-invariants

p-inv.

P-invariants log window

Tools
I Check
21N canonity
~  Check sup.
1% minimality
I Check
3% C-x=0
st Ref. set

compare
Details

fesr  Incidence

AN matrix
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7.2 Cluster analysis

7.2.1 Theory

Clusters algorithms and distance metrics:
(Gérecki, 2011).
Evaluation measures:
Calinski-Harabasz index:
(Calinski i Harabasz, 1974)
Mean Split Silhouette:

(Rousseeuw, 1987).

7.2.2 Holmes cluster module

All clustering procedures are performed using R Language environment, which should be installed.
The communication between Holmes and R is automatic, assuming the R files path is given correctly
(see 8.1 chapter, R path button). As for the R language, the required steps are:

e install R, at least version 3.1 (http://www.r-project.org/ )

e in R the following libraries must be installed:

o amap
o clusters
o fpc

e optionally a BioConductor tools can be installed in R libraries: http://www.bioconductor.org/

Cluster analysis window is available from menu Analysis -> Cluster analysis (Ctrl+C) or by C1 button
from Holmes toolbar (Sekcion 2). The window looks similar to:
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http://www.r-project.org/
http://www.bioconductor.org/

& Cluster Analyzer — X

Metic. | [UPGMA| | Tcentr] | [comp.] | [mcauity] | [median| | [ singte] | | ward | Generate clusters:
201

e o g
Cofnjute
Cfum I‘?— =

In part 8 there will be a table with the results, when available. The number of clusters to be
computed (from 2 to this value) must be provided in provided field 9 before the computations start.

In the current version of Holmes one more button is avaible below the 7th one on the picture.
Using the window this button activates, the user can select different combinations of clustering
algorithms and distance metrics to be calculated. Default scenario assumes calculating all 56
combinations of 7 algorithms and 8 distance metrics. This will change the time button 1 and 2
require to finish the calculations using R environment in the background.

Buttons:

1 Compute clusters - the user should create a new folder for the calculations (option will
be given). By default all 56 combinations of clustering algorithm and distance metric will be
computed, each one for cluster number from 2 to the given in field 9.

2 Compute C-Hindex - similar as above, but it computes the auxiliary evaluation metric
based on Calinski-Harabasz. The default evaluation metric is MSS, calculated using button 1.
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klastréw (ATTENTION: when t-invariants number exceed thousands, this may take a VERY
long time to finish, assuming the user has at least 8GB of RAM memory.)

3 Load Clusters - when button 1 calculations are finished (the log will inform about
this), the user must click this button and select the folder assigned when using button 1.
Load C-H Results - as above for the C-H metrics and folder assigned by using button 2.

5 Save table to file - when button 3 (and 4) has been used to draw the table, this button
can save it to a single file for future faster usage.

6 Load table from file - loads table save by button 5.

7 Export to Excel - export table to Excel file (2003).

Let us assume we have a net with computed t-invariants. Clicking button 1 and choosing folder for

calculations will initiate the computations. Before it happens, the following message will be shown:

Invariants source

@ Please select invariant file {.C5V) for the clustering manually or use invariants
from the current network (they MUST be computed/loaded already!).

et

Select invariants file manually Use computed invariants Cancel operation

Advised option is the second one: Use computed invariants.

Second question concerns the folder for calculations.

Directory selection >

@ Multiple cluster files can we written into default temporary directory (not advised) or into
the selected one. What to do?

Select cluster directory Use temporary directory Cancel operation

ATTENTION! IT IS STRONGLY ADIVESED TO USE ‘SELECT CLUSTER DIRECTORY’ OPTION.

When the computations started, the user can use Button 2 and initiate C-H calculations in the second

thread, assuming having the multi-core CPU in a computer.

ATTENTION: folder for C-H calculations (button 2) should be different than the one selected for

MSS cluster computations (button 1).

When the calculations are in progress, informations in log will be given:
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[2015-09-23 18:12:59]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 18:54:53]
[2015-09-23 19:23:37]
[2015-09-23 19:24:59]
[2015-09-23 19:24:59]
[2015-09-23 19:25:01]
[2015-09-23 19:25:01]
[2015-09-23 19:25:02]
[2015-09-23 19:25:02]
[2015-09-23 19:25:03]
[2015-09-23 19:25:03]
[2015-09-23 19:25:03]

aring states simulaton ror

Simulation ended. Restoring zero marking.
Met data deletion initiated.
Met data deletion initiated.

Remaoving all nodes (places and transition) and all arcs.

T-invariants data removed from memory.

steps in 50% firing chance mode.

P-invariants data rer|
MCT data removed i
Reading Snoopy file
Petri net successfull
Invariants saved as

Cluster files will be
Processing: “binary”,

R computation initiated

X
F_MR.spped

@ Clustering procedure for all cases initiated. This make take so time to finish. |[-0-1-2_2015-04-17_MR.spped

Processing: "binary”,
Processing: "binary”
Processing: "binary”,
Processing: "binary”,
Processing: “binary”,
Processing: "binary”,

TETTINOTD

“complete”
“mequitty”
"median”
single”
Jward.D”

Processing: "canberra”,"average”

| »

1]

If not selected otherwise, the last to process will be always correlation (Pearson) metrics with ward

clustering algorithm:

[2015-04-19 13:49:03]
[2015-04-19 13:49:04]

Processing: "correlation","ward"
A1l clusterings has been computed.

Then button 3 can be used to read the table from the already selected folder (button 1 procedure),

and button 4 to read C-H metrics (button 2 procedure). The final table can look like in the example

picture below:
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& Cluster Analyzer - X
Metric. | [uPGmy | centr. | Jcomp.] [ [mcaui. | [Median | [ single [ | war | Generate clusters:

Correlation 0:| M55 2 - : 0:| MSS - 10‘

2 0.5696 0.5696 -

i 0.5549 3 3 3 0.5549 A 3 ...,11%"‘. = a-_],

5 glus

B

T =

s Coniptte

0 C-H index

Pearson

2 - :
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g [

8

9

- L

Binary H

2

E

4

: SN

B

T

i N

9

: | B

Canberra

2

2

4

5

&

7

8

S | |

10

Euclidean

2

3

4

5

6

7

E

9

10 11076 0502 | 11072

Manhattan : - : z : cH [0:| mss | cH [0:] mss | CH 0:| MS5 | CH ﬂ

2 100.8 635 185 008

> coo <74 I -@3 2230 0522 | 008

. : ; 05269 | 759

s 0.5254 | 05121 | 821 -E -- =
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Not all combinations of algorithm and metrics are visible in the picture (they can be scrolled in
Holmes). The table is divided by blocks, each one (rows) consisting of chosen distance metric (e.g.
from the top: Correlated Person, (uncorrelated) Person, Binary, Canberra, etc. used for the selected
number of clusters (from 2 to value given in top right part of the window). Columns in general
represent clustering algorithms, each one having always 3 columns, named: ‘0", ‘MSS’ and ‘C-H’. First
three-columns block is for UPGMA (Unweighted Pair Group Method with Arithmetic means (Sokal i
Michener, 1958) ) clustering algorithm, second block for Centroid, then Complete, McQuitty, Median,
Single and Ward algorithm.

As for the colors, they are arbitrarily assigned, in general: the more green the better the results are.
‘0’ column shows the number of single-invariant clusters (in most cases: the lowest, the better).
Second column ‘MSS:" shows the Mean Split Silhuette value for a given clustering (total, will be
described later). Finally ‘C-H’ column show the Calinski-Harabasz value if computed. For this column
‘peaks’ of values are marked with darker gray color.
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As mentioned before, when using 1-4 button to generate the table, it is advisable to store in in
separate file with button 5 (and read from such a file with button 6).

