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Nowadays, there is little overlap between the formal analysis of systems and the development of
routing protocols. Typically, it is only a long development time and a large number of contributors
that give us confidence in a particular routing protocol [1]]. If issues with a protocol are eventually
discovered when the protocol has already become a standard and has been implemented on a
large scale, the consequences are considerable.

The Border Gateway Protocol (BGP), for example, is one of the protocols used to establish
routes between internet service providers. It was discovered that routers in this protocol could
cycle rapidly through a list of possible routes for a particular destination, meaning that the
network does not converge and becomes less efficient. The protocol was therefore extended in
1998 with a mechanism known as route flap damping [2]. There are indications, however, that
this mechanism has negative side-effects of its own , and that the increased performance of
modern routers makes the originally undesirable behavior of BGP preferable.

Another example is the Ad hoc On-Demand Distance Vector (AODV) protocol, a popular proto-
col designed for WMNs (Wireless Mesh Networks) and MANETSs (Mobile Ad-hoc Networks)
[4]. This protocol does not have certain properties that are often taken for granted, such as loop
freedom [5]] or packet delivery [6].

Formal analysis of routing protocols increases the likelihood that problems such as the ones
mentioned above to be discovered during development, which would enable proper structural
solutions. Formal analysis of routing protocols would also require those protocols to be formally
specified — this itself would be an improvement to protocol development, since ambiguous
or incomplete segments are far from uncommon in informal protocol specifications. The
specification of the AODV protocol, for example, was found to be open to 5184 different
interpretations [7]]!

However, routing protocol developers often prioritize code writing over theoretical work, and
they also may not have the knowledge required to use model-checking tools to analyze their
product automatically. It would therefore be useful to develop tools that make the formal
specification and analysis of routing protocols more accessible from their point of view.
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This report describes a 7 month project with this goal. One of the products of this project is a
development environment in EclipseEI for a formal language for wireless network protocols, AWN.
AWN (Algebra for Wireless Network protocols) is a process algebra that has been developed
as a contribution to the formalization of wireless network protocols. It was proposed in 2012
[6] for the purpose of specifying WMN and MANET protocols unambiguously and evaluating
and validating them exhaustively. The ultimate goal of AWN is to reduce development time of
(modifications of) WMN and MANET protocols and to increase their reliability and performance.

AWN’’s first use was demonstrated by modeling several interpretations of the AODV protocol
[8], revealing, for instance, that not all of these interpretations guarantee loop freedom [5] or
packet delivery [6]. One of the ambitions for AWN is that it will be possible to automatically
model and verify AWN specifications with existing model checking toolsets via translations of
AWN to input that these toolsets accept.

AWN distinguishes itself from existing formalisms by disregarding packet loss as a possibility —
that is, a message transmitted in AWN is received by all intended recipients within range. This
abstraction allows the verification of the property of a network that a packet inserted by a client
into the network is eventually delivered to the destination. AWN also features a conditional
unicast operator and imperative ‘mid-process’ variable assignments.

In 2016, T-AWN was proposed [9]], a timed process algebra reusing the existing AWN syntax. It
was used to continue the investigation of the AODV protocol, and it was shown that without time
abstraction the unambiguous interpretations of the AODV protocol always fail the loop freedom
property.

For this project, a plain-text input language for AWN was developed, including data expressions.
This made it possible to implement a development environment for AWN in Eclipse, providing
syntax highlighting, code completion, refactoring facilities, and more. The environment also
serves as a front end for a translation to mCRL2, a generic process algebra with an accompa-
nying modeling and verification toolset [[10]]. This translation is implemented as a module in a
translation framework — the idea is that more translations can easily be added in the future.

Another prospect for the environment is to use it for code generation; this way, routing protocol
developers could reap double benefits from using the software, and be more inclined to divert
attention to formal analysis. Furthermore, properties of protocols cannot yet be specified in the
Eclipse environment, and the analysis of properties must therefore still be done by hand. The
implementation can also only be used to analyze given topologies. Working on these ideas and
shortcomings are only some of the future work that remains.

The project was also used as the foundation of a paper published at the International Conference
of integrated Formal Methods [11]. It can be found onlinef}

"https://www.eclipse.org/
"http://hoefner-online.de/ifm18/


https://www.eclipse.org/
http://hoefner-online.de/ifm18/

The early stage of the project focused on two important questions:

e Which model-checker should be used to analyze AWN specifications?
e Which approach should be taken for developing the accompanying software?

This chapter gives the arguments for the decisions that were made, namely using mCRL?2 as the
model-checker and applying model-driven engineering techniques to the software design.

Why mCRL2?

In the first stage of the research mCRL2 was chosen as the target model checking toolset for
the translation from AWN. This was done by choosing several criteria that the target toolset
should satisfy. These criteria were used to make a selection of model checking toolsets found
in internet databases [14]]. In general, this selection process has suffered from a time
constraint that was self-imposed to prevent the comparison of existing toolsets from being taken
further than what is beneficial to this graduation project. Searching for unambiguous information
about a certain model checking toolset was therefore stopped after approximately 1.5 hours. As
a consequence, information might have been missed, and a toolset might have been dismissed
unjustly.

Furthermore, there are multiple model checking toolsets that are based on their own particular
algebra or logic. A comparison of these toolsets would require much more in-depth study of
and experience with these toolsets, which would consume valuable project time. It is therefore
possible that relevant information was misunderstood or incorrectly considered to be ambiguous.

Finally, it should be noted that the databases where model checking toolsets were found cannot
be expected to contain al/l model checking toolsets, and it is an assumption made by the author
that the toolsets that were found are at least representative of the state-of-the-art functionality.
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Part 1. Motivation

Toolset Failed criteria
ECW '
IVy
Mobility Workbench
PEP
Spot 2.0
TAPAs
TLA+
UCLID 3
UPPAAL (An AWN-to-UPPAAL translation is already in development.)
ZING

Table 1.1: Toolsets that were rejected and why.

The chosen criteria for the model checking toolset to be targeted by the translation from AWN
are these:

1.

2.

A toolset should have clear support for generic model checking, and not be specifically
aimed at, for instance, code verification or probabilistic model checking.

A toolset should have accessible, complete, and up-to-date formal semantics. This is
required to prove the validity of the translation later in the research.

. A toolset should have sufficient online documentation, including examples, tutorials, and

possibly active user forums. This makes the toolset easier to learn, which facilitates more
advanced use of that toolset as a back end for AWN.

