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Abstract. The defense of computer systems from malicious software attacks,
such as viruses and worms, is a key aspect of computer security. The analogy
between malicious software and biological infections suggested us to use the κ-
calculus, a formalism originally developed for the analysis of biological systems,
for the formalization and analysis of malicious software. By modeling the differ-
ent actors involved in a malicious code attack in the κ-calculus and by simulating
their behavior, it is possible to extract important information that can drive in the
choice of the defense technique to apply.

1 Introduction

The challenge. According to Grimes, “Malicious code is any software program de-
signed to move from computer to computer and network to network in order to inten-
tionally modify computer systems without the consent of the owner” [16]. Malicious
codes are classified according to their key features: the ability to propagate and the po-
tential to perform a damage (or payload) [21]. The most popular classes of malicious
code include viruses, worms, Trojan horses, spyware, trap doors and logic bombs. In
general, the term malware refers to a malicious code regardless of its classification.

The enlarging size and complexity of modern information systems, together with
the growing connectivity of computers through the Internet, have facilitated the spread
of malware [21]. The past thirty years have seen a continuous growth of the threats of
malware both in the danger and in the complexity of the malicious codes. Nowadays,
one of the most sophisticated techniques used by hackers is to exploit the resources
of some victim machines in order to create and control powerful networks of compro-
mised nodes called botnets. A botnet consists of a collection of victim machines running
specific programs, called bots, that are remotely controlled by the attacker, called bot-
master [20]. Typical applications of botnets are the implementation of distributed denial
of service attacks and of e-mail spamming. Botnets represent a dangerous, potent and
quick evolving threat that is yet to be fully understood. Their potential resides in dis-
tributing the maliciousness over the network. This makes detection much harder and
poses a global threat that can count on the cooperation of many machines.

Since the threat of malware attacks is an unavoidable problem in computer security,
it is crucial to develop both sophisticated models for expressing and understanding dis-
tributed malware, i.e. botnets, and efficient techniques of defense from them. A standard
defense technique is misuse malware detection which consists in detecting malicious
code by scanning for predefined sequences of bytes that act like fingerprints. A novel
promising approach regards the monitoring of malware propagation in a network both
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for studying properties of the considered malware and/or for finding ways to immunize
the network. While misuse malware detection is based on an abstract representation
of the inner working of a malicious code viewed as a single entity, the propagation
monitoring approach is based on the characterization of the interactions of a malicious
code with the environment. Indeed, the monitoring of malware propagation turns out to
be particularly interesting for analyzing the topology of botnets and for understanding,
detecting and stopping bot propagation [9].

The challenging behavior of malware suggests the development of a formal frame-
work for the specification and analysis of malicious software. The standard formal def-
initions of viruses by Cohen [7] and Adleman [1] are not appropriate for modeling
and analyzing the behavior and the propagation of modern distributed malware. Cohen
characterizes viruses in terms of their ability to replicate with respect to a given Turing
machine, while Adleman provides a more abstract definition of computer viruses based
on recursive functions where an infected program either imitates the behavior of the
original program, injures the machine or propagates infection. Interesting generaliza-
tions of the Adleman’s definition are the ones given by Zou and Zhou [26] and Bonfante
et al. [4]. All these abstract theoretical models based on Turing machines and recursive
functions are used to prove that the malware detection problem is undecidable.

Observe that all these models, based on Turing machines or recursive functions,
are not the most appropriate ones for describing the interaction and the cooperation
between different systems. In fact, modern malware as botnets cannot be described
and specified in a convenient and detailed way with the standard theoretical models.
The advent of these interaction-based malware requires the development of new formal
models for malware analysis. We mention here the theoretical model known as k-ary
malware that distributes the malicious behavior into many concurrent codes [14]. At
the moment there exist only trivial implementations of k-ary malware, but in principle,
they could avert standard malware detection strategies. Another related work is the
recent one of Jacob et al. [17], where the authors propose a model of malware based
on the Join calculus. They found their definition of malware on the notion of virus
given by Cohen [7] and extend it to support concurrent interactions. They focus on
the malware detection problem and prove that in general it is undecidable in the Join
calculus. Furthermore, they identify a fragment of the Join calculus where this problem
becomes decidable even if it is not clear whether real malware can be modeled in the
identified fragment.