Button 7 export the table to Excel file (.xls):

Plik Edyga Widok Wstaw Format Nawedzia Dane Okno Pomoc & x
B HESaXLE 4% s EDED
Arial Frlaea d B- === 734
R & Z= B =
A [8] < [o] £ [F] g [H] 1 [o] 3 [L] M [N ] 9 [e] [ Bl
1
2|
, | Distance/Cluster =X
alg. Silhouette Przedzialy zarys Interpretacja
4 Binary LB . Median |Lp.| Single Ward.D 0.71-1.00 Strong structure b
s 2 1 1 05858 05858 03126 o
5 3 p) 2 03823 05823 03823 0.31-0.60 Important structure B
7 4 3 3 0,589 0,589 03534 0.34-0.50 Weak structure
3 5 4 4 05717 05717 0,3768 0.25-0.33 Weak structure
9 6 4 4 05152 0.5152 03393
10 7 4 6 0,4925 6 04925 0.3606
u 8 4 6 0.4219 6 0.4219 03614 Klastry jedynkowe Interpretacja
12 9 6 6 0,4198 6 0.4198 03619
13 10 6 6 0,3915 6 0.3915 0.2821
14 11 6 8 0,4066 8 0.3705
15 12 6 0,3901 0.356
16 13 6 0,3812
17 14 8 0,3426
18 15 8 0,3476
19 16 0,3578 0,3578 0,3578
20 17 0.3087 0.3087 0.2901
[ | 18 03511 03511 02783 |
2 19 0.3731 0.3731 0.2828
3 20 03614 03614 02924
24 21 0.3703 0.3703 0.3816
B 22 03682 03682 03443
2% 23 0.3448 0.3448 03371
Bl 24 0,3493 0,3493 03437
28 25 0.3589 0.3589 0.3503
3 26 0376 0376 03351
30 27 0.3974 0.3974 03318
31 28 0.4189 04189 03351
2 29 0.4343 0.4343 0.3615
2 2an nAAnQ naano n2e72 =2
< v
[W[«)(p)]| Clusters [ &
K [znajaz [=] Znajdz wsaystkie ] Unzglednij wielkosé ier
Arkusz1/1 PageStyle Clusters =[G Suma=0 - & + [ 100%

ATTENTION: in order to create a file, a folder with MSS values must be selected — the one assigned
when running calculation by button 1 (the same folder is chosen with button 3 as already
explained).

7.2.3 Details about clustering
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a Details for 9 clusters from UPGMA/ minkowski — pod
Clustering details: =
Algorithm name: UPGMA
Metric name: minkowski
Invariants number: 48
Clusters number: 9
Zero—-clusters: 6
MSS evaluation: 0.38010001
C-H evaluation: 44 .33961
Cluster 1 invariants: 36 MSS:
Cluster 2 invariants: 4 MSS: 0.71663672
cluster 3 invariants: 1 mMss: 0.00000000
Cluster 4 invariants: 1 Mss: 0.00000000
Cluster 5 invariants: 2 MsSsS: 0.36459991
Cluster & invariants: 1 Mss: 0.00000000
cluster 7 invariants: 1 mMss: 0.00000000
Cluster 8 invariants: 1 Mss: 0.00000000
Cluster 5 invariants: 1 Mss: 0.00000000
Min. | 1st Qu.| Median | Mean | 3rd Qu. | Max.
-0.1813 | 0.2213 | 0.5063 | 0.3801 | 0.5483 | 0.7632 | |
1 == Net structure I.TL}J == Cluster table

Clicking any cell corresponding to a given combination of metric (row) and clustering algorithm
(column) will show a window with detailing information. MSS values are presented evaluating each
cluster within the clustering.

Three possible button have the following functions (from left to right):

e Export this specific clustering into Excel file.
e Show clustering data on the net structure.
e Export cluster table into Tex file

Exporting data to Excel will require using R script one more time,
this may take a few second or more, depending on the number of
t-invariants.
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After clicking that button, a question will appear:

Choose output file >
? Select CSV invariants manually or export from net computed invariants?
Use computed invariants Load C5V invariant file

After choosing one option (computed invariants in Holmes memory is a recommended one), one
more question will show up:

Choose output file *
? Clustering data extraction succeed. What to do now?
Save data files and Excel file Make Excel file only

First option will write additional PDF files with the Excel document about the clustering:

e average_correlation_clusters_ext_9.pdf

e average correlation_dendrogram_ext_9.pdf

e cluster.csv.analysed.txt

o excelFile.xls (file name assigned by the user in a separate window)

First file contains graphical MSS representation for every cluster and every (its) invariant. Second file
contains the clusters dendrogram. Fourth file is divided into 4 blocks:

e full names of transition in every t-invariant
e t-invariant CSV block

e t-invariants with MCT sets (if exists within)
e MCT sets

Fourth (Excel) file contains detailed data about each cluster. First tab contains MCT sets data, next
tabs — detailed data about every cluster composition.
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An example of a cluster tab within the file:

excelfilexis - LibreOffice Calc 11 e e — RSN
x

k Edyge Widok Wstaw Format Narzedzia Dane Okno Pomoc

s EHEEBERE GRS
=R O N

& -
[ o 3 F o[ 6 | H [ 1 ] [ k[ L M N o P | o [ r S|z
CLUSTER 4 —
MCT#: Size: Meaning
4 MCT 1 5 16, default meaning for met no. 1
5| MCT 2 5| default meaning for mct no_ 2
6 | MCT 3 4/default meaning for met no. 3
7 MCT 4 4/default meaning for met no. 4
& | MCT 8 3| default meaning for met no_ 8
9 MCT 9 3|default meaning for met no. 9
10| MCT12 2 default meaning for met no_ 12 =
1 MCT.14 2/default meaning for met no. 14
12 MCT 16 2/default meaning for met no. 16
1z | MCT 18 2| default meaning for met no_ 18
T1a | Real firing of MCT transitions
15| Trans.#: AvgFired:  Transition name: Trans#  fromMCT:  Freg: Avg.fired: Transition name:
16 Trans. § 22 Smenocytes_acquires_characteristies_of_tissue_macrophages  Trans.3  MCT2 2.2 2monocytes_penetrate_intima_media
7| Trans. 20 22| 19monocytes_binding,_to_endothelium_by ICAMI Trans.7  MCT3 2.2 6scavanger_receptors_expression
18 | Trans. 24 456/23NADPH_formation Trans.§  MCT 3 22 7.scavanger_receptors_modyfied_lipoprotein_particles_binding
19| Trans. 26 52|25 NADP_cation_usage Trans 10 MCT 3 229 glycation process ]
T | Trans. 33 0.8 34 mast_cells_degranulation Trans. 12 MCT3 2.2 11 transformation
2 Trans. 36 0.635NOS_activation_by_cytokines Trans. 16 MCT 12 12 15.transformation._into_apoptotic_bodies
2| Trans. 44 0.4/43 water_formation_in_bilogical_processes Trans. 22 MCT 14 1 21 cytostolic_components_translocate_to_the_membrane
3 | Trans. 23 MCT 14 122 processes_catalysed_by NADPH_owidase
T Trans 28 MCT 1§ 6 27 hydroside_ion_usage
a5 | Trans. 30 MCT8 2.8 20.reaction NO_with_superoside_cnion
% Trans. 31 MCT4 2.6 30.superoxide_anion_synthesis_mainly_in_mitochondsia
| Trans. 32 MCTS 2.2 31lipids_peroxidation_by._peroxynitrite
8| Trans. 34 | MCT 16 6 33.water_dissociation
9 | Trans. 37 MCT8 1.4 36 reaction_catalyzed_by_iNOS
El Trans. 38 MCT 12 12 37.endothelial_injury
3 | Trans. 39 MCT 18 18 3Surea_cycle
A Trans. 40 MCT 9 3,4 39 atherosclerosis_progression
R Trans 41 MCT4 2.6 40 electrons_in_reaction_formation
T3 | Trans. 42 MCT4 5 4Linflammatery_process
E Trans. 43 MCT4 9.2 42 formation_of_ozygen_in_vasious_biological processes
£ Trans. 45 MCT 1 1.4 44 glycolysis
77| Trans. 46 MCT1 2,8 43 ovidative_decarboxylation
N Trans 47 MCT1 2.8 46 sequence_of_reactions_of_the_Krebs_cycle
E) Trans. 48 MCT1 1.4 47.stimulation_of_hydrolysis_of_the_high_energy_binding
0] Trans. 49 MCT 1 1.4 48 energy_consuming_biological processes
o | Trans. 50 MCT1 14 49 oxidative_phosphorylation
"2 Trans 51 MCT1 1450 enzyme_present_in_the_inner_membrane_of_the_mitochondrion
[E] Trans. 52 MCT1 14 51.the_presence_of_ubichinon_in_the_mitochondsia
“ Trans. 53 MCT1 56 S2.translocation_of_protons_across_the_inner_ membrane
s | Trans 54 MCT1 56 53.outer_side_of_the_protein_lipid_membrane
= Tewme 3 NIETY 3 St emarancinn
< m | v
[(4)(®)p] MCT [ Clusterl | Cluster2 | Cluster3 | Clusterd | Clusters | Clusters | Cluster] | Cluster8 | Clusted | & |
Arkusz5 /10 | | PageStyle Clustert |wm| 2] | Suma=0 | = ——o——+ | 100%