A toolset must have been updated since 2012 (in the previous 5 years). This criteria aims
to exclude tools that are no longer being developed and improved without having to rely
on that information being publicly available (which it may not be), and to exclude tools
with very slow release cycles.

. A toolset should have a text-based, sufficiently expressive modeling language, so that the

result of a translation is easily readable by users and manual adjustments can be made if
desired. This implies the presence of a framework for modeling concurrent systems, for
example, but also more basic features, such as data types, functions, arithmetical operators,
and so on.

A toolset should have a sufficiently expressive property language, so that a maximum
number of different types of properties of a protocol can be analyzed. Toolsets with more
expressive property languages are preferred over those with less expressive ones.

Criteria[I] has been used as an initial filter to reduce the number of model checking toolsets.
Table lists the toolsets that failed one or more of the other criteria. From the toolsets that
remained, listed in Table[I.2] mCRL2 was chosen because of prior experience with mCRL2 of
the author as well as the similarity between AWN and mCRL2 (they are both process algebra
languages). Additionally, there exists a LTSmin [15] back-end for mCRL2, so translating to
mCRL?2 yields two supporting tools ‘for the price of one’.
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Toolset Modelling language(s)  Reference

ARC AltaRica [16]
CADP LOTOS, FSP, LOTOS NT [[17]
FDR CSPM (18]
LTSmin Promela, uCRL, mCRL2 [15]]
mCRL2 mCRL2 [19]
nuXmv SMV [20]
SPIN Promela [21]]

Table 1.2: Selected toolsets.

Why MDE?

The translation from AWN to mCRL2 has been implemented using model-driven engineering
techniques. This means that rather than object-focused, the implementation is model-focused,
where ‘models’ are essentially groups of related classes.

Model-driven engineering (MDE) has been chosen because they provide tools to construct new
models from existing models via transformations. This means that if an AWN specification
is stored in an input model and an mCRL?2 specification can be stored in an mCRL2 model, a
transformation can be created that goes from the former to the latter — the transformation being
the implementation of the AWN-to-mCRL?2 translation, of course. In short, the basic MDE
architecture precisely matches the structure needed by a translation framework for AWN.

Models conform to the structure defined by metamodels, which conform to a metametamodel.
Frameworks can be built around such a metametamodel so that software can be generated that
accepts models conforming to a customized metamodel as input. Transformation languages such
as ATL and QVTO are such frameworks. Xtext is a framework that can be used to generate
the core of an Eclipse plug-in, which means that it is easy to create an editor with the features
expected by average users.

Another advantage of MDE is that it automatically sets a high standard for the degree at which
the different aspects of an implementation are separated, similar to aspect-oriented techniques
[22]]. Other approaches in software engineering are often more prone to situations in which
multiple concerns are addressed in one place, reducing code maintainability.

The disadvantage of the MDE approach is that it requires developers to know 1 general-purpose
language (Java or another language supported by MDE tools) and at least 4 DSLs (there exist
different DSLs for the same purpose in MDE) instead of only 1 language:

e One for specifying the AWN metamodel, and potentially the mCRL2 metamodel;
e One for specifying the grammar of the AWN input language;

e One for specifying the transformation from AWN to mCRL2;

e One for specifying how an mCRL2 model is converted to text.






This section describes:

the semantics of AWN;

the semantics of mCRL2;

the translation function from AWN to mCRL2;

a proof that shows that the translation function respects strong bisimilarity (up to data
congruence and modulo action renaming).

AWN semantics

This first section will give an overview of the semantics of AWN. The corresponding inference
rules can be found in Tables [2.T|to[2.5] The labels that identify the inference rules show a number
in between brackets which refers to the table in [6] from which they were copied. For a full
description of the semantics of AWN, consult that document.

The semantics of AWN are divided into four ‘levels’:

e The sequential process level. The semantics of this level describe how the decision flow
of a single process of a protocol is specified, including guards, variable assignments, and
local broadcasts.

e The parallel process level combines multiple sequential processes into a single parallel
process so that they can run on the same node. Combined sequential processes can only
communicate in one direction.

e The node level gives parallel processes their address and the set of addresses of nodes that
are within their transmission range. It also adds network behavior such as connecting and
disconnecting to parallel processes.

e The network level determines which behavior is ultimately allowed to occur: a node
that tries to transmit a message, for example, will only succeed if a recipient actively
cooperates.
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Sequential process level

The decision flow of a protocol is determined by a composition of sequential processes. Se-
quential processes have a signature X (vary,...,var,) consisting of a name X and a number of
parameters var;, and their behavior is specified via a sequential process expression SP with the
following grammar:
SP::= [¢]SP | [var:=exp] SP
| broadcast(msg).SP | groupcast(dests,msg).SP
| unicast(dest,msg).SP» SP | send(msg).SP
|
|

deliver(data).SP | receive(msg).SP
X<€Xp1 Yo ,€Xpn)

Clearly, sequential processes have many possibilities to determine the behavior of a protocol:
using guards [¢] SP, they can elect to perform certain actions only under particular circumstances;
variable assignment [var := exp] SP allows the contents of the internal data structure of the
sequential process to be changed; they can perform a broadcast, groupcast, unicast, send,
deliver, or receive action, which allow processes to exchange messages in specific ways; they
can let another sequential process X(expy,...,exp,) determine their subsequent behavior; and
they can choose non-deterministically between multiple of these possibilities via the + operator.

The different types of message exchanges have distinct purposes: broadcast is used to send
a message to all nodes in the network that are within range; groupcast does the same as long
as nodes are in a specified subset; unicast allows a message to be sent to a specified node,
continuing with its first branch p if that node is within range or continuing with a —unicast
action and its second branch q if the transmission failed; and send passes a message to another
sequential process running on the same node (see Section [I.2).

The receive action performs the complementary action: it intercepts a message (regardless of
whether it originated from a broadcast, groupcast, unicast, or send action) and stores it in a
specified variable. Messages (or rather, the relevant data that they contain) can exit the network
via the deliver action.

Inference rules[BROADCAST (T1)|to[GUARD (T1)|in Table 2.1] give the semantics of sequential
process expressions &, p in AWN. In these expressions, & is a variable-to-value mapping and p
the current sequential process expression. Note that inference rules that contain expressions of
the form & (exp) are only defined if exp is bound by &!