The idea. The main objective of this work is to design a model for the specification
and analysis of standard and distributed malware together with their propagation mech-
anisms. This accounts to consider formalisms able to express the concurrent interaction
between the multiple actors involved in a malicious attack. When dealing with concur-
rency, languages such as CCS [22], ACP [3] and the π-calculus [24], are among the
most natural choices. This is also the reason why those languages have largely inspired
the design of calculi for the biological world. In this setting, where not only concur-
rent interactions but also spatial aspects such as containment or relative position (i.e.
topology) are essential, new formal frameworks like brane calculus [5], Ambients [6]
and κ-calculus [12] have been proposed. As biological virus are generally associated to
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malware, we find it natural to look for a suitable calculus among the ones designed for
computational biology.

We propose to use the κ-calculus to model distributed malicious attacks. The κ-
calculus is a language for the specification of systems that can be represented as graphs
where nodes are equipped with an internal state and labeled ports, and edges specify
connections between labeled ports of nodes. Rewriting rules associated to each system
model the graph evolution. We believe that the κ-calculus is suitable for assessing the
malware threat, also in the case of distributed malware, for the following reasons:

1. κ allows a detailed specification of the mechanisms of interactions between concur-
rent systems. One of the main advantages of using κ with respect to other process
calculi as the π-calculus or the Join calculus, resides in its graphical nature that
allows the description of spatial properties. Moreover, the set of rules defining the
behavior of malware can be isolated and distinguished from the rules describing the
normal evolution of a system.

2. κ offers a framework where the granularity of the model can be chosen depending
on the specific problem to represent, i.e., one can model programs inside a single
machine, or machines abstracting from the programs they are running.

3. Recent works have shown how topology plays a fundamental role in the analysis
of malware propagation [15]. κ-systems are essentially graphs and this allows a
straightforward definition of different network topologies. Moreover, since κ is a
rewriting model, it is suitable for the specification of networks whose topology
evolves over time as in [23].

4. The analysis of malware formalized in κ can exploit the tools for the simulation of
κ-systems [8]. Moreover, these tools – developed in the biological setting – allow
the specification of stochastic measures that can model the probability of a certain
node to be infected, the rate of propagation of a given infection, etc.

In Section 2 we briefly introduce the κ-calculus. Section 3 formalizes the notion of
malware with respect to an environment and shows how the proposed definition can be
instantiated to the different kinds of standard and distributed malware. In Section 4 we
present and discuss how the proposed model can be employed to study the propagation
strategies of specific malware. Section 5 concludes by discussing future developments.

2 The κ-calculus

In this section we recall the basic definitions of the κ-calculus [12] independently from
its biological domain of application. Some terminology has been changed and some
constraints (like the separation between destruction and construction rules, typical of
biological settings) have been relaxed. The κ-calculus is a graph rewriting model where
objects are represented by nodes and their relationships by edges. More formally, let
us consider the following countable sets: Nodes with elements A,B,C, . . . ; Gates
with elements a, b, c . . . ; Arms with elements 1, 2, 3, . . . ; Fields with elements
f1, f2, . . . . Let Arms(A) ⊆ Arms, Gates(A) ⊆ Gates and Fields(A) ⊆ Fields
denote, respectively, the set of arms, gates and fields of a node A. A state α is a map
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Fig. 1. Graphical representation of the system A[f = 1](a = ε, b = 1, c = 2), B(a = 1, b =
ε), C(a = 2) and the application of rule A[f = 1](c = 2), B(b = ε), C(a = 2) → A[f =
2](c = ε), B(b = 3), C(a = ε), D(a = 3).

from Fields to a finite set of possible values. An interface S is a map Gates 7→
Arms ∪ {ε} where S(a) = ε means that no arm is associated to gate a.

The domain of a partial function f : D 7→ C is dom(f) = {d ∈ D | f(d) 6= ⊥}.
The union of two partial functions f, g : D 7→ C such that dom(f) ∩ dom(g) = ∅,
is a partial function f + g : D 7→ C with domain dom(f + g) = dom(f) ∪ dom(g)
such that (f + g)(d) = f(d) if d ∈ dom(f), (f + g)(d) = g(d) if d ∈ dom(g), and
f+g(d) = ⊥ otherwise. f ≤ g if dom(f) ⊆ dom(g) and ∀x ∈ dom(g) : f(x) = g(x)
or f(x) undefined.