7.2.4 Clusters on a net structure

jm This button will again require R computations for a selected

7 == Net structure clustering. After short time, a message will appear and the

= clustering information window described in the last chapter (7.2.3)

can be closed. Cluster information in such a form requires net editor and the option from one of the
tab of the 6" section of the main interface window.
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a Details for 10 clusters from UPGMA/ correlation — b4

Cheose output file

Select CSVinvariants manually or export from net computed invariants?

| Use computed i.nvaria.ng | | Load CSV invariant file |

The clusters view example:
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As one can see, Clusters tab is selected from the Section 6 of the Holmes window (bottom right part
of the window). From there, a specific cluster can be selected, and its structure will be drawn (using

colors) on a net structure.

Clusters |/I{noclmut |/Fi.1r. |

Possible options:

Tiov [ Pinv [ MCT [ MCS . .
e Show transition average firing
Clusters =00 X
e Show scaled colors
Algorithm: UPGMA e Show MCT sets
Metric: correlation
Clusters: 10 First one will compute each transition
Selected: Cluster 10 (size: 10inv.) || average firing within the cluster (based on
MSS value: 0.7466352 the values on non-zero entries of the t-
[| Show transition average firing invariants from the cluster). When this
Show scaled colors option is not selected (by default), the
[]|Show MCT sets number of times each transition exists in a
Show Export cluster is presented (i.e. the number of this
details 5 pictures cluster t-invariants in which the transition
Cluster inv.: | | - | exists).

Second button (turned on by default) shows

the colors on a net structure in a scaled way — from red (lower values) to green (greatest values),

going through degrees of orange and yellow colors.

Third option will mark MCT sets within the cluster in different colors.

Show details will show data about cluster in a notepad.
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Export pictures will require selecting a directory. When selected, each cluster will be saved there as
picture.

Cluster inv.: allows selecting each t-invariant from a previously selected cluster.
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7.3 Minimal Cutting Seys (MCS)

This module can be selected from menu Analysis -> Minimal Cut Sets... (Ctrl+G)..

In theory, such MC Sets provide an answer to the following question: what transition(s) should be
disabled, in order to completely disable all t-invariants containing a pre-selected single transition.

Algorithm generating such sets implemented in Holmes is taken from (Klamt i Gilles, 2004). Other
algorithms for generating such sets are also known in the literature, e.g., (Ballerstein, von Kamp,
Klamt i Haus, 2012).

One very important thing should be noted here: this is a straight-forward bruteforce algorithm
trying to search the whole search space. In simple words in means, that selecting sets greater than
(usually) 4 elements, can results in a very long computations — hours or more. Therefore it is
advised to compute sets from a range 1 to 3(4) at maximum.

The window looks like in the picture:

% Minimal Cutting Sets generator — X
Obj. reaction: |— [*]| © add | [ 3 Rem. | [ 4 Clear | Comp.
. - select.
Max. [CutSet]: UE Max. set number: |4 300/ Reduce MCSs F) ‘ MCSs
‘ Generate | .. ‘ ‘ #  Load one o #¢» Load all ‘ ‘ 4% Save all [¥] Compute all MCS
MCS ~ objRMCS —wu MCS il MCS

[FCOMpUTEd MC S opuons
ObjRMCSs:  |— -~ | | [¥] Show full info

% Save this | ) ‘ Iﬂ. - ‘ 3

. gbRMCS 8 Show MCS 4 Fragility
Log
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It has been divided into three parts. Panel 1 is devoted for creating MCS separately for each
transition. Panel 2 can generate MCS for the whole net (for every transition but automatically). Panel
3 has the tools for viewing the sets.

Elements of panel 1 are as follows:

e Obj.reaction - here and objective reaction must be selected, i.e., a transition for which
MCS will be computed.

e Max. |CutSet| - maximal sizes for generated sets, IT IS ADVISABLE NO THE EXCEED 3-4.

e Max. set number — maximal number of sets generated, computation will stop when the
results will exceed this number

e Reduce MCS — will be explained later

e Generate MCS — starts the computations.

e Stop — it will stop the computations, but it can take some time to ‘trigger’.

e Load one objR MCS — load a file with MCS for a single transition (extension: .objR)

e Load all MCS — load a file with all (computed) sets for all or a subset of transitions (extension:
.mcs)

e Save all MCS —saves the .mcs file

If loaded file will contain data for a transition which already has some recently computed MCS, the
guestion will appear when loading:

Transition already have MCS data *

A Existing MCS5 list detected for a given transition. Replace?

| Replace || cancel |

ATTENTION: One more time it should be stated, that computing MCS with greater sizes (more than
3-4) can take a long time.

[2015-04-20 16:54:058] Searching MCS started.

1 I - R e e R e e e
Calculating for set size: 2

MCS found: 41 Precutsets list size:490

1 H - B T T T T T T T T T T T T T T T T
Calculating for set size: 3

MCS found: 42 Precutsets list size:2067

1 H - B T T T T T T T T T T T
Calculating for set size: 4.

MCS found: 42 Precutsets list size:3565

1 H - B LT T T T T T T T T T T T T T T T
Calculating for set size: &:

MCS found: 42 Precutsets list size:2050

1 H - B T T T T T T T T T T T T T T T T
Calculating for set size: 6:

MC3S found: 42 Precutsets list size:0
[2015-04-20 16:54:06] MCS list created.

In the above picture there is a very optimistic scenario, when not only bigger MCS have been
computed, but it seems all of them (all existing one) — because the Precutsets list containing new
candidates for MCS is 0.

Sadly, more realistic scenario can look like this:
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Log

[2015-04-20 17:02:24] Searching MCS started.

