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1 Introduction

This manual aims at providing an up-to-date description of the Kappa language and accompanying
software tools. It is a work in progress. We welcome feedback, but keep in mind that a manual is not a
modeling tutorial.

1.1 Background

Kappa is a rule-based modeling language. More specifically, it is a graph-rewrite language supported by
software for representing, reasoning about, and simulating systems of interacting structured entities
(graphs). The insistence on a grammatical structure distinguishes rule-based models from generic
agent-based models'. Kappa follows the same idea underlying the symbolic representation of organic
molecules as graphs and the specification of their transformations as graph-rewrite directives, Figure 1. In
chemistry, the concept of a rule emphasizes the distinction between the transformation of a structure
fragment and the reaction instance that results when that fragment is transformed within the context of
specific entities that contain it. In this sense, a rule represents the mechanism of an interaction. That is
precisely the intended meaning of a rule in Kappa.
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Figure 1: Graph rewriting in chemistry and Kappa. In chemistry, atoms have specific valences through
which they bind other atoms. In Kappa, proteins (here blue nodes with a type identified by a name) have
sites (here small nodes attached to the blue nodes and identified by names) through which they bind other
proteins. In addition to their binding state, sites can hold internal state (here color marks) typically denoting
post-translational modifications. A rule specifies the transformation of a graphical fragment. In Kappa as in
chemistry, when the fragment on the left hand side of a rule can be matched to a target graph, the matched
part is rewritten in place giving rise to a reaction.

Kappa originated with in mind applications to systems of protein-protein interaction where “structured
entities” are complexes of non-covalently bound proteins as they arise in signaling and assembly processes.
In Kappa, individual proteins appear as agents with a minimal abstract structure given by an interface of
sites that hold state required for interaction, such as binding and post-translational modification. This said,
Kappa is perhaps best thought of as a versatile framework for thinking about the statistical dynamics
induced by the mass-action of interacting heterogeneous agents, regardless of how one chooses to interpret
them.

Because rules avoid the need to pre-specify all possible molecular species, they enable reasoning about the

I The term “agent-based” is often used informally to refer to a modeling style in which discrete units of interaction (the agents)
are defined ad hoc, without a systematic internal structure. In such a setting, the complex of a kinase and a substrate might be
considered an agent. In Kappa, in contrast, an agent is an atomic entity and a complex of agents explicitly reveals—by virtue of a
graphical representation—its composition and connectivity in terms of atoms.



behavior of systems that are marked by combinatorially explosive complexity. Rule-based models can be
concise, transparent, and readily extensible, making them candidates for supporting model-based reasoning
in bioinformatics.

1.2 Support

The Kappa portal, UDIUDO0DO00DO000OCO0DOOND, is the easiest way to access the latest software (and
previous versions). The ecology of Kappa tools consists of several software agents that communicate
through an ad hoc JSON-based protocol and expose high-level functionalities through an HTTP REST
service. A Python client (API) enables scripting to tailor work flows and is available as the kappy package
in pip.

Modeling in a rule-based language is much like writing large and complex programs, which is greatly
facilitated by an integrated development environment. An evolving browser-based User Interface (UI) is
aimed at integrating various Kappa web services. The Ul is accessible online and also available as a
self-contained downloadable application referred to as the LU

Figure 2: Elements of the Kappa UI. Left: Main window with editor and contact graph. Center: XY plots
of observables. Right: Patchwork (treemap) rendering of the system contents at a particular time point.

At one glance:

* Items of general interest and downloads can be found at UUUI0OOD00OO0OODOOCOROON
* Bug reports should be posted to ULUDINOOOOOO0OCOCOCOCOCOCCOCOCOEODODOE00

» The Kappa-user mailing list at JUI00000D000O000C00DC00RO00000D000D00000C0D is a quick way
for asking questions, finding answers, or sharing frustration.

* If you wish to contribute to the Kappa project, please contact Pierre Boutillier.

1.3 Hello ABC

To get a quick intuition about what a Kappa model looks like, consider the following simple system, which
is also pre-loaded and ready to run in the online version of the UI.