A component is a node A with a state that specifies all the values of the fields of A,
and an interface that specifies which gates of A are connected to some arms (edges).

Definition 1. A componentA[α](S) is a nodeA equipped with a state map α and an in-
terface map S that are total w.r.t. A: dom(α) = Fields(A) and dom(S) = Gates(A).

If a component has no fields we omit the part [ ]. A system is a multiset of compo-
nents and it can be graphically represented as a non-oriented graph with nodes denoting
components and edges modeling arms (see Fig. 1(a) for an example).

Definition 2. A system Σ is defined as Σ ::= A[α](S) | Σ,Σ, where “,” denotes the
associative operator for composition and each arm occurs exactly twice.

We speak about component-projection when we have a node with a partial specification
of its state and interface.This notion can be naturally extended to systems by saying that
a system-projection is a collection of component-projections. If we consider the system
in Fig. 1(a), B(a1) is a component-projection of B(a1 + bε).

Definition 3. A[α](S) is a component-projection (of A) if α and S are not total with
respect to A i.e., dom(α) ⊆ Fields(A) and dom(S) ⊆ Gates(A).

A1[α1](S1) . . . An[αn](Sn) is a system-projection (of A1 . . . An) if for every i ∈
[1..n] we have that Ai[αi](Si) is a component projection (of Ai) and every arm occurs
exactly twice.

Definition 4. A rule has the form L→ R where the left hand side L and the right hand
side R are system-projections:

A1[α1](S1), . . . , An[αn](Sn)→ Ai1 [α
′
i1

](S ′i1), . . . , Aim [α′im ](S ′im),
B1[β1](F1), . . . , Bk[βk](Fk)
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where for all j ∈ [1..m]: ij ∈ J ⊆ {1 . . . n}, dom(αij ) = dom(α′ij ) and S ′ij ≤ Sij ,
for every i ∈ {1 . . . n}r J we have that αi and Si are total with respect to Ai and for
every l ∈ [1..k] we have that βl and Fl are total with respect to Bl.

The intuition is that a rule can have the following effects: (i) modify the state of the
given components by changing the values of the already specified fields; (ii) add new
arms to the gates that the given components map to ε; (iii) add new components (i.e.
fully specified terms), (iv) delete arms of given components by modifying the interface
in such a way that the corresponding gate maps to ε; (v) remove the elements of the
system-projection only if they are components (i.e., they are fully specified). As an
example see Fig. 1(b).

Definition 5. The structural equivalence relation between systems, denoted ≡, is the
least equivalence satisfying:

– Σ,Π ≡ Π,Σ;
– Σ ≡ Π if there exists an injective renaming ι on arms such that Σ is obtained from
Π by renaming its arms according to ι, denoted Σ = ι(Π).

Two component-projections A[α1](S1) and A[α2](S2) on the same node A are disjoint
when dom(α1) ∩ dom(α2) = ∅ and dom(S1) ∩dom(S2) = ∅. We define the sum of
disjoint component-projections as: A[α1](S1) ⊕ A[α2](S2) = A[α1 + α2](S1 + S2).
This can be extended to systems in the expected way. A component-projection, as well
as a system-projection, can be instantiated to a set of possible components, or systems,
by specifying the values of the undefined fields and the missing gate-arm relations. The
notion of projection allows us to define the reduction relation for the κ-calculus.

Definition 6. Let us consider a set R of rules and the systems Σ,Σ′, Π,Π ′, Γ . The
reduction relation associated to R, denoted →R, is the least relation that satisfies the
followings:

– if L→ R ∈ R, Σ = L⊕∆, and Π = R⊕∆ then: Σ →R Π;
– if Σ →R Π and (Arms(Π) r Arms(Σ)) ∩Arms(Γ ) = ∅ then Σ,Γ →R Π,Γ ;
– if Σ ≡ Σ′, Σ′ →R Π

′ and Π ′ ≡ Π , then Σ →R Π .

The first condition specifies how to apply rule L→ R to a system Σ with a system-
projection that matches L. The second condition states that rules can be applied to por-
tions of the system only if the arms created by the rule are not present in the rest of the
graph. The third condition says that the reduction relation between systems can be ex-
tended to structurally equivalent systems. We denote with⇒ the reflexive and transitive
closure of→. Given two systemsΣ,Π with the respective sets of rules RΣ ,RΠ , we use
notation (Σ,RΣ), (Π,RΠ)→ (Σ′,RΣ), (Π ′,RΠ) to refer to Σ,Π →RΣ∪RΠ Σ′, Π ′.
Moreover, we denote with Σ R=⇒ Σ′ the fact that during the evolution we have used
only the rules in the set R.