1 I . O T e e e
Calculating for set size: 2

MCS found: 103 Precutsets list size:1947

1 I . B
Calculating for set size: 3

MCS found: 174 Precutsets list size:27689

1 I . « dededdeddtedr e e e e ek
Calculating for set size: 4.

MCS found: 1018 Precutsets list size:233409

1 I . B
Calculating for set size: &:

MCS found: 1486 Precutsets list size: 1260308
Calculating for set size: 6. *

As one can see, after a minute of computations, we have 1 260 308 new candidates list (and rising).

Obi. reaction: |— [~ © ada | [ 3 rem. | | 4 clear | Comp.
. - select.
Max. [CutSet|: OE Max. set number: |4 300/ Reduce MC3s o-) ‘ MCSs
Generate | (.o ‘ ‘ 4  Load one o 444 Load all ‘ ‘ % Save all L [¥] Compute all MCS
MCS =" objR MCS — MCS wll MCS

Panel 2 allows to add transitions to the list (below) the buttons. The top right button

will initiate the calculations. If “Compute all MCS” option is enabled, the list is

disregarded and sets for all transitions will be computed (with respect to their size and

their total maximum number provided in the panel 1.

FCOMpUted e s opuons

ObjR MCSs: | — ~ | w | [¥] Show full info

%, Save this - i;a -
. objR MCS 8§ Show MCS5S Fragility

Panel 3 provides options for analyzing the MC Sets:

e ObjR MCSs - first the transition must be selected for which the lower button will refer.
e Save this objR MCS — saves the sets for the selected transition into a file.

e Show MCS - show MCS in a textbox below the button.

o Fragility - for each transition a fragility function is computed (Klamt i Gilles, 2004)

o Show full info — if enabled, full names of transition will be used when showing MCS data.

7.3.1 Showing MCS on a net structure

Similarly as for the other modules, MCS can be seen on a net structure. The view looks like in the

picture below:
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NotEloment | selection | Objective reaction is a

b =0 % |} Net Element —DOa x

Fl ouneme: mmn 7 | transition t34. One set is
1D: 0 (sheet position: 0) .
| zoom: 100% selected from a list,

A width: 2100 2100 (orig)

| e =D (@) consisting of transition
: tll, 26 and t69.
Disabling these transition

will knockout every t-

invariant containing in its
support the transition
t34.

Clusters | Knockout Fix
Tiv [ piv [ mer [ omes |
MCs =0d x

‘| Reaction: [t34blood_pressure_increasing [~]

| mcs 11, 26, 69] ~|[ Rem. |
4 [11, 26, 51] B
il [11, 26, 52]

4 [11, 26, 53]
[11, 26, 611
111, 26,691
[11, 30, 33]
[11, 30, 50]
[11, 30, 51]

This is a different mechanism than the simulation knockout, but it can be verified that sometimes
both methods provide similar results.

p30 pd4

Sy = T i i
t3

a Mode: blood_pressure_increasing — X

__ |/ Transition general information:

ID: 34 Portal: no  Avg.f: 0% PRE-Place: 1 POST-Place: 1 :&{EZ
Name: blood_pressure_increasing (|

Comm.:

==, Transition chart

blood_pressure_increasing dynamics

4E-9

2E-9

[ = R R T R L R R R R LA R AR TR

-2E-9

Firings chance %o

-4E-9

o] 100 200 300 400 500 600 700 300 900 1000

t11
= Simulation steps
Sim. Steps: Interval: Simulation mode:
Jlil]lia,rt | | 1 UUUH | 1UH |50!50 mode |V|Petri Net |V|
57 )\ —

Chart for t34 for disabled t69 and t26:
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= Transition general information: ~
— Portakno Avgf: 23.2%  PRE-Place: 1 | POST-Place: -’E
= Name: blood_pressure_increasing |——I
— Comm.: —
/P i g
|| Transition chart T L
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. g s e memmm— —— Y F— S B SR r > O
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Simulation steps
Sim. Steps: Interval: Simulation mode: I_ o
1000 L
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7.4 t-invariants knockout analysis

Implemented algorithm uses the algorithm and idea presented in (Grunwald, Speer, Ackermann i
Koch, 2008).

It should be noted, that this knockout analysis is completely different from a simulation knockout
already explained.

Module can be activated from menu Analysis -> Knockout analysis (Ctrl+K). The window can look like

in the following example (for already existing net):

@ Knockout analysis

Search options
Obj. reaction:  [10.HIF_1_alpha_SH_and_HIF_1_beta_dimerization |+ | (¥l Snow full names EDECDHthted

' Generate o AeL () oo P Save image
knockout Lisa data . <

! Show B Color Mona Lisa

notepad % . met -» Color net

_permadiity

sy stimulate_vesse®

o
Vr\measjaﬁmrs’mat'var

38 » 28 » 16 )| 8

P

to CT2 t19 CT1 t13 ICTS 6 CT4 51 ity

(MCT2) (MCT1) (MCTS) MCT4) " s“mdate,vessels,perm$
yanausy =

R
and_migre
orotheld PRV foctors. et

127 151

igration
ndatheid _profifer awn,md,m@

27 .
Sy s(!mu\ate,vessels _perma
ariously S

vnmsis,factﬂ‘s»mat’

@[

ts1 t13 (MCTS)

piwosylatan

to9

-

I vl |

1]

Double circles indicate transitions, squares with circles — MCT sets and one of its transition (e.g. for
MCT2, t0 is shown). The idea behind the connections (drawn from the idea of Mauritius maps) is fully

explained in in (Grunwald, Speer, Ackermann i Koch, 2008).

There is a simple zoom mechanism for the view panel, activated with mouse wheel

and CTRL button pressed.
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This analysis in general is the opposite idea of MCS. Here we answer a question what will be knocked
out, if some specific transition will be disabled — based on a t-invariants set.

Search options
Obj. reaction: |tU.HIF,1jIpI|LSHJncLHIF717beta7d|mer|1at|0n ‘v | Show full names QUE{Zonlracted

, — Load Mona
Lisa data

g Show ®  Color Mona Lisa

" notepad ?ﬁ net -+ Color net

‘ Save image
.

Whole net
knockout

e Obj. Reaction - selection of a transition to be disabled (for which a knockout impact will be
drawn).

e Show full names — when checked, full names of transition will be used.

e Contracted — choosing this option will group transitions into MCT sets.

Buttons:
' Generate . .
. - this button will generate the knockout map.
Whole net
o knockout |- this button will show knockout impact for every transition as a percentage

odf disabled transitions and invariants

Show
. B notepad | _ for selected transition, some data will be provided:
list of all transitions knocked out due to disabling of t,,
list of all transition which together with tx belong to the same MCT set,
list of all t-invariants (ID + description if exists) disabled by t« knockout.

Color
net - this will color the structure of the net:

selected tx— red color,
transition knocked out by tx — black color,
transition from the same MCT as t, — blue color.

[ ]
o o0 o ﬁ’,,ooo

Load Mona
. E Lisadata | . single-transition knockout results from Monalisa program can be loaded by
this button (into Holmes memory).

Mona Lisa
) E’“‘““et - similar as above, but the file will be used to activate Knockout tab in the

Section 6 of the main window of Holmes.

When LMB is clicked on some node of the map, additional data in a separate window will be
provided.