Interpretation of guards
Guards in AWN use the syntax [¢] p. The rule in the original semantics of AWN that allows

guards to be constructed makes use of the notation & £> £ [6]. Informally, this syntax is defined
to mean that the variable-to-value mapping { extends variable-to-value mapping & with new
mappings for variables unmapped in & in such a way that ¢ under { evaluates to true. This
allows AWN to set variables in guards using a type of pattern matching.

For example, let ip and data be unmapped when the following expression is executed:

receive(msg).[msg = Message(ip,data)| p

The execution will reach p if and only if a message is received that conforms to the structure
Message(ip,data), after which p is executed with & (ip) := ip and £ (data) := data.
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2]

BROADCAST (T1)
broadcast(& (ms))
—>

&, broadcast(ims).p &.p

GROUPCAST (T1)

groupcast(& (dests),& (ms)) é

&, groupcast(dests, ms).p ,P

UNICAST (T1-1)
unicast(& (dest),& (ms))

&.p

& unicast(dest, ms).p » q

UNICAST (T1-2)
—unicast(& (dest),& (ms))

&, unicast(dest, ms).p » q .4
S SEND (T1)
&, send(ms).p M Ep
. deliver (& (data)) DELIVER (T1)
& deliver(data).p ——————— & ,p
VmeMSG RECEIVE (T1)

receive(m) &

& receive(msg).p [msg:=m],p

T ASSIGNMENT (T1)
&, [var := exp]p = &[var := & (exp)],p

O[var; := E(exp)|,,p = &,p’ X(vary,---,var o
Va € Act [vari = & (epi)liip = &.p (vaz, ) P Recursion (T1)

é?X(expla"'vexpn) i> C7p/

a /
_>
Vae Act M CHOICE (T1-1)

Ep+aS L,y

a I
_>
Va e Act M CHOICE (T1-2)

Ep+a>¢.d

(5) Czé[ql ::elv"'vqn::en]

. GUARD (T1)
S,[¢lp—&C.p

C(‘P) :tr”e/\{qlv""qn}:FV(¢)\DOM

Table 2.1: AWN inference rules (1/5)
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For the correctness proof of the translation, a formal interpretation of & £> { is needed. To this

end, uses the following side condition:
£(9) = true N{qy,---,q,} = Fv(¢) \ pDOM(S)

where Fv(¢) are the free variables in ¢ and DOM({) ={x|x:=y€ & }.

a
Ya # receive(m) P 7 g PARALLEL (T2-1)
P{(Q=P(Q
a !
Va # send(m) Q 7 Q PARALLEL (T2-2)
PUQ%P(Q
receive(m) _, send(m) .,
VmeMSG P P Q Q PARALLEL (T2-3)

P(QSP (Q

Table 2.2: AWN inference rules (2/5)

Parallel process level

Sequential processes are combined into a single parallel process according to the following
grammar:

PP:= £,SP | PP (PP

The sequential processes form a pipeline for messages: processes can use the send action to
send a message to the process to their left, where the receive action can be used to receive it.
Only the rightmost sequential process can use receive to listen for messages from other nodes in
the network. See inference rules[PARALLEL (T2-1)|to[PARALLEL (T2-3)|in Table [2.2]for the
semantics.

Node level

The rules for the node level, BROADCAST (T'3)|to [DISCONNECT (T3-3)l can be found in
Table|2.3| These rules add network behavior to parallel processes: they allow them to connect,
to disconnect, to deliver data objects, and they rewrite actions such as broadcast(m) and
unicast(d,m) in terms of the current state of the network: broadcast(m) will be converted to
R : starcast(m), where R is the set of addresses of all nodes within range, whereas unicast(d, m)
is converted to the action {d} : starcast(m) because only the node with address d should be a
recipient.

The inference rules for the node level make use of the ip : PP : R notation to consistently access
the part of the network state relevant to a node. In this notation PP is a syntactic parallel process
expression, ip is the address of the node that runs PP (as a semantic value), and R is the set of
addresses of nodes that are within range of that node (also as a semantic value).
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broadcast(m) _, groupcast(D,m) _,
P p— P BROADCAST (T3) P P > P GROUPCAST (T3)
ip:P:RMip:P’:R ip:P:RMz’p:P’:R
unicast(dipm) _, . —unicast(dip,m) .
———=P dipEeR — AP d R
{dip}:*cast(m) : UNICAST (T3-1) T s UNICAST (T3-2)
ip:P:R -, PR ip:P:R5ip:P:R
deliver(d) _,
P, i ; P DELIVER (T3)
ip:P:Rwip:P’:R
T p/
P ? P INTERNAL (T3)
ip:P:R—ip:P :R
receive(m), b/ ARRIVE (T3-2
P P ARRIVE (T3-1) . 0—{ip}:arrive(m) . ( )
ip:P:R——— = ip:P:R

{ip}—0:arrive(m) .
—_—1

ip:P:R p:P :R

CONNECT (T3-1)

connect(ip,ip') .

ip:P:R————=ip:P:RU{ip'}

CONNECT (T3-2)
connect(ip’,ip)

ip:P:R———5ip:P:RU{ip’}

ip ¢ {ip’,ip”}
connect(ip’,ip”) .
_— 7

p:P:R

CONNECT (T3-3)

ip:P:R

DISCONNECT (T3-1)

disconnect(ip,ip’)

ip:P:R————=ip:P:R\{ip’}

DISCONNECT (T3-2)

disconnect(ip’,ip)

ip:P:R——=ip:P:R\{ip’}

ip ¢ {ip’,ip”}
disconnect(ip’,ip”) .
0

p:P:R

DISCONNECT (T3-3)

ip:P:R

Table 2.3: AWN inference rules (3/5)
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Network level
A partial network is constructed through parallel composition of nodes (via the || operator):

M:=ip:PP:R | M|M

Parallel nodes can exchange messages according to rules [CAST (T4-1)|to [CAST (T4-4))
in Table 2.4] These exchanges occur through synchronization of R : starcast(m) and H—K :
arrive(m) actions (where — is simply a syntactic separator of the sets H and K). Of these
two actions, H—K : arrive(m) is where a message m arrives at the nodes in the set H and
where m is ignored by the nodes in the set K (because they are out of range). It is necessary
for synchronization that H C R and that KN R = () because R in R : starcast(m) is the set of
addresses of the intended recipients within range.

Encapsulation ([_]) allows a partial network M to be converted into a complete network [M].
Encapsulation also restricts the set of actions exposed by a network to 7, connect(ip,ip’) and
disconnect(ip,ip’), ip : newpkt(data,d), and ip : deliver(data).

These actions have the following meanings. As usual in process algebra, 7 is an action that is
hidden from the environment of the network. Actions connect(ip,ip’) and disconnect(ip,ip’)
represent events within the network where a node with address ip’ respectively enters or leaves
the range of a node with address ip (note that all nodes must agree on this topology change).
Action ip : newpkt(data,d) is the event where a data object d to be delivered at the node with
address d is injected into the network (wrapped into a message newpkt(data,d)) at the node
with address ip, whereas action ip : deliver(data) is the actual delivery of a data object at the
node with address ip. The accompanying inference rules are DELIVER (T4-1)[to NEWPKT (T4))
in Table

R:*cast(m) H-K:arrive(m)

/ /
HCRAKNR=0 M MR,* tN N CasT (T4-1)
M || N 25, vy N
H-K:arrive(m) , R:*cast(m) |,
HCRAKNR=0-M R_E/I t N N CasT (T4-2)
MHN “cast(m) M/HN/
H-K:arrive(m) , H’—K’:arrive(m)
M M N N
(HUH’)~(KUK’):arrive(m) , , CAST (T4-3)
M||N M ||N
R:*cast(m) ,
M———M_cust(T4-4)
(M) 5[]

Table 2.4: AWN inference rules (4/5)
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M

ip:deliver(d
M -? (d)

M||IN

/
deliver(d) M DELIVER (T4-1)
ip:deliver M/ H N

ip:deliver(d
N (d)

M||N

N/

DELIVER (T4-2)

ip:deliver

ip:deliver(d
M P (d)

[M]

M/
[M']

DELIVER (T4-3)
ip:deliver(d)
—>

M-S M
M| NSM ||N

INTERNAL (T4-1)

N5 N
M| NS M||IN

INTERNAL (T4-2)

INTERNAL (T4-3)

connect(ip,ip’) M N connect(ip,ip’) N/

disconnect(ip,ip’)
——

CONNECT (T4-1)
connect(ip,ip’
_—

M||N M| N

connect(ip,ip')
—_—

M/
[M']

CONNECT (T4-2)
connect(ip,ip’)
%

[M]

disconnect(ip,ip’)

M’ N N

DISCONNECT (T4-1)
disconnect(ip,ip’

M||N LM N

disconnect(ip,ip’)
—

M
[M]

M/
[M']

DISCONNECT (T4-2)
disconnect(ip,ip’)

M {ip}—K:arrive(newpkt(d,dip))

M/

NEWPKT (T4)
ip:newpkt(d.dip)
—>

[M] [M']

Table 2.5: AWN inference rules (5/5)
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AWN examples

Listings [2.1] to [2.4] contain simple examples to illustrate how AWN might be used. The example
of Listing [2.1] defines a radio tower (RadioTower, line 1) that broadcasts messages to radios
(Radio, line 4) within range. Each message contains a value 1 higher than the value of the
preceding message, and radios store the most recently received message. A specific network
related to this example might be defined as in lines 6 through 9: the radio tower has address 1,
there are 3 radios with addresses 2 to 4, and only radios with addresses 2 and 4 are within range
of the radio tower.

1 RadioTower(msgVal: Integer) =
2 broadcast (new Message(msgVal)) . RadioTower (msgVal + 1);
3
4 Radio(lastMsg: Message) = receive(msg) . Radio(msg);
5
6 RadioNetwork = [ 1 : RadioTower(1l) : { 2, 4 } ||
7 2 : Radio(null) : {1 } ||
8 3 : Radio(null) : 0 ||
9 4 : Radio(null) : {2 } 1;
Listing 2.1: AWN radio tower example.
1 ChatClient(lastMsg: Message, sentMsg: Boolean) =
2 receive(msg) . ChatClient(msg, sentMsg)
3 + unicast(1l, Message("Hello everyone!"))
4 ChatClient(lastMsg, true) B ChatClient(lastMsg, false);
5
6 ChatServer() = receive(msg) . broadcast(msg) . ChatServer();

Listing 2.2: AWN ‘chat client” example.

The second example introduces a ‘chat client’ (ChatClient, line 1) that listens for messages
similar to the Radio process. However, the server (ChatServer, line 6) only forwards messages
that it receives from clients within range. These messages are non-deterministically sent by
clients to a node within range that has address 1, which is assumed to be the chat server. Clients
always send the same message.

Listing 2.3 defines a simple flooding protocol. Each node of a network runs the same process
(Flood), line 1). This process injects its message into the network at a non-deterministic
time (similar to ChatClient from the previous example, but now nodes send their message a
maximum of one time). The process also listens for incoming messages: for each node address,
it stores the contents of the first message received from that node.

When analyzed, the example of Listing [2.3|reveals a problem with the protocol: the network
can deadlock when some nodes A and B have just received a message (at the end of line 2) that
is not in their store (line 4) and when either A or B needs to forward its message to node B in
order for it to complete its broadcast action. The other node is essentially ‘not ready to receive’,
also described as not being input-enabled.
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Flood(msgSent: Boolean, store: IP + Text) =

receive(msg) . [msg = Message(ip’, text)] (
[ip’ — text € store] . Flood(msgSent, store)

+ [ip’ — text ¢ storel

[ store := storelip’ — text] |
broadcast(msg) . Flood(msgSent, store))
+ [ msgSent] broadcast(new Message("Hello everyone!"))

Flood(true, store);

O N O WN -

Listing 2.3: AWN flooding example.

Queue(queue: Sequence(Message)) =
receive(msg) . Queue(queue—append(msg))
+ [queue—size() > 0] (
receive(msg) . Queue(queue—append(msg))
+ send(queue—at(0)) . Queue(queue—remove(0))

)

O ~NO U WN -

FloodWithQueue = Flood(false, 0) << Queue(0);
10 FloodNetwork = [ 1 : FloodWithQueue() : { 2, 3
2 : FloodWithQueue() : { 1, 3
12 3 : FloodWithQueue() : { 1, 2
13 4 : FloodWithQueue() {1

, 43 1
oI
} oI
} 1

Listing 2.4: AWN queued flooding example.

The example of Listing 2.4 uses the typical approach to make a protocol specification input-
enabled: in addition to the original Flood process, each node is also running the Queue process
(line 8). Because the Queue process is input-enabled (note the seemingly superfluous receive on
line 4, which makes it possible to receive a message in the process state just after the guard of
line 3 has been evaluated), the Flood process can take more time to handle incoming messages
without causing deadlocks.
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MCRL2 semantics

For the translation from AWN to mCRL?2, the features of mCRL?2 related to time will not be used.
This section will therefore give the untimed fragment of the semantics of mCRL2 (a similar
approach as the one used in [23]). Note that only an overview is provided here; refer to the book
in which mCRL?2 is documented [24] for the full semantics.

Grammar

Similar to sequential processes in AWN, mCRL?2 processes have a signature X (var; : Dy, ---,vary:
D,,) where X is a name and var; are process parameters of data type D;. All mCRL2 processes
are contained within the set PD. The behavior of mCRL?2 processes is specified by expressions
conforming to the following grammar:

p:=6 | o [ pp | ptp | ¢—=p | c—=pop | XLiDP
| pllp | Tclp) | Vvlp) | ds(p) | pr(p) | wu(p)
| X(dp,---,dn)

o:=1t | a(d;, ,dy) | oo

In this grammar, O represents a deadlocked process, meaning that it cannot make any transitions.
To do an action w, one only has to write it; however, mCRL?2 actually uses multi-actions, which
are actions that potentially consist of multiple action labels a that can each carry their own data.
The action 7 is the empty multi-action with the property that ®|7 = 7|0 = .

Processes can be chained, or choices can be made between them, either by checking a condition
¢ or non-deterministically — the expression Y ..pp, in particular, is used to express a non-
deterministic choice between summands for every possible value of x, a variable of data type D.
Expressions p and q can be put in parallel by writing p || q. Finally I'c, Vy, dp, pg, and 1; are

operators that can influence the behavior of a process in various ways — their descriptions can be
found in

Inference rules

Tables[2.6|and [2.7]list rules in Plotkin style [25] for the structural operational semantics of mCRL2
process expressions. In these rules, several notations are used that require short explanations:
e The v -predicate is used to indicate the mCRL2 termination state — a process ‘goes here’
when it has no more actions to do;
e The syntax d : D means that variable d is of type D;
e Mp refers to the set of all possible semantic values of type D. Furthermore, if e € Mp then
there exists 7,, a syntactic symbol for e such that [z,] = e (see Definition 15.2.17 in [24]);
e @ denotes a multi-action from which all data has been removed;
e y, is the set of all single actions that multi-action ¢ contains.
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ol AXIOM
a—=v
N PV
CHOICE 1 [c] = true ————— GuarD 1
p+q— c—p
p>p pp
CHOICE 2 [c] = true ————— GUARD 2
p+q—p c—p—p
q 2, P L
- CHOICE 3 [c] = true GUARD 3
p+q— c—poq— Vv
2} / pgp/
CHOICE 4 [c] = true ——————— GuarD 4
p+q—d c—poq—p
w [0)
— Vv -V
7 SEQ 1 [c] = false q—w GUARD 5
pPq—q c—poq— Vv
2 p q5q
SEQ 2 [c] = false —— > GUARD 6
p-q—p'q c—poq—d
w
d):=1t,---,d, =t >V
P(d; :Dy,---,d,: D) Eq qldi =1 —— d RECURSION 1
P(t1, -, ty) =V
o
. qldy :=1t1,---,d, =1 —q
P(d;:Dy,--,dy: D) Eq | —— ) RECURSION 2
P(t1, - ,ty) — ¢

Table 2.6: mCRL2 inference rules (1/2)
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pld:=1,] 2% v p
e € Mp - SuM 1 wecvVu{t} ALLOW 1
Yapp =V v(p) =
d:=1]>p Ly
eeM, pl =P SuM 2 weVu{t} P — P ALLOW 2
YapP —p' v(p) = Vv(p
p = p
PAR 1 o NB=0 BLOCK 1
plla—q B(p) —
p>p p>p
w—/PARZ w{}mB:(Dw—p/BLOCKz
plla=p'llq ds(p) — ds(p’)
p%p  q3¢q P2V
— PAR 3 —— RENAME |
o@ . (p) 22
plla—7p'llq Pr(P
[0) 2> /
9= PAR 4 pR.wp RENAME 2
pllg>p Pr(p) = pr(p)
[ [
2 p—v
T PARS o COMM
plla—pllq Te(p) — v
(0] 10} (0] /
— Vv -V —
P wmq PAR 6 py <w>p CoMM 2
(o
pllq— Vv Te(p) — Tc(p')
oy [ 2)/
p—p 7q—>/ PAR 7 p(-)—(w)HIDEl
/4
quMp’ 7(p) v
0] [} o,
SV 2q p—p
p fl 9 pAr S o) / HIDE 2
plla2%q 7 (p) 2 7 (p)

Table 2.7: mCRL2 inference rules (2/2)
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Finally, the rules in Tables[2.6/and 2.7/ make use of [@]-brackets, which denote the semantic
value of . mCRL2 provides rules for how to apply these brackets are applied to expressions;
see Definition 211

Definition 2.1 The following rules apply to [exp]:

[t]=7
[[a(t17" ) 7tn)]] = a([[tl]]v T [[tn]])
[ee|B] = [e]|[B]

These rules were obtained from Definition 15.2.12 of the book that documents mCRL2 [24]].

2.3 Special operators

The Vy, dg, I'c, pr, and 7; are special operators that affect the actions that a process can perform.
The following subsections describe these operators in greater detail.

Allow operator
The allow operator Vy only allows 7 and actions and multi-actions that are in the set of multi-

actions V from occurring in the operand. Its behavior follows [ALLOW 1| and |ALLOW 2|in
Table 271

Block operator

The block operator dp (see[BLOCK 1{andBLOCK 2| prevents actions that are in B from occurring
in the operand (with the exception of 7). Any (multi-)action sharing an action with B is blocked —
the blocked actions are not ‘subtracted’ from their multi-actions!

Communication operator

The communication operator I'¢ (see|{COMM I|and [COMM 2|) modifies multi-actions that contain
combinations of action labels by renaming those combinations to a specific action label. To this
end, it requires a set of pairs (ai|...|a, — b) where ay|...|a, is a multi-action without data and
b an action label. This set is passed to an auxiliary function ¥, which is defined as follows:

(o) =a
YC1UC2((X) =7 (YCz(a))

Yiar|...lan—b} (O) = if (a1(d)]...|as(d)) C o for some vector d
a otherwise

where the operators \ and C — although likely intuitively understood — are defined as

(alaldy,---,dn)) \ (e, en) = (@ \D(er, -, en))|aldy, - dn)
ifa#bVvd #e V---Vd,#e,
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and
TC o = true
a(dla"'7dn) C T=false
ala(dy,---,d,) C Bla(dy,---,dy) = C B
a‘a(d]"“’dn) EB|b(€1"”’en) = (a\b(eh'"?en))la(dla”',dn> EB
ifatbVvd #elV---Vd, #e,
respectively.

Rename operator

The rename operator pg renames all actions in the operand with the name a to b foralla — b € R
(where a # 7, b # 7). To this end, the following auxiliary function is used in Table

Pr(T) =7
pr(a(dy,---,dy)) =b(dy,---,dy,) if a— b € R for some b
prla(di,---.dy) =a(dy, - dy)if a— b ¢ R for all b
pr(a|B) = pr(a)|pr(B)

hide operator

The hide operator 7; replaces all actions in the operand with the name a by 7 for all a € . Due to

the property that ®|T = 7|@ = ®, the a is simply removed instead if a is part of a multi-action.
The [BLOCK 1l and BLOCK 2] inference rules in Table [2.7] describe the behavior of the hide

operator by using a function 0. This function is defined as follows:

br(x) = v
Or(a(dy,---,dy))=rtifacl
O(a(d,,-- ,dn)) =a(dy, - ,dy)ifa¢l

6r(ct|B) = 0r(a)|6:(B)
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mCRL2 data language

This section gives some details of how the data expression language of mCRL2 works.

Sort declarations
Types are called ‘sorts’ in mCRL2. There are predefined sorts, such as Bool (boolean) and Nat
(natural numbers), but also custom sorts, which must be declared. With regard to this project,

structured sorts are particularly relevant.
Structured sorts are declared as a list of constructors with arguments. Consider the following
grammar:

sort ::= sort sortName = structSort |
structSort := struct structSortConstructor; | --- | structSortConstructory,
structSortConstructor := constructorName(argName, : argSort,,---,argName, : argSort,)

For example, the following code snippet declares a binary tree:

1 sort
2 BinTree
3 = struct Leaf | Node(value: Nat, leftChild: BinTree, rightChild: BinTree);

In order to create an instance of a structured sort, simply write one of the constructor with the
appropriate number of parameter values, each of a compatible sort. Below, a binary tree with 3
nodes is defined:

1 Node(1, Node(2, Leaf, Leaf), Node(3, Leaf, Leaf))

To obtain the value of one of the arguments of a specific instance, use the name of the argument
as a ‘getter’ function:

1 value(Node(9, Leaf, Leaf))

The data expression in the example above yields 9.

Mappings and equations
mCRL2’s data language is a functional language. Functions in mCRL?2 are defined through a
mapping and a number of equations. The mapping specifies the function sort of the function,
and the equations specify how the function should be evaluated.

The following code snippet defines a function that changes the value in a BinTree to another
value:

map
updateNodeValues: BinTree # Nat # Nat -> BinTree;
eqn
updateNodeValues(Leaf, i, j)

= Leaf;
updateNodeValues(Node(i, left, right), i, j)

= Node(j, updateNodeValues(left, i, j), updateNodeValues(right, i, j));
updateNodeValues (Node(v, left, right), i, j)

= Node(v, updateNodeValues(left, i, j), updateNodeValues(right, i, j));

© 00N O WN +~-
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The mapping specifies that the function takes a BinTree and two natural numbers as input and
produces a BinTree as output. Three equations define a standard recursive algorithm: the first
equation is the base case of the recursion; the second equation changes the value of the current
node from i to j and then continues with the child nodes; and the third equation does the same
but maintains the value of the current node.

mMCRL2 examples

Listings [2.5]to[2.7] give an example of a system specification in mCRL2. Listing [2.5|first specifies
some of the required actions in the act block (lines 1 to 3). It then defines the two subsystems
that constitute the television system as two separate processes: the Volume subsystem (lines 6 to
8) allows the volume of the television to be turned up or down within the range 0 to 50, and the
Channel subsystem (lines 10 to 12) allows the channel (0 to 99) of the television to be changed
by twice pressing a 0 to 9 button. The two subsystems can be easily composed using parallel
composition (line 14). The init section specifies the first state of the entire television system.

1 act

2 volume_down, volume_up;

3 press: Integer;

4

5 proc

6 Volume (volume: Integer) =

7 volume_down . Volume(if(volume > O, volume - 1, 0))
8 + volume_up . Volume(if (volume < 50, volume + 1, 50));
9

10 Channel (channel: Integer) =

11 sum n1:{0..9} . press(nl) .

12 sum n2:{0..9} . press(n2) . Channel(nl * 10 + n2);
13

14 Television = Channel(1) || Volume(25);

15

16 init

17 Television;

Listing 2.5: Simple mCRL2 television example.
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Listing[2.6] extends the television by adding a mute subsystem. This subsystem allows the user
to turn the volume of the television on or off in its entirety by pressing the ‘mute’ button (line 6).
The volume of the television is also turned back on when the user changes the volume of the
television (line 7 and 8).

H
)
a
o

proc
Mute(muted: Boolean) =
mute . Mute(!muted)

+ volume_down . Mute(false)

+ volume_up . Mute(false);

O W OO NO U WN

[

Television2 = Channel(1) || Volume(25) || Mute(false);

Listing 2.6: Naive extension of the simple mCRL?2 television example.

Naively, one might be tempted to add the new subsystem to the television by using another
parallel composition as in line 10 of Listing [2.6] However, in that case the volume_up and
volume_down actions of the Volume and Mute subsystems would be independent, and it is
therefore possible that the television model changes the volume without unmuting.

Instead, one should make use of the communication operator I' and the block operator 9,
which are discussed in subsections and respectively. Listing shows how this
can be accomplished: with the communication operator, the volume_up and volume_down
actions of the Volume and Mute subsystems are merged (and renamed to synced_volume_up
and synced_volume_down, respectively) and then prevents any independent occurrences of
volume_up and volume_down with the block operator.

1 act
2 synced_volume_down, synced_volume_up;
3
4 proc
Television3 = Channel(1) || Ofyoiune_up,volume_down)

5
6 1—‘{volume _up|volume_up—rsynced_volume_up,volume_down|volume_down—synced_vo lume_down}
7

(Volume(25) || Mute(false));

Listing 2.7: Intended extension of the simple mCRL?2 television example.
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Translation function

The project was continued by designing a translation function from AWN to mCRL2. The
function has been defined by a list of translation rules which have been categorized according
to one of two purposes, namely for translating AWN’s sequential process expressions or for
translating higher-level process expressions of AWN. The translation rules for both purposes are
discussed in the following sections.

Translating sequential process expressions
The rules for translating sequential process expressions can be found in Table [2.8]

Ty (&, broadcast(ms).p) = Lp.r (sewipy) €ast(%p, D, Tg (ms)). Tv (§,p) where D ¢ T(V) T1

Ty (&, groupcast(dests,ns).p) = Yp.r (setap)) €ast(Te (dests), D, Tg (ms)). Ty (§,p) where D ¢ T(V) T2

Ty (&, unicast(dest, ms).p » q) = cast({T¢ (dest)}, {T¢ (dest) }, Tg (ms)). Ty (§,p) T3

+—uni({Tg (dest) },0,T¢ (ms)).Tv (§,q)

Ty (&,send(T¢ (ms)).p) = send (0,0, ¢ (ms)).Tv (€.,p) T4

Ty (€, deliver(data).p) = ¥ p.rip) del(ip, T¢ (data)). Ty (§,p) where ip ¢ T(V) T5

Ty (€, receive(msg).p) = L ps.r(Settp)) v (msg) T(MSG) T€Ceive(D,D? T(msg)). Ty ineg} (& \"°€,p) where D,D? ¢ T(V) T6

Tv (&, [var := exp] p) = Lomp:sort(r (var)) (tmP = T¢ (€xP)) = L (var):sort(r (var)) (T (var) = tmp) — 7
£(0,0,158 guumy)- Ty Ufvar} (§ 7, p) where tmp & T(V)

Tv (&, X(expy, - exp,)) = X(Tg (expy), -+, Tg (expy)) T8

where T(X(vari, -, var,) p) = X(T(var) : sort(Te (exp))), -, T(vaz,) : sort(Te (exp,))) % Tvaz, - vazy) (0,9)

Ty(§,p+9) =Tv(5,p) +Tv(5,q) T9

Ty (&, [9]p) = Lr(kv(g)\ v) Te(¢) — t(0,0,msg zlummy)‘TV UFV(9) (€.p) T10

T(X(vary,--,var,) & p) = X(T(vary) : sort(T(vary)), -, T(var,) : sort(T(vars))) € Tyvar, . var,] (@.P) Ti1

Table 2.8: Rules for translating AWN’s sequential process expressions

The translation rules in Table [2.8|use Ty (&, p) as the signature of the translation function, where
p is the sequential process expression to be translated, £ is a valuation (a mapping from some
variables to semantic values), and V is a set of AWN variables (those that are assigned up to this
point, to be precise). Ty (&,p) is only defined if DOM(E) UFV(p) C V where Fv(p) are the free
variables in p. Occasionally, the bindings for a specific variable v is removed from & by writing
E\Y which is defined as & restricted to DOM(&) \ {v}.

€ is carried around exclusively for the benefit of the T (exp) function, which translates data
expressions. The definition of T (exp) is relatively complex:

Te (exp) = T(exp) [T(x) :=ty(y) | x 1=y € €]

where the bijective function U(y) translates a semantic value of AWN called y to the correspond-
ing semantics value of mCRL2; where the Axiom of Choice is applied to the selection of ¢y
(given a particular semantic value Y, the same syntactic representation ty will always be selected,
which holds throughout the translation); and where the function T (exp) translates a syntactic
AWN data expression exp to a syntactic mCRL?2 data expression.
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In order to abstract from the translation of data expressions at least to some extend, T (exp) is
not further defined but simply assumed to exist with the following properties:
(i) T(exp) is a total function;
(ii) T(exp) behaves in such a way that Vexp,& . & (exp) is defined = [T¢ (exp)] = U(& (exp));
(iii) exp =v < T(exp) = v’ where v is an AWN variable and v’ is an mCRL2 variable;
(iv) Vexp . Fv(T(exp)) ={T(v) | v € Fv(exp)}; and
(v) T(var;) =T(var;) < var| = vary.
The following subsections will elaborate on each of the translation rules in Table[2.§]

Rule i} Broadcast

Ty (&, broadcast(ms).p) = Yp.r(setap)) €ast(%p,D, T¢ (ms)). Ty (&, p) where D ¢ T(V)

This rule defines how a broadcast action is translated to mCRL?2. The resulting cast action has
three parameters and is then immediately followed by the translation of p.

The first parameter of the cast action is the set of addresses of nodes that are the intended
recipients of the message ms. Since a broadcast action always attempts to reach all nodes with
range, the value of this parameter is the universe of all node addresses (Z4p).

The second parameter is the set of actual recipients. The sequential process does not have direct
access to which nodes are within range, however, and the value of this parameter is therefore
unknown. This has been solved by adding } p.r (seqp)), the resulting mCRL2 expression produces
a cast action for all possible values — superfluous actions will be eliminated at a later stage. The
side condition of [tilensures that D is fresh.

The third parameter is the message that is sent translated to an mCRL?2 expression by means of
the T¢ (exp) function.

Rule 12} Groupcast

Ty (&, groupcast(dests, ms).p) = Y1 (setap)) €aSt(Te (dests), D, Tg (ms)). Ty (§,p) where D ¢ T(V)

This rule defines how a groupcast action is translated to mCRL2. Just like for the translation of
broadcast, the resulting cast action has three parameters and is then immediately followed by
the translation of p. The second and third parameter are also translated the same as for broadcast
(with the side condition of [T2| ensuring that D is fresh), but the first parameter is not: rather than
“1p the set of destinations specified by the user is inserted. The first parameter must contain the
node addresses of the intended recipients, after all.
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Rule [rat Unicast

Ty (&, unicast(dest, ms).p » q) = cast({T¢ (dest) },{T¢(dest)}, Te (ms)). Ty (&, p)
+—uni({T¢ (dest)},0,T¢ (ms)). Ty (€,q)

The translation of the unicast action produces two possible outcomes: if the destination node is
within range, a cast action can occur, sending message ms to the destination specified by the user
and continuing by executing p; and it the destination node is not within range, a —uni action can
occur, followed by the execution of q.

Rule 4t Send

Ty (&,send(T¢ (ms)).p) = send(0,0, Tz (ms)). Ty (&, p)

The translation rule for the send action is the simplest of them all: it produces a single action
by the same name and with three parameters. The first and second parameter of this action are
simply initialized with an empty set of node addresses (these parameters are strictly necessary
because the signature of send must match the signature of the receive action) and the third
parameter carries the message ms that is sent.

Rule [15t Deliver

Ty (&, deliver(data).p) = ¥;p.r1p) del(ip, T¢ (data)). Ty (&, p) where ip ¢ T(V)

The deliver action allows the contents of messages (data) to ‘leave’ a network. Such an event
involves two items of information in AWN: the data that is leaving the network, and the node
where the data is leaving. Accordingly, the rule above produces a del action with these two items
as its parameters.

However, a sequential process is unaware of the node on which it is running. The chosen
solution for this problem is that a del action is produced for every possible node address ip —
superfluous actions will be eliminated at a later stage. The side condition of the rule ensures that
the variable ip is fresh.

Rule[1¢t Receive

Ty (é ’ receive(msg) P) = ZD.D’:T(Sel(IP)).T(msg):T(MSG) receive(D, D?, T(msg)) 'TVU{msg} (é\msg7p) where D, D’ ¢ T (V)

When receiving a message, a node at the level of a sequential process expression is unaware of
three things: the intended recipients of the message, D; the actual recipients of the message, D;
and the contents of the message. A sequential process therefore considers all possible receive
actions that could occur, and relies on the composition with other parts of the specification to
eliminate the superfluous ones.

The process p is translated with the additional information that msg is now assigned, which is of
course because it contains the contents of the received message. At the same time, p receives a &
from which msg has been removed — otherwise an old value of msg could continue to exist in p
even though it has been overwritten by the receive!
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Rule 17} Assignment

TV(&? [[var = exp]] p) = Ztmp:sort(T(var)) (tmp = ng (exp)) - ZT(Var):Sort(T(var)) (T(var) = tmp) -
t(0,0,msg dummy).TVU{var}(é\"ar,p) where tmp ¢ T (V)

mCRL2 does not provide its own syntax for assignments other than when parameter values are
assigned when a new process is instantiated. A more improvised solution is used here, namely
one where a ) -operator and a guard ensure that a specific variable matches the assigned value
(see the innermost/rightmost ) -operator). The assigned value is fixed beforehand by a similar
construction (see the outermost/leftmost ) -operator) in order to allow the target variable to be
used in the computation of the assigned value. The variable in which the assigned value is stored,
tmp, is fresh as a result of the side condition of the rule.

One might wonder about the three placeholder parameters of the t, or indeed about the reason
why t was used rather than 7 in the first place. The answer to the first riddle is that actions that
do carry three useful parameters will be renamed to t at a later stage, and one of the requirements
of mCRL2 for renaming an action a to b is that the action signatures of a and b are identical.
The answer to the second riddle is that the concurrent behavior of the 7 action in mCRL2 does
not match the behavior of the 7 action in AWN, and that it is necessary to treat T as a ‘regular’
action until the network level has been reached.

Finally, process p is translated. It receives the information that in addition to the variables in V
the variable var is assigned. var is removed from & so that a potential old value of var cannot
be used in the translation of p.

Rule [ré} Process recursion
Process ‘calls’ are simply translated by referencing the mCRL?2 counterpart of the named AWN
process that is being ‘called’ and providing it with the translation of each of the parameter values
that were provided in AWN:

TV(&%X(explﬂ“'vexpn)) = X(T§ (expl)v"'#Té(expn))

where T(X(var1,~»-,varn)d§fp) = X(T(var) : sort(Tg (expy)),- -, T(vary) : sort(Tg (exp,,)))défT{var].,_‘var”}(Q,p)
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Rule ret Choice

A choice between two branches in AWN is translated directly to a choice between two summands
in mCRL2:

Tv(éap'i_q) :TV(évp)"i_TV(gaq)

Rule f1¢t Guard

Ty (E,[9lp) = Lr(Ev()\ V) Té(‘P) — t(0,0,msg dummy)'TVUFV((]))(é?p) T10

The exclusive purpose of carrying around the set of assigned variables V is to determine which
variables are assigned as part of a guard action: any variable that is free in the guard condition
¢ and not in V (and is therefore unassigned at the moment of execution) will be added as a
quantifier to the ) -operator. Obviously, this means that the subsequent process p must find
Fv(¢) — all free variables in ¢ — in its index parameter V.

One might wonder about the three placeholder parameters of the t, or indeed about the reason
why t was used rather than 7. The answers to these riddles are given in the description of
translation rule

Rulefr1it Process definition

T(X(vary,--- ,varn)difp) =X(1(vary):sort(T(var;)), --,T(var,) : sort(T (var,,)))d:efT{var].,__ivarn}(Q),p) T11

The translation of an AWN process definition X has the same name in mCRL2. Furthermore,
each parameter of the mCRL2 definition is a translated parameter of X, and the body of the
mCRL2 process definition is the translated body of X. When the body of X is translated, it is
assumed that all process parameters are in the set of assigned variables, V, and that the valuation
& is empty (a process definition ‘knows’ that the process parameters are assigned, but not what
the semantic values of the process parameters are — this is established at execution time).
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3.2 Translating higher-level process expressions

The rules for translating sequential process expressions can be found in Table [2.9]

T(&,p) = Toom(e)(&:p) T12

T(P << Q) = VVF{r\s—n} (p{receive—n}T(P) || p{send—)s}T(Q)) T13
where V = {t, cast, —uni, send, del, receive }

T(ip:P:R) = VyTc(T(P) || Glty(ip)>tu(r))) T14
where V = {t, starcast, arrive, deliver, connect, disconnect}
where C = {cast|cast — starcast, —uni|—uni — t,del|del — deliver, receive|receive — arrive}
where G(ip,R) = Yp ps:1(Set(IP)) meg: (MsG) (RND =D’ ) — cast(D,D*,msg).G(ip,R)
+ Ya:r(1p)msger (visG) (d ¢ R) — —uni({d},0,msg).G(ip,R)
+ Laata:nata del(ip, data).G(ip,R)
+ Yo.071(Set(IP)) msg:r (MsG) (1P € D?) — receive(D,D’, msg).G(ip,R)
+ X.p*:1(Set(IP)).nsg:1(MSG) (1P € D) — arrive(D,D’ msg).G(ip,R)
+ Yips:r(ip) connect(ip,ip’).G(ip,RU{ip’})
+ Yips:r(p) connect(ip’, ip).G(ip,RU{ip’})
+Xip ipr(p) (iP € {ip’,1ip”’}) — connect