3 Modeling Malware in κ

Since this is the first time that the κ-calculus is used for modeling programs, we need
to formally specify what is a program and what is an execution environment in the
κ-framework.
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Definition 7. A program P in κ is a pair (ΣP,RP), where ΣP is a system and RP is the
set of rules that describe the behaviour of P in the environment. Let Progr denote the
set of programs in κ. An environment E is a collection of programs P1, . . . ,Pn with
Pi ∈ Progr for all i ∈ [1, n].

We denote with E [P← P′], the environment E where program P has been replaced with
program P′. We extend the notion of structural equivalence to programs by saying that
two programs P = (ΣP,RP) and Q = (ΣQ,RQ) are structurally equivalent, denoted
P≡̇Q, if they have systems that are structurally equivalent and the same set of rules, i.e.,
P≡̇Q if ΣP ≡ ΣQ and RP = RQ up to renaming. Thus, programs that are structurally
equivalent cause structurally equivalent evolutions on structurally equivalent systems.
We can now specify a formal definition of malware in the κ-calculus, where a malware
is a program that behaves in a specific way in an environment. The proposed definition
is inspired by the ones of Cohen [7] and Adleman [1]. In fact, according to Cohen,
we provide a notion of malware with respect to a given environment and, according to
Adleman, our notion of malware specifies the possible behaviors of the malicious code
either as imitate, injure and infect. Moreover, by modeling the malicious behaviors in
the κ-framework we can specify the interactions of the malware with the environment
and we can describe the behavior of distributed malware.

Definition 8. A program M = (ΣM,RM) is a malware w.r.t. environment E if it behaves
in one of the following ways in environment E:

– Imitate: If M assumes the presence of a host program then it has the following
structure M = h(MC,Q) where MC is the malicious code, Q = (ΣQ,RQ) is the
program hosting it, and h : Progr × Progr → Progr is the infection function that
given MC and Q returns the program h(MC,Q) obtained by infecting Q with MC. In
this case we say that program h(MC,Q) is able to imitate the behavior of the host

program Q if the following holds: if Q, E RQ=⇒ Q′, E ′ then h(MC,Q), E RQ=⇒ Im(E ;Q)
and Im(E ,Q) = h(MC,Q′), E ′′ such that E ′′≡̇E ′.

– Injure: M performs the intended payload on E: M, E RM=⇒ M ′, Pl(E ;M), where Pl :
℘(Progr)×Progr → ℘(Progr) is the payload function that, given an environment
E and a malware M, returns the damaged environment, namely the environment
obtained by performing the malicious actions of malware M on environment E .

– Infect: M replicates itself in E: M, E RM=⇒ M ′, Rep(E ;M), where Rep : ℘(Progr) ×
Progr → ℘(Progr) is the replication function that, given an environment E and a
malware M, returns the infected environment, namely the environment obtained by
infecting a program of environment E with malware M.

Let us show how by further specifying functions Pl and Rep we can instantiate
the above general definition to the different kind of existing malware. Given a mali-
cious code V = (ΣV,RV) and a host program Q = (ΣQ,RQ), sometimes we write
h(V,Q) = (ΣV

Q ,RV
Q) where ΣV

Q denotes the system obtained by infecting the system ΣQ

with system ΣV and RV
Q denotes the rules obtained by infecting the rules of RQ with RV.

Virus. A virus is a self-propagating program that attaches itself to host programs and
propagates when the hosting program executes. Some viruses are designed to damage
the machines on which they execute, while other viruses simply replicate themselves.



7

Definition 9. Let E = P1 . . .Pn, with Pi = (Σi,Ri) where every element Pi models
a program. A program V = (ΣV,RV) is a virus w.r.t. E if, given a hosting program
Q = (ΣQ,RQ), we have that h(V,Q) = (ΣV

Q ,RV
Q) is a malware w.r.t. E such that:

– Imitate: h(V,Q), E RQ=⇒ Im(E ;Q).