138



sﬂmda@'\'eﬁe}ﬁ
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sty
Yﬁt!“esisjacturs,ﬁ“at—\'am v
38 ) 28 ) 16 ) 8
to  (MCT2) t19 (MCT1) t13 (MCTS) t6  (MCT4) t51 . e VeSS _permaity
& Holmes Inv-Knockout Details window — X

Element:

Knockout path:

MCT #4

Dependent invariants:

Knockout element general information

MCTset: [t6 binding EPO and EPOR [~

8 Unaffected invariants: 8

MCT#2 === MCT#1 === MCT#5 === MCT#4

Tables
1D Invariant description
14 Inv_14
18 Inv_18
25 Inv_25
29 Inv_29
34 Inv_34
39 Inv_38
43 Inv_43
47 Inv_47
t

t69

pitrosylation
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8. Other options

8.1 Properties

Properties window is available from menu Windows -> Properties (Ctrl+W).

Many of the option from this window have been already explained, this chapter serves as a
summary.

a Settings =

R . “
wSyslem gEdltor * Simulator Ih{‘;hnalyzer ther

R settings
R path: CAProgram Files\R\R-3.2. 2\bin\Rs cript.exe
Rx64 path: C\Program Files\R\R-3.2.2\binwG4\Rscript.exe

| Set R path | [ | Force R localization on startup

IO operations

(Snoopy) Resize net when loaded:

0 80% e 100% O 120% (Snoopy) Align to grid when saved

0 140% O 160% O 180% [ ] (Snoopy) Use Snoopy offsets for names
[ ] (UNSAFE) Use old Snoopy loader (PN, extPH, TPN/DPN *ONLY*)

Warnings concerning wrong save format

[ ] Use simple notepad (restart required)

Other options
[ ] Debug mode

System tab.

e Rsettings
o R path —path for Rscript.exe file necessary for clusters calculations.
o Rx64 path — set automatically assuming the R path is chosen correctly and the 64bit
R program exists.
Set R path - here the user can update the path for Rscript.exe (32-bits)
Force R localication on startup — when this option is turned on, Holmes will warn on

startup when the path to R is invalid — this can happen when R environment is
updated to the newer version

e |/0 operations
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(Snoopy) Resize net when loaded 80% - 180% - choosing any option other than
100% will resize the net when a file from Snoopy is imported

(Snoopy) Align to grid when saved — align the net elements to 20p grid

(Snoopy) Use Snoopy offsets for names — when turned on, names of places and
transition will have location depending on the data from a Snoopy net file, otherwise
they will be centered below places/transitions symbols.

(UNSAFE) Use old Snoopy loader (PN, extPN, TPN/DPN *ONLY*) — using old Snoopy
loading algorithm. For debug purposes only.

o Warnings concerning wrong save format — when enabled, Holmes will warn when

user tries to save a net into a Snoopy format which is not suitable to store all the net
data.

Use simple notepad (restart required) — turning this on will use simpler version of a
notepad (debug).

e Other options

O

Debug mode — debug mode, for test and development purposes.

1’1 Settings

%‘.5 System

's&litor * Simulator g::{;,ﬂnalyzer S}Dﬂler

Graphical settings
Default arc thickn

w1 2 O
[ ] {Editor) Show

[] (Editor) Show

General settings

Editor tap:

[] (Editor) Petri net elements 3d view

[] (Snoopy/Holmes) Allow only Snoopy-compatible options

ess: Font size: [ | Bold [¥] MCT names

3 135

short default names only

Snoopy-styled graphics [] (Editor) Show non default T/P colors

o Graphical settings

o

O

o

Default arc thickness : 1,2,3 — default thickness of arc (in pixels)

Font size — size for names of places and transitions

Bold — bold font if enabled

MCT names — when showing MCT set on a net structure their name will or will not be
shown depending on checking this option

(Editor) Show short default names only — when enabled, Holmes will show short
form of places and transition names, e.g. p0, t34, etc. Old names will be still safely
stored in a project file, only not shown in the editor.

(Editor) Petri net elements 3d view — activate shadows of net elements
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o (Editor) Show Snoopy-styled graphics — when enabled, colors assigned to places and
transitions in Snoopy will be used when Snoopy net is imported.

o (Editor) Show non default T/P colors — allows using non-standard colors for net
elements

o General settings

o (Snoopy/Holmes) Allow only Snoopy-compatible options — when turned on, non all
hierarchical net options will be available.

o Use meta-arcs compression for metanodes — test option.

1’1 Settings

%§ System 3 Editor * Simulator Mﬁmalﬂer S} Other

Simulator engine options
[ ] Transitions reserve tokens in place via read-arcs

Single-maximum mode (single-50/50 when unchecked)
[] TDPN transition acts like DPN when TPH internal clock = EFT

[ ] Places change colors during simulation

Simulator graphical options

Transition firing delay: Arc token delay:

(| I}
[ Lot 1 [ LA

5 15 25 35 45 55 5 15 25 35 45 55

Simulator tab:

e Simulator engine options
o Transitions reserve tokens in place via read-arcs — see chapter 6.2.1.1.
o Single-maximum mode (single-50/50 when unchecked) — see chapter 6.2.1
o TDPN transition acts like DPN when TPN internal clock = EFT — see chapter 4.1.3.3
o Places change colors during simulation — see chapter 6.1.2
o Simulator graphical options
o Transition firing / Arc token delay — see chapter 6.1.3
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a Settings — x

. . Y
| = System g Editor * Simulator AGAnalﬁer S}Dther

Clusters options
[| save tinvariants in CSV as binary vectors.

Allow presence of self-propelled readarc regions

Cluster algorithms options

MCS generator
Eliminate MCS sets non directly connected with objR transition.

Analyzer tab:

e Save t-invariants in CSV as binary vectors — if enabled, all t-invariants will be stored in files
as a 0-1 binary data files. For specific clustering options only (simulate the Binary distance
metric).

e Allow presence of self-propelled readarc regions — feasible t-invariants will not be generated
for some specific t-invariants, which can provide its own tokens (cyclic invariants),

e Eliminate MCS sets non directly connected with objR transition — experimental option for
reducing MCS sets depending on the net structure and arcs direction.
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9. Net comparison

This section focus on Petri nets comparison module. It is available from menu Analysis -> Net
Comparison (Ctrl+?). It contains several comparison techniques. In process participate network
model from Workspace and second one loaded from file by proper button in module.

1. Invariants based comparison

2. Branching nodes based

3. Decomposition based

4. Graphlet Relative Distribution Frequency
5. Graphlet Degree Distribution Agreement

6. netDis (Graphlet based)

9.1 Invariant based comparison

First comparison method ever created for Petri nets has been proposed in “Petri nets for modelling
metabolic pathways: a survey in 2010”. It is composed of two sub-methods. First one is based on
Enzyme Numbers while second on t-invariants. The later has been extended and implemented in this
module as independent method. It is based on simple concept of matching two t-invariants from
compared nets.

First step is recognizing which transitions can be called identical or similar. User can choose between
automatic method based on Levenstein Distance will match nodes, or load prepared matching from
file.