In this toy model, agents of type Ucan doubly phosphorylate agents of type L. However, unphosphorylated
Ucan bind Oonly in a complex with [ Once phosphorylated, Ucan bind an individual [} which then
phosphorylates [on a second site. The verbal statement of such a model is highly underspecified. To make
precise what we mean, we pin down its mechanisms in terms of clear rules.
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A file with these sections is also referred to as a “Kappa file”. The signatures section (lines 3—5) declares
for each agent a set of sites (its interface) and the possible values each site can take. For example, line 5
informs us that agents of type Uhave two sites [and [ whose internal state may have the label U (for
unphosphorylated, say) or [I(for phosphorylated). In the rules section, the rule labeled ’rule 2’ starts on
line 20 and asserts that if an agent of type [is bound (to someone not further specified—that’s the
underscore) at its site [Jand if it is free (unbound) at its site [], then it can bind an agent of type [ provided
[Ps site [ 1is free and unphosphorylated. In this rule, the state of agent [Jat its site [1]is not mentioned
and therefore irrelevant to the applicability of the rule. This is why a rule is not a reaction. The left- and
right-hand sides of a rule are usually patterns—partially specified molecular species. Hence, a rule
subsumes many possible reactions.

As mentioned, an []can modify both sites of [1once it is bound to them. However, only an [Jbound to a [
can connect to a [Jon [Jand only a free [Jcan connect to [Jon [l Note also that site [1]is available for
binding only when [ is already modified.
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Figure 3: Simulation of the ABC model. The population of unmodified [k (observable [I1]in red) drops
rapidly and is replaced, at first, by simply modified [k (observable [Iin green), which are in turn replaced
by doubly modified [k (observable [ lin blue). The population of [1]complexes (observable [1lin black)
stabilizes slightly below 400 individuals after about 20s.

We will call this model “ABC” and shall use it to illustrate concepts in others sections of this manual. For
now, let us simply run “ABC”. To this end, download the KaSim executable for your operating system. At
its core, KaSim implements a continuous-time Monte Carlo (Gillespie) simulation.

One possibility is to run for 100,000 interaction events (10 times the number of agents in the initial system)
using the command line:

0 0000 00000 00 00000 00 000000 00 0000 00 0000000

Another possibility is to push the start button on the online UI and switch to the plot tab to see the
developing trajectory of the observables. The command line produces a csv output file whose contents can
be plotted by any number of tools, such as LI From Figure 3 we see that the observables have
become stationary after 250 (simulated) seconds. We could therefore specify a meaningful time limit
instead of an event limit in subsequent simulations:

0 0Ood 00000 00 000 00 0000 00 0000060
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2 The Kappa language

We overload the term Kappa language (or Kappa for short) with both a broad and a narrow meaning. In a
narrow sense, Kappa refers to a language for specifying patterns of certain graphs—"site graphs”. The
narrow sense also includes rules that specify the rewriting of such patterns. Understood in a broad sense,
Kappa includes the above plus a collection of declarations with which inputs are provided to the simulator
UOOOO. These inputs enable the execution of a model and the observation of its behavior. It should be
clear from context which sense we mean.

A Kappa model consists of a set of files whose concatenation constitutes the Kappa input file or KF for
short. The KF serves as input to the Kappa tool in question, usually LU This input could be a single
file, but splitting it up can be convenient.

A KF consists of declarations, which can be

* rules (section 2.3)

« variables (section 2.4.1)

* signatures of agents (section 2.4.2) and tokens (section 2.4.5)
« initial conditions (section 2.4.3)

* intervention directives (section 2.5)

« configuration settings (section 2.4.4)

The structure of the KF is quite flexible. The order of declarations is not important with the exception of
variable declarations and intervention directives as detailed in sections 2.4.1 and 2.5, respectively).

Comments work much like in the C language. A comment can start with a [1 marker, which instructs
OO to ignore the remainder of the line. A [0 OO0 (O can also be placed between a pair of
matching delimiters.

In the following sections, formal grammars (BNF forms) are used to define various language elements. All
grammars are gathered in Appendices A and B for quick reference. Terminal symbols are in red. Optional
expansions are enclosed in square brackets. The symbol " represents the empty list.

The substantive language element in the context of a model is a rule. But to discuss rules, we first need to
work through elements of Kappa from which rules are built, specifically identifiers and patterns. After
having defined Kappa rules, we proceed with Kappa declarations and intervention directives that complete
Kappa in the broad sense—the input language to the simulator [T

2.1 Names and labels

The name construct hNamei refers to any string generated by the regular expressions indicated below. It is
used to name agents, sites, states, and variables. The hLabeli construct is similar, but must be in single
quotes. It can contain any sequence of characters, excluding the newline or the quote characters. A hLabeli
is used to name rules.