– Injure (optional): h(V,Q), E
RV
Q=⇒ h(V,Q)′, Pl(E ;V). Function Pl(E ;V) does not

depend on Q, and this models the fact that the payload of a virus does not depend
on the program hosting it.

– Infect: h(V,Q), E
RV
Q=⇒ h(V ′,Q), E [Pj ← h(V,Pj)].

Given the analogy between the proposed definition and the one of Adleman it is not
surprising that we are able to prove that our notion of virus is at least as expressive as
the one of Adleman. In particular, since κ is Turing equivalent [13] we show that for
every recursive function that is a virus according to Adleman there exists a program in
κ that computes it and that is a virus w.r.t. every environment.

Theorem 1. Every program V = (ΣV,RV) in the κ-framework that computes a func-
tion Tv : Progr → Progr that is a virus according to Adleman is a virus with respect
to every environment according to Definition 9.

As done by Zuo and Zhou, Adleman’s definition could be instantiated to different kinds
of viruses by specifying the infection strategy [26]. The same approach can be applied
to our model by further delineating the infection function h.

Trojan horse, Spyware, Trap Door and Logic Bomb. Here we group together those
malware that do not exhibit an infection behavior. A Trojan horse is a non-replicating
program that hides its malicious intent inside host programs that may look useful, or at
least harmless. Spyware are malicious programs designed to monitor user’s actions in
order to collect private information and send them to an external entity over the Internet.
A trap door is a malicious code that provides a secret entry point into a program that
allows someone that is aware of the trap door to gain access without going through
the usual security access procedure. A logic bomb is a malicious code embedded in a
legitimate program that executes when a certain predefined event occurs.

Definition 10. V = (ΣV,RV) is a Trojan horse or a spyware or a trap door or a logic
bomb w.r.t. E if M = h(V,Q) = (ΣV

Q ,RV
Q) is a malware w.r.t. to E such that:

– Imitate: h(V,Q), E RQ=⇒ Im(E ;Q).

– Injure: h(V,Q), E
RV
Q=⇒ h(V′,Q), Pl(E ;Q), where Trojan horses, spyware, trap do-

ors and logic bombs are differentiate by the specification of function Pl(E ;Q).

k-ary virus. Interestingly, the theoretical model of k-ary virus can be seen as an in-
stance of our definition of malware. A k-ary virus is a family of k files (some of them
may not be executable) whose union constitutes a computer virus [14]. We can model
the k fragments composing the k-ary virus as a set of k systems: {V1, . . . ,Vk} =
{(ΣV1 ,RV1), . . . , (ΣVk ,RVk)}.



8

Definition 11. Let E = P1, . . . , Pn where each Pi models a program. We say that
programs {V1, . . . ,Vk} form a k-ary virus w.r.t. E if h(V1,Q1) . . . h(Vk,Qk) where
RV = RV1 ∪ · · · ∪ RVk behave as follows:

– Imitate: h(V1,Q1) . . . h(Vk,Qk), E
RQl=⇒ Im(E ;Ql), for every l ∈ [1, k].

– Injure: h(V1,Q1) . . . h(Vk,Qk), E
RV=⇒ h(V1,Q1)′ . . . h(Vk,Qk)′, Pl(E ;V1 . . .Vk)

– Infect: h(V1,Q1) . . . h(Vk,Qk), E
RV=⇒ h(V1,Q1)′ . . . h(Vk,Qk)′, E [Pj ← h(V1,Pj)

. . .Pj+k ← h(Vk,Pj+k)].

Worm. A worm is a malicious program that uses a network to send copies of itself to
other systems and, unlike viruses, do not need a host program. In general, worms do not
contain a specific payload but they are only designed to spread. In order to model worms
in the κ-framework we have to observe their behavior in a network. Thus, we consider
an environment E = S1 . . .Sn where each system Si = (∆i,Ri) with i ∈ [1, n],
models a machine in a network. In this setting, when a machine Sk = (∆k,Rk) hosts a
program W = (ΣW,RW) we simply write SWk = Sk,W.

Definition 12. Let E = Si . . .Sn where each Si = (∆i,Ri) is a machine. A program
W = (ΣW,RW) is a worm w.r.t. E if the machine SWk = (∆k,Rk), (ΣW,RW) is a malware
w.r.t. E with the following behavior:

– Injure (optional): (ΣW,RW), (∆k,Rk), E
RW=⇒ (Σ′W,RW), (∆′k,Rk), Pl(E ;W) .