Second step is the proper comparison process that matches t-invariants. Depending on used option,
it will only match identical invariants or it will find invariants will highest similarity of transitions.
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Graphlets (Netdiv) comparison r Decomposition based comparison r Branching based comparison |

[

Invariant based comparison

Graphlets (GRDF) comparison

Graphlets (GDDA) comparison

Choose second net

| Load invariants for second net(.inv) | Invariant

Match transitions |

Load match

Save match

Compare nets

Info Panel

Matched transition number: 38Comparison result:

Choosen: Best invariant matching
Matched invariants
First net ID - Second net ID

Lo~ EWwNHO
WM WHOOD O OO

—
w
OoOOoOHHFOODOHODODO

21 -

Eest count score: 1,2941176470588236
Eest common score: 1,8213187006058713

[+]

| ) Best matching

Transition

® Precise matching @ Precise matching

) Best matching

First Met Second Net
source_of TRxR local_low_APOE
TRXox_reduction_to_TRXred IL10_production
source_of TRX low_HDL
source_of GR low_ABCG1

regulation_of GCLC_expression

low_CXCL1Z2_expression

regulation_of GCL_activity via_NRF2

secretion_by foam_cells

GSH_synthesis

G_CSF

source_of ROS_production

IL10_production

source_of GPX¥_production

IL10_production

reduction_of GSSG_to_GSH_catal...

local_production_of MCSF_in_the_...

reduction_of GSSG_to_GSH_catal...

local_production_of MCSF_in_the_...

oxidation_of GSH_to_GSSG_cataly...

oxidative_processes_in_the_arter...

reduction_of GSH_to_GSSG_catal...

secretion_by foam_cells

activation_of GPX

Thl7_activation

reduction_of ROS_level

secretion_by foam_cells

NRFZ_inhibition

Thl7_activation

high_ROS_level_and_activation_of...

local_production_of MCSF_in_the_...

low_ROS_level_and_activation_of ...

local_production_of MCSF_in_the_...

transcription_of miR34_a

monocytes_in_intima

enhancing_of_p53_activity

Thl7_activation

enhancing_protein_level_of NRFZ2...

enhancement_expression_of TLR4

modulation_of GSH_redox_state_...

diminution_of_pathological_inflam...

inhibition_of TRxR_expression

low_CXCL1Z2_expression

inhibition_of TRXred

high_TLR4

[«] Il

[ To]

Matching results for transition labels are visible on table on the right side of panel.

Available buttons are as follows:

e Choose second net — choosing second net used in comparison process.

e Load invariants for second net — choosing previously generated invariants for the second

net.

e Match transitions — choosing this option will match transitions using chosen label criterion.

e Load match - choosing this option will allow to load transition matching from file.

e Save match - choosing this option will allow to save matching to file.

e Compare nets - choosing this button will start comparison algorithm.

Type of invariant match:

e Precise matching — only invariants with the same size and all transitions are matched will be

matched.

e Best matching — invariants with the highest number of matched transition labels will be

matched.

Type of transition matching

e Precise matching - only transitions with identical labels will be matched(string distance

equal to 0).

e Best matching - transitions witch smallest string distance will be matched.
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Results of comparison are presented in info panel with IDs of matched invariants and similarity result
based on Sorensen index. It is presented as a list of pairs where first element is an ID of invariant
from first net and second is an invariant ID from second net.

9.2 Decomposition based comparison

9.2.1 Decomposition

The second comparison method presented in this section uses structures acquired by process of Petri
net decomposition. Petri net model is partitioned into set of disjoint subnets that overlap on only on
specific type of node. In literature there also exists decomposition that do not follow disjoint
restriction. Decomposition of both types were implemented in separate module of Holmes.

In application version 1.1 ADT decomposition is used in comparison process. More types of
decompositions are planned to be added to this type of comparison.

Decomposition window is available from menu Analysis -> Decomposition (Ctrl+D).
Buttons are as follows:

e Decompose — decompose net to chosen subnets type

e Compare two decomposition — allows to choose two types of decomposition and compare
subnets from both variants.

e Compare — available only for specific decompositions, opens comparison module window.

e Info - open windows with detail information about available decompositions

N.2.2 Maximal common structure variants

Options

-~
' Decompose Compare two decompositions 1 Compare @) Info
Decomposition types Subnets
Disjoined Decompositions T-net 0
T-net 1
. T-net 2
Functional nets L et 3
T-net 4
T-net 5
s-net H et e
T-net 7
T-net T-net 8
T-net 9
T-net 10
connected ADT L] [T-net11
T-net 12
T-net 13
maximal ADT (MCT) [ et 14

T-net 15
T-net 16
T-net 17
T-net 18
T-net 19
T-net 20
Il non trivial subnets

State Machine Component (P1-net) []

Other Decompositions

Teng-Zeng subnets [] |all subnets
All source-sink paths (|
Augmented Sequential Paths O
Cycles ]
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It was observed that Maximal Common Subgraph is not always the most desirable structure as a

result of comparison process. In context of subnets like t-net, ADT or MCT, it can be observed that

non trivial structures are built around set of branching transitions. Those nodes are responsible for

flow of tokens in network and represent higher information value than non-branching transitions.

Interpretation of structures build around branching transitions is strongly connected to context of

composed net. Depending on situation some characteristics are preferable that others. To cover such

situations three options are available before beginning comparison process.

Common structure restrictions

Information

—O—0—0 —O—0—0—10—0
o o
[ m
| 4 ®
e n —o—=—0
[ ] ®
g i
L [
-0 00 f—O—@
O O
o =
. = .
[ ) ®
u ) O -0 @
[ ® ®
W u o
H H
e O Q
g0 @ -0 @ G~
e g o
o o
u .
L ® Q
- H )=
— [ | 0

Case: Path size

When ...

1) Minimal common length (common arcs)

2) Maximal common length (common nodes)

Case: Branch restriction

When ...

1) Paths of different types will not be matched
2) Path of different types will be matched
A) Path length minimal

B) Path length maximal

Case: Loop restriction

Path that represents a loop will be compared
only with other loops or with others non loop
paths.

1) Only loop to loop comparison

2) Loop to non-loop path allowed
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9.2.3 Comparison

Common structure variants from previous subsection can be chosen using specific radio buttons at
the top on the main panel.

F Graphlets (Netdiv) comparison r Decomposition based comparison r Branching based comparison |

Invariant based comparison r Graphlets (GRDF) comparison r Graphlets (GDDA) comparison
Path size Branch restriction Loop restriction Index
Shoosesecondnct ® Max common path @ Same type branches comparison  ® With loops @ Jackard index
Comparensts 2 Min common path ) Mix type branches comparison ) Without loops 0 Serensen index
Info Panel Internal similarity of First net | Internal similarity of Second net |
Choosen file: Poukladana.pnt First net to second net I Second net to first net |

Second net: Invariants generated.
second net: ADT generated.

Start comparison...

Compare first net to second net.
Compare second net to first net.
Compare first net internally.
Compare second net internally.
Comparison finished.

Subs :0 Subs :1 Subs :2 Subs :3 Subs :4 Subs :5

L2004 3014 2.0/ [2.014 |
y

Buttons are as follows:

e Choose second net — choosing second net used in comparison process.
o Compare nets — choosing this button will start comparison algorithm.

Options are as follows:

e Pathsize:
o Max common path
o Min common path
e Branch restrictions:
o Same type branches comparison
o Mix type branches comparison
e Loop restriction:
o With loops
o Without loops

e Index:
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o Jackard Index
o Sorensen Index

Results are shown on four matrix presented in four separate tabs. Two of them represents similarity
of subnets from the same net (Internal similarity of ... net), while rest two represents to comparison
perspectives first net to second and and second net to first.