Grammar 1: Names and labels

hNamei =lazA-Z][azA-Z0-9 ~i F}~ // cannot start with a digit
| [ J][azA-Z09 ~ji T // initial underscore can’t stand alone
hLabeli =[] //mo newline or single quote in a label




2.2 Pattern expressions

A Kappa expression denotes a site graph. In a site graph, nodes possess a set of sites, called the interface of
the node. The sites, not the nodes themselves, are the endpoints of edges, Figure 4. A site graph formalizes
the resources that an interaction requires, such as physical surfaces in the case of a binding interaction.

The name of an agent denotes its type. Thus, RAS denotes a type of protein, not a specific instance. To tell
it from other instances of the same type, a node in a graph has an associated identifier (node id). The node
id is (typically) not explicitly mentioned in graphical or line-oriented expressions as it is implicit in the
node layout or the sequence of agent occurrences, respectively.

Grammar 2: Pattern expressions

hpatterni ::= hagenti hmore-patterni
hagent-namei = hNamei
hsite-namei = hNamei
hstate-namei = hNamei
hagenti = hagent-namei ( hinterfacei )
hsitei = hsite-namei hinternal-statei hlink-statei
| hsite-namei hlink-statei hinternal-statei
| hcounteri // see Grammar 14
hinterfacei = hsitei hmore-interfacei

hmore-patterni

hmore-interfacei

hinternal-statei

[,] hpatterni

[,] hsitei hmore-interfacei

{ hstate-namei }

| {#) // wildcard
| 1]
hlink-statei = [ hnumberi ]
| [-]
| [_]
| [#] // wildcard
| [ hsite-namei . hagent-namei ]
| "
hnumberi = n2Ngp

We distinguish two kinds of site graphs: contact graphs and patterns. A contact graph is a site graph where
every agent node has a different name and a site can be the endpoint of multiple edges. Contact graphs
represent a static summary of all agent types that occur in a model alongside their potential binding
interactions. The contact graph is the diagram that is displayed in the Kappa Ul on the right side of the
model editor. A pattern, on the other hand, is a site graph that can contain multiple nodes with the same
name, representing different agents of the same type, but each site can be the endpoint of at most one edge.
A pattern is meant to represent a partially specified molecular species, which is to say a realizable object
whose resources are single-use at any given moment. A full-fledged molecular species is represented by
the special case of a pattern in which every agent exhibits all its sites in a definite state.




It bears emphasis that all sites of an agent must have distinct names. (The interface is a set, not a multiset.)
As a consequence, an embedding (or matching) of a connected site graph into another (i.e. a sub-graph
isomorphism) is completely defined by the matching of a single node. (Kappa sub-graph isomorphisms are
in P.) We call this property the rigidity of Kappa. Rigidity is critical for the efficiency of the Kappa
platform.

plain graph site graph (contact graph) site graph (pattern)

Figure 4: The concept of plain graphs and site graphs. A: In a plain graph edges directly connect nodes.
B: In a site graph, nodes possess sites (lower-level nodes) that act as endpoints of edges. One can think of a
site graph as a refinement (a higher level of resolution) of a plain graph. In a contact graph, every node type
occurs exactly once and a site can exhibit more than one edge, summarizing all its interaction partners. C:
A pattern allows for multiple nodes of the same type to occur, but a site can exhibit at most one edge (and
some sites might not be mentioned at all).

According to grammar 2, the anatomy of a Kappa pattern is as follows.

* An agent expression consists of its type (the name of the agent) followed, between parentheses, by a
list of site names (optionally comma-separated).

* The state of a site is specified after its name. We distinguish two kinds of states: an internal state
(usually representing a modification state) and a link state (usually representing a bond). The order
in which they are specified is not significant.

 The internal state of a site is a label written between curly braces, for example UL

» The link state of a site is usually a non-negative integer written between square brackets, for example
OO0 Refer to hlink-statei in Grammar 2 for more options and consult the examples below.

* An edge is identified by an arbitrary non-negative integer n that is unique in the scope of the pattern.
The two sites that are the endpoints of an edge exhibit its label as a link state. Thus, in a pattern
expression, each link label appears exactly twice.

* The link state of a site that is unbound (free) is written as a dot: 1

2.2.1 Examples

The idea of a pattern is to leave some state unspecified (”don’t care, don’t write”), as exemplified next.

T OOOOOOOOOM0 means an agent of type [whose sites [and [are free but whose internal state is
left unspecified (Figure 5, graph I). What exactly an expression leaves unspecified is relative to the
agent signature (Grammar 9) and ultimately the rules. If in our example [T's sites can have no
internal state and there are no sites other than [and [] then nothing is left unspecified and the
expression is also a molecular species.

OO0 means that both the internal state and the binding state at [are unspecified. This is the
same as writing OO0
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OHIW KDQGLVLBGHLMWWDKODFHPHQW XVXDOO\ RFFXWBYV LRQUWHK Bl ERQ@MV H [ W
UHSUHVHQWLQJD PROHFXDDUDAVSHAKLAY KW KB PR DREFMHOBW LVRPRUSK
G :HGHILQHPDWFKLQEXWWHERVILEWXLWLYH PHDQLQJVKRXOG EH IDLU

7TKHUHDUH WZR ZD\V RI VSHFLI\LQJUXOHYV

7KH3:DUURZ QRWDWLRQ " RUFKHPLFDO IRUFRDWQ ZKLFKWWHKH IDPL
SEHIRWHDQG WKHRRDDWHWZR SDWWHUQ H[SUMVVRBQR ZWHFMXLRE V L
PDSSLQJEHWZRSWE®DW VSHFLILHWZRREK BYSQWEVL Y RZKLFK DIJHQV
DQ DJHQW D$SKDWDR®IFIRY UH RS REGHXFHHL®HVWUR\V WKDW DJHQW
DIJHQW DS RHPDV QRLFR UUH YV S RVKGHQFHHLRUHDWHY DQ LQVWDQFH F
JUDPPDURIWKHDUURZ QRWDWLRQDQG LWV LQWHUSUHWDWLRQ P

7TKH:HGLW QRWDWLRQ LVPRUHFRPSDFWDQGDYRLGY WKHQHHG |
H[SUHVVLRQV E\VLPSO\ ZULWLQJHGLW GLUHFWLYHV LQWR WKH 3E
PLIKWDULVH ZKHQ GXSOLFDWIL (GBIDWMWRNHHLLOYY R Q MDKHAM S D KW IRQ W/IKH C

%RWK VW\OHV DUH XQGHUVWRRG E\WKH SDUVHU DQ 6FHSEHIUHH®D \ P
E\D QDPIPRBMYG ZLWK UDWH LQIRUPDWLRQ

JRUGLVFXVVLQJWKHDQDWRP\DQG H[SUHVVLYHQHVV RIUXOHV LW VX
hUDW® *UDPPDQ®&Y VLPSO\ RZRXPEBUVFXVV WKH PHDQLQJRID UDWH LQ
DQG DOJHEUDLF H[SUHVVLRQV ZKLEKR FWDREHAPWHICRWR H[SUHVV UDV

7TKHUHDUH WKUHH IODYRUV RIUXOHYV

JRUZDUG UXOH 7KLVLVWKHVWDQGDUG R!QHL RDN KRIUIPLIDUR @ HDIRGVI\K
WUHTXLUHVRQHUDWHH[SUHVVLRQ GHQRWLQJWKHIRUZDUG UDYV
HIDFWO\UHYHUVLEOHLQWHUDFWLRQ RQHZRXOG XVHWZR IRUZD!
ULJKWDUHVZDSSHG 7KLVFDQEHDFKLHYHG PRUHFRPSDFWO\ XV

5HYHUVLEOH UXOH 7KLVIRUPDWH[SUHVVHV DPHFKDQLVWLFDOO
WZR IRUZDUG UXOHV LQ ZKLFKWKHOHIWDQGULJKWDUHVZDSSHG
WKHIRUZDUG DQG RQHIRU WKHEDFNZDUG UDWH RI WKH UXOH

5XOH ZLWK DPELJXRXV PROHFXODULW)\ 'DPEL UXOH" $UXOHH[SL
LV HVVH @QWREMOOH ODDFWLRQ /RFDO PHDQV WKDW DOO FRQWH[W QHTF
H[SOLFLWO\VSHFLILHG 7KLV FDQ OHDG WRDQDPELJXLW\UHJDUG
VSHFLHVLQYROYHGLQDQLQWHUDFWLRQ ZKLFK LQELRORJLFDO
VFDOHV ZLWK YROXPH $Q3DPEL UXOH UHTXLUHV WZR UDWH H[SU
SRLQW LW UHTXLUHV WKUHH RUIRXU GHSHQGLQJRQ ZKHWKHU WK
$PEL UXOHV ZLOO EH GLVFXVVHG EQ@\® R/WHI GWKSMWKDLMYWHHPW SR® L Q \

,QVLWXDWLRQVIDUIURP HTXLOLEULXP FHUWDLQLQWHUDFWLRQV DUHPRGHOHG
DFKLHYHG EA\D GLIITHUHQW PHFKDQLVP DOWRJHWKHU ZKLFK LV QRWDFDVHRIUHYHU
ERXQG NLQDVHLV RIWHQ XQGRQHE\D GHSKRVSKRU\ODWLRQ WKDW UHTXLUHV D ERXC



$UURZ QRWDWLRQ
7KH VIQWD[RI WKHDUURZ QRWDWLRQ LV VSHFLILHGLQ *UDPPDU

*UDPPDWBXOH H[SUHVVLRQVLQDUURZ QRWDWLRQ

hIl UXOH >h/DEHEJ XOH H[5 YHWRING QU D W H

hiU UXOH $/DEHEJHY UXOH iH{SW RING BB D WH D W H
hDPELiUXOH >h/DEHEJ XOH H[B YHAVRING QU D Whid D W H

hDPEL IU UXOH h/DEHEJHY UXOH iH{SW RING BB @ Whid D W HU D W H
hUXOH H[BUHVVLRODJHQWPRIUHDJKHQW

hP RiUH hDJH QWP RIUHDJH QW

_ 0
hUHY UXOH iIH[SUHVRRRHQQOWUHY PRDBHQW
hUHY PRUH hDJHQWUHY PRDBIHQW
0
hUDW H hDOJHEUDLFiH[SUHVVLRQ

$VPHQWLRQHG WKHDUURZQRWDWLRQ UHTXLUHVDQH[SOLFLWPDSS
ULJKW 7KLV LVDFKLHYHG EN\UHTXLULQJWKHVDPHQXPEHURIFRPPD
DUURZ $VORWLV HLWKHURFFXSLHGE\DQDJHQWRULWLVYDFDQW L
GRW V\PERO EHWZHHQ FRPPDV 7KXYV

SVMF" Y< > # Y< > "YY< > # Y< >
- - 3 3

60RWV DUH LPDIJLQHG DV QXPEHUHG IURP OHIWWR ULJKWRQHDFK VLC

/| PDSSLQJWR WKHILUVW VORWRQ WKHULJKW 5 WKHVHFRQG VO
ULJKW 5 HWF )URP WKHYLHZSRLQW RIWKK SDWWKUWQQGDPPDU *U
# Y< > " Y< >PHDQ H[DFWO\ WK H"\EIRXH) WHRL MWV IOLU UHYSHFWLYH VLW
+RZHYHU LI ZH ZHWH WR # ZADXS>ZLWKY< > " Y< >LQ UXOWH2WKH SDUVHU
ZRXOG WKURZDQ HUURU EHFDXVHRIDQDJHQW PLVPDWEFK

A FSSPS" Y< > # Y< > $ Y< > # Y< >I
- - 3 3

$ UXOH FDQQRW WUDQVPXWHRQHDJHQW W\SHLQWR DQRWKHU

JRUWKH VDNHRIFRPSOHWHQHV WV MKRODP ROY\RDD BXWHDKMDEG RSW L
7KH QXPEHU DIWHU WKH # VIPERO LV WKH IRUZDUG UDWH RRQWKHD QW D
ULJKW DSSHDUV H[DFWO\WZLFH DVLWLGHQWLILHVDERQG ZLWK WZF
DUELWUDU\QRQ QHJDWLYH QDWXUDO QXPEHU

([IDPSOHYV
$IHZH[DPSOHV ZLOO FRQYH\D VHQVH IRUUXOHV LQ WKHDUURZ QRWD
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