– Infect: (ΣW,RW), (∆k,Rk), E
RW=⇒ (Σ′W,RW), (∆k,Rk), E [Si ← Si, (ΣW,RW)].

Botnet. The term botnet refers to a network of compromised machines. A botnet is
controlled by the so called botmaster, that is an attacker machine that performs the
following actions: (1) identifies a set of target machines; (2) installs a bot on each target
machine such that the bot remains dormant until it receives a predefined command form
the botmaster; (3) launches the attack by triggering the bots. Botnet are successfully
used to implement distributed denial of service attacks.

Definition 13. A program B = (ΣB,RB) is a botmaster w.r.t. E = S1 . . .Sn, where

each Si is a machine in a network, if it is a malware w.r.t. E that either infects: B, E RB=⇒
B′, E [Si ← h(Si,bot)], or injures: B, E RB=⇒ B′, Pl(E ;bot,B). A program bot is a
bot if every machine h(Si,bot) hosting it is a malware w.r.t. E that behaves as follows:

– Imitate: B, E [Si ← h(Si,bot)]
RSi=⇒ Im(B, E [Si ← h(Si,bot)];Si).

– Injure: B, E [Si ← h(Si,bot)] Rbot=⇒ Pl(B, E [Si ← h(Si,bot)];B).

Thus, the proposed definition of malware in κ allows for the specification of the main
actors involved in a botnet attack. In particular, thanks to the different levels of gran-
ularity that we can use to model a κ-system, we are able to specify both the botnet as
a whole and the single bots in the same framework, and we can tune the level of ab-
straction of these specifications according to the features that we want to analyze. For
instance, since bots are given by the combination of standard malware, like viruses and
worms, and a communication channel with the botmaster, we can precisely model in κ
both the behavior of the bots and their interaction with the botmaster.
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4 Hunting Malware in κ

The typical approach to malware defense is malware detection, namely the identifica-
tion of the malicious code in order to avoid infection. In literature there are many results
that show the intractability of the malware detection problem (e.g. [1,4,7,17,26]). All
these results share a common pattern: (i) they provide a formalization of malware in a
Turing complete model of computation (e.g., Turing machines, recursive functions); (ii)
they prove the undecidability of the malware detection problem by reducing it to prob-
lems that are known to be undecidable. In Section 3 we have proposed a formalization
of the notion of malware in κ, a Turing complete calculus [13]. In particular, according
to our definition of malware, in order to decide whether a program M is a malware w.r.t.
an environment E we have to verify that every evolution of E is also an evolution of E ,M
(imitate); that E ,M allows more evolutions than E (injure); and that E ,M has evolutions
that lead to the replication of M, namely E ,M ⇒ E ′,M,M′ with M≡̇M′ (infect). Observe
that the problem of deciding whether the evolutions of E are included in the ones of
E ,M can be reduced to the problem of deciding program equivalence which is known
to be undecidable in any Turing complete language. Moreover, the problem of malware
replication can be reduced to a coverability problem which is known to be undecidable
in κ [13]. Thus, as expected, also with our formalization of malware it is possible to
conclude that malware detection is undecidable.

A more recent promising approach to malware defense regards the monitoring of
malware propagation in a network both for studying properties of the considered mal-
ware and malware epidemiology and for finding ways to immunize the network.

Malware Propagation. The problem we want to tackle can be made clear with a simil-
itude with the biological setting. Suppose that a certain infection is taking off and de-
generating into an epidemics: What is the faster way to vaccinate people in order to
minimize the spread of the infection? Rephrasing this problem in our setting: suppose
that a network is under the attack of a fast spreading malware, how can we detect which
are the weak nodes to be immunized? This is not a new approach to the field, several
studies have been conducted to this aim. The first attempt dates back to 1991 when
Kephart and White [18] propose an epidemiological model inspired by the biologi-
cal setting. More recently, this work has been shown to be outdated as modern worms
spread with different kinds of models usually guided by the topology of the network
[15,19,23]. A key aspect of these techniques is that they employ stochastic measures
to represent both the speed of propagation and the likelihood of a node to be infected
(stochastic measures could also model network features such as link capacities, conges-
tion, intermittent connectivity). Interestingly, as mentioned in the introduction, there
exists simulation tools for κ-systems that take into account stochastic measurements
(expressing the probability of a rule to be applied) [8]. Let us detail the main steps for
the investigation of malware propagation by means of κ and its simulation tools:

1. Modeling: Choose the proper level of abstraction of the model and formalize the
main actors as κ-systems and their activities as sets of rules. Then, set the stochastic
metrics either as the result of personal investigation or derived from previous ex-
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Fig. 2. Speed of infection of Example 1

isting works (e.g. [10,15]). This leads to the specification of a stochastic κ-system
that represents the initial condition of the network.