Internal similarity of First net | Internal similarity of Second net | F Internal similarity of First net |" Internal similarity of Second net |
First net to second net I Second net to first net | First net to second net [ Second net to first net |
SubS :0 Subs :1 SubsS :2 Subs :3 Subs :4 Subs:5
SubF :02.0/2 2.0/2 0.0/2 2.0/2 2.0/2 0.0/2
SubF :1|5.0/7 3.0/7 0.0/7 2.0/7 4.0/7 0.0/7
SubF :24.0/4 2.0/4 0.0/4 0.0/4 3.0/4 0.0/4
SubF :32.0/2 2.0/2 0.0/2 2.0/2 2.0/2 0.0/2
SubF :40.0/3 0.0/3 3.0/3 0.0/3 0.0/3 3.0/3
SubF :50.0/3 0.0/3 3.0/3 0.0/3 0.0/3 3.0/3
SubF :§0.0/5 0.0/5 0.0/5 0.0/5 0.0/5 0.0/5
SubF :72.0/2 2.0/2 0.0/2 2.0/2 2.0/2 0.0/2
SubF :82.0/2 2.0/2 0.0/2 2.0/2 2.0/2 0.0/2
SubF :93.0/4 4.074 0.0/4 2,014 2.0/4 0.0/4
SubF ..[3.0/5 4.0/5 0.0/5 2.0/ 2.0/5 0.0/
SubF ..[3.0/4 4.0/4 0.0/4 2.0/4 2.0/4 0.0/4
SubF ..[0.0/3 0.0/3 3.0/2 0.0/3 0.0/2 3.0/3
SubF ..[3.0/4 3.0/4 0.0/4 0.0/4 1.0/4 0.0/4
SubF ..[2.0/4 4.0/4 0.0/4 2.0/4 2.0/4 0.0/4
SubF ..[2.0/4 4.0/4 0.0/4 2.0/4 2.0/4 0.0/4
SubF ..[0.0/3 0.0/3 3.0/3 0.0/3 0.0/3 3.0/3 |
SubF ..[0.0/3 0.0/3 3.0/3 0.0/3 0.0/3 3.0/3
SubF ..|3.0/4 4.0/4 0.0/4 2.0/4 2.0/4 0.0/4
SubF ..[0.0/3 0.0/3 3.0/3 0.0/3 0.0/3 3.0/3
SubF ..[3.0/3 3.0/3 0.0/3 0.0/3 1.0/3 0.0/3
1] i [» [l i >

Internal similarity tabs, cells with color green represents situation when two subnets are
isomorphic(dark green), or it is included in the other(light green). Their allow for more accurate
interpretation of acquired results.

9.3 Branching based comparison

9.3.1 Branching vertices

Branching comparison method is based on finding nodes that have at least two incoming arcs or
at least two outgoing arcs. Each branching node is observed through a set of other branching nodes
with whom it is connected directly(by arc) or by path. Such nodes are called an endpoint of specific
branch node.
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p=0c' X

Branching &3 -
Find Branchin Dsrd
Vertices 9 2] TRANSITION: reduction_of_GSSG_to_GSH_catalyzed_by_GR =]
= = —= P <3 | 2> GSH
Find Branching =- P: =<2 |1=GR
Transitions <-- P: <2 | 3= GSSG
Find Branching | ) TRANSITION; oxidation_of GSH_to_GSSG_catalyzed_by ROS
Places —> P: <2 | 3> G556
<-- P: =l |2= ROS
' Export < P: <3| 2> GSH
< P: <1 | 2= more_ROS M
4) TRANSITION;: reduction_of GSH_to_GSSG_catalyzed_by_GPX
- Compare ~= P: <2 | 3= G556 —D
— < P: <2 |1 GPX
Restrictions P: <3 | 2> GSH

_of ROS_production

=
5) TRANSITION: NRF2_inhibition
<-- P: <3 |5>p53

min <-- P: <1 | 3= NRF2
max <-- P: <1 | 2> more_ROS
min in 6) TRANSITION: high_ROS_level_and_activation_of_p5S3_under_cytotoxic_ROS_level L
max in -=> P: <l | 2> more_ROS T
min out -> Pr <3 |5=>p53
max out <-- P; <l | 2= pool_of_ROS

7) TRANSITION: low_ROS_level_and_activation_of_p53_under_physiological_ROS_level
-> P; <l | 2> ROS
~> P: <3 |5>p53
Numbers of degrees < P: <1 | 2= pool_of ROS
'2) TRANSITION: enhancing_protein_level_of NRF2_by pS3
-> P: <l | 3= NRF2
Degree : Ver. Tran. Pla. =-- P:=<3|5=p53
6

1 6 0 <- P: <1 | 2= ROS

2 10 9 1 9) TRANSITION: inhibition_of TRXR_expression
3 14 7 7 <= P: <1 | 2= TRR

a 5 2 3 < P: <1 | 3= miR34a

5 2 0 2 [10) TRANSITION: inhibition_of TRred

8 1 0 1 < P: =2 | 2= TRXred

<-- P: <1 | 3= miR34a

NRF2_iffhibition

H z @! activation_of GPX GPX source_of GPX_production

regultion_of_GELC_expression NRF
3 I::I \, modulation_of GSH_redox_state_by_GR_regulation GR source_of GR
transcription|_of_miR34|a 3
NRF2 .
—]_ o
regulation_of GCL| activity via_NRF2 reduction_of GSSG_to GSH_catalyzed_by TRX

— N/ :

[«] 1l

Buttons are as follows:

e Find branching vertices — finds and colours vertices that fulfils branching restrictions.

e Find branching transitions — finds and colours transitions that fulfils branching restrictions.
e Find branching places - finds and colours places that fulfils branching restrictions.

e Export —export results to file.

e Compare — shows branching comparison tab of comparison window.

Restrictions are as follows:

e min - minimal degree of node

e max-— maximal degree of node

e minin- minimal incoming degree of node

e maxin - maximal incoming degree of node

e min out - minimal outgoing degree of node

e max out — maximal outgoing degree of node

Numbers of degrees shows statistic for each degree with recognition of node type.

9.3.2 Branching based comparison
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From t-invariant perspective branching transitions represents an complex sub processes inside

invariant while branching places represents a point of connection/disconnection with other t-

invariants.

F Graphlets (GDDA) comparison r Graphlets (Netdiv) comparison r Decomposition based comparison r/ Branching based comparison

Invariant based comparison

Graphlets (GRDF) comparison

Info Panel
BrRDF value for transitions : 258405555611 30884
BrRDF value for places : 18.009370401920005

Fartial BrRDF for each vertex:

T<2,0,0,0=

P=0,21.0=:
P=0,1,20=:
P=0,021=>:
T<=2,0,0,1=:
T<=3,0,0,0=:
T<=1,0,0,2=:
P=0,2,20=:
P=0,112=>:
P=0,211=>:
T<=2,1,0,1=:
T<=3,0,0,1=:
P=0,221=>:
P=0,2,3.0=:
P=0,2,33>:
P=0,111=:
P=0,012=>:
T<=2,1,0,0=:
T<=0,2,0,1=:
T<=1,2,0,0=:
T<=3,1,0,0=:
T<=2,0,0,2=:
T<=1,3,0,0=:
T<=2,3,0,0=:
P=0,132=>:

Buttons are as follows:

1 2,4849066497880004
1.791759469228055
0.11778303565638337
0.11778303565638337
0.8109302162163288
3.1780538303479458
2.4848066497880004
0.11778303565638337
3.1780538303475458
0.11778303565638337
3.1780538303479458
0.575364144903562
3.1780538303475458
3.1780538303475458
3.1780538303475458
2 6026896854443837
2 6026896854443837
2.1972245773362196
2.6026896854443837
3.205836866004329
2.1972245773362196
3.205836866004329
2.6026896854443837
3.205836866004329
3.205836866004329

[+]

[«

Choose second net | Generate |

Branching vertices BrRDF r Branching transitions BrRDF r’ Branching places BrRDF

Branching vertices measure

Count

T<2,0,0,0 |
P<0,21,0=
P<0,120>
P=0,021>
T<2,0,0,1>
T<3,0,0,0 |
T<10.0.2>
P=0,220>
P<0,211>

0 P<0233>
T<120.0>
T<310.0>
T=2,002>

-
Branching Vertic

B Branching vertices of first net B Branching vertices of second net

T=<13,00>

T=<2,3,00>

P<0132>

e Choose second net — choosing second net used in comparison process.

e Generate- choosing this button will start comparison algorithm.

Diagram shows relation between branching vertices existing in compared nets.
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9.4 Graphlets comparison (GRDF)

9.4.1 Graphlets in Petri nets

Graphlets represents a family of small non-isomorphic structures (build on 2-5 nodes). Metric based
on them are dedicated for large networks where standard comparison approach is not efficient.
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Goy G

PN

26
PN
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Graphlet window is available from menu Analysis -> Graphlets (Ctrl+?).
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Single net graphlet analysis x

Options
Check net for graphlets
Save orbits
5-node graphlets -
1: PLACE - TRXox -
0: Graphlet ID 0 b
Graphlets info Orbits info

Orbit-106
Orbit-111 :
Orbit-117 :
Orbit-120 :
Orbit-136
Orbit-137
Orbit-139
Orbit-146
Orbit-154
Orbit-155

Graphlet-112:
Graphlet-113:
Graphlet-114:
Graphlet-115:
Graphlet-116:
Graphlet-117 :
Graphlet-118:
Graphlet-119:
Graphlet-120:
Graphlet-121 :

[+]
[+ ]

(=)

Graphlet-122 : Orbit-158 :
Graphlet-123: Orbit-170 :
Graphlet-124 : Orbit-178 :
Graphlet-125: Orbit-189 :

Orbit-193
Orbit-198
Orbit-206
Orbit-215
Orbit-219
Orbit-224

Graphlet-126:
Graphlet-127 :
Graphlet-128:
Graphlet-129:
Graphlet-130:
Graphlet-131 :

Graphlet-132: Orbit-229
Graphlet-133: Orbit-233
Graphlet-134 : Orbit-234
Graphlet-135: Orbit-242

Graphlet-136: Orbit-244

Graphlet-137 : Orbit-247
Graphlet-138: Orbit-260 =
Graphlet-139: Orbit-264

Orbit-268 :

Graphlet-140:
Graphlet-141 :
Graphlet-142:
Graphlet-143:
Graphlet-144 :
Graphlet-145:
Graphlet-146 :
Graphlet-147 :
Graphlet-148 :
Graphlet-149:
Graphlet-150:

Orbit-272
Oorbit-273
Orbit-297
Orbit-307 :
Orbit-310
Orbit-313
Orbit-351 :
Orbit-398
Orbit-403 :

HHEHHMHHHOFRMFEFOMFFHROFRRRFREFRRFRFOFRFWORERFR R LR R R

COoO000000000 0RO OO OO 0000 CCONOFNOOONWWHE RO

[4]

[«]

[4] Il [ I»]

Buttons are as follows:

e Check net for graphlets — will find all graphlets with their orbits in network from workspace.
e Graphlet size— choosing node size of used graphlets

e Graphlet info — will show number of found graphlets of each type

e Graphlet (ComboBox) — will show and colour chosen graphlet on workspace.

e Choose node — will show found orbits for selected node

e Save orbits — will save results to file.
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9.4.2 Graphlets Relative Distribution Frequency

Graphlet Relative Distribution Frequency was the first metric based on graphlet created for net
comparison. It focus on finding all graphlet in both of compared nets and calculate partial distance
for each of graphlets.

Comparison module x
Graphlets (Netdiv) comparison r Decomposition based comparison r Branching based comparison |
Invariant based comparison r Graphlets (GRDF) comparison r Graphlets (GDDA) comparison
Choose second net (.pnt) 5-node size |v ® Single arcs interpetation
Compare nets Sigle net graphlet analysis | C Multiple arcinterpertation
“Info Panel
- - Choosen file: Poukladana.pnt
Graphlets First net Second net Distance DRGF : 0.7766595534254895

GO 23 53 30 o

Gl 30 55 25

G2 52 67 15 L

G3 11 8 3

G4 25 11 14 -

G5 26 66 40

G6 13 22 9

G7 3 17 14

G8 2 1 1

GS9 13 2 11

G110 51 18 33

G11 29 15 14

Gl2 2 5 3

G113 0 5 5

G 14 4 15 11

G15 9 26 17

G1lE 34 83 49

G17 39 26 13

G118 5] 2 4

G189 21 18 3

G20 13 17 4

G21 S0 82 32

G 22 37 8 29

G 23 33 29 4

G 24 G 0 G -

Graflet Relative Distribution Frequency (GRDF)

Count

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Grphlets

Buttons are as follows:

o Choose second net — choosing second net used in comparison process.
e Compare nets — choosing this button will start comparison algorithm.
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e Graphlet size - choosing size/number of graphlets used for comparison
e Graphlet analysis for single net — opens window with analysis options for single network

Multiarc interpretation:

e Single arc interpretation — weight arcs will be interpreted as single arc
o Multiple arc interpretation — weight arcs will be interpreted as multiple arcs

9.5 Graphlets comparison (GDDA)

Graphlet Degree Distribution Agreement Was Proposed as an alternative for GRDF metric. It is based
on concept of orbits and counting their occurrence in compared networks.

Graphlets (Netdiv) comparison | Decomposition based comparison | Branching based comparison |
Invariant based comparison r Graphlets (GRDF) comparison r Graphlets (GDDA) comparison |_

Choose second net Compare nets 592 |V|

Save DGDV for first net Save DGDV for first net

Info Panel
A 1 2 3 4 5 Choosen file: Poukladana.pnt
0.0 2250 0.0 5.0 0.0 0.0 = DGDDA : -1.241844378793103
0.0 1156.0 4.0 0.0 0.0 0.0 |=|
0.0 1225.0 1.0 1.0 0.0 1.0
0.0 256.0 0.0 9.0 0.0 0.0
0.0 361.0 0.0 1.0 9.0 1.0
0.0 1225.0 1.0 0.0 0.0 0.0
0.0 289.0 1.0 81.0 9.0 9.0
0.0 16.0 1.0 0.0 0.0 0.0
0.0 4.0 1.0 1.0 0.0 0.0
0.0 25.0 0.0 9.0 9.0 1.0
0.0 1.0 0.0 1.0 0.0 0.0
0.0 729.0 0.0 16.0 1.0 1.0
0.0 196.0 1.0 36.0 1.0 0.0
0.0 361.0 25.0 16.0 1.0 1.0
0.0 54.0 100.0 4.0 1.0 0.0
0.0 0.0 0.0 9.0 0.0 0.0
0.0 0.0 196.0 0.0 0.0 0.0
0.0 1.0 0.0 25.0 0.0 0.0
0.0 9.0 0.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0 0.0 0.0
0.0 4.0 0.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 4.0 0.0 0.0
0.0 25.0 0.0 4.0 4.0 1.0 -
o m | [»

Buttons are as follows:

o Choose second net — choosing second net used in comparison process.
e Compare nets — choosing this button will start comparison algorithm.

e Graphlet size — choosing size/number of graphlets used for comparison
e Graphlet analysis for single net -

Multiarc interpretation:
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e Single arc interpretation — weight arcs will be interpreted as single arc
e Multiple arc interpretation — weight arcs will be interpreted as multiple arcss

Table on left represents an GDD matrix before normalization to GDDA value.

10. Changes

Holmes 1.0, 01.01.2017
Holmes 1.1. 20.03.2022

Manual version: 28.03.2022

11 Summary

Correspondence address:

marcin.radom@put.poznan.pl
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