2. Simulation: Choose one of the freely available tools in [8] that, given the specifica-
tion of the model in κ, simulates its evolution and returns the resulting system.

3. Analysis: From the results of the simulation, we extract the network of infected ma-
chines. This accounts in showing which machines have been infected and which
connections have been exploited for malware propagation (the topology of this
network could be substantially different from the original one). By analyzing this
graph it should be possible to determine the best defense strategy to obstruct the
propagation of the considered malware. For instance, the machines to be immu-
nized could be identified by running a discovery algorithm on the graph that counts
the nodes reachable, and therefore corruptible, from each node.

Example 1. We have considered and modeled in the κ-framework a small network of
25 machines and a malware infecting it. In one step the malware infects all its sane
neighbors that are not immunized. We have simulated the spread of the infection when
no machines are immunized and in few seconds all the network has been compromised.
In this simple case, in order to identify the best nodes to be immunized on the network
of infected machines it is enough to count the number of connections of each nodes. We
have considered different immunization scenarios and the experimental results confirm
that the speed of infection decreases with the growth of the number of connections of
the immunized nodes. Fig. 2 shows the speed of infections when different sets of nodes
(and therefore connections) are immunized.

The special case of botnets. As depicted in several works [9,11,25], botnets are difficult
to track. Although being a major threat, their life-cycle is still yet to be understood and
it is almost impossible to prevent systems from being compromised. Lately, researchers
have focused on the study of botnet propagation strategies, in order to make the botnet
harmless by arresting the spread of bots.

The systematic strategy proposed above could be used for the study of the recruit-
ment phase performed by bots infection. Indeed, botnets usually exploit standard ma-
licious techniques to corrupt and therefore recruit target machines. For this reason, we



11

claim that by modeling botnets in the κ-framework, we could shed light on the life-cycle
of botnets and on their propagation strategies. Roughly speaking, we could represent
different topologies of networks where nodes model the machines and the botmaster.
Machines are equipped with a special state that indicates if they are clean or infected and
edges represent the physical connections between them. Rules describe both the choice
of potential victims in the recruitment phase and how the network changes along time.
Thus, from the analysis of the network of compromised machines obtained through the
simulation process, we could extract important features about the botnet behavior.

5 Concluding Remarks

In this work we have proposed to apply biological concurrent calculi to the analysis
of malicious code. We have focused on the κ-calculus and we have used it to provide
an unifying formalization of existing malware. We have analyzed and discussed the
potentialities of modeling malware and their propagation in the κ-framework. We be-
lieve that the use of κ will open new challenges in the field of malware analysis and
defense. In particular, we claim that the proposed formalization of malware provides
a powerful framework for understanding the behavior of distributed malware. In fact,
we believe that κ and its tools of analysis provide the right means for investigating
the main aspects of distributed malware: propagation over a network, machines and
programs interactions, launch of a distributed attack. By simulating the distributed mal-
ware behavior it is possible to identify the countermeasures to take in order to defend an
environment from the considered attack, or measure the goodness of existing defense
strategies. As for future work in this direction, we plan to model with κ real types of
botnets [2] and to use the metrics proposed in known works (e.g. [10,15]) in order to
stochastically simulate their behavior. We believe that considerably big portions of the
Internet network can be faithfully compiled into κ and by observing the results of the
simulation, we will be able to better understand the behavior of the considered botnets
and propose an efficient defense strategy.

In this work, we have focused on the distributed features of the κ-calculus to reason
on network properties and spreading behaviors. However, the existence of decidability
results in κ [13] opens the way for the study of interesting reachability malware proper-
ties that could be used for malware detection. This means that this investigation could
lead to the identification of fragments of the κ-calculus where the detection of specific
classes of malware becomes decidable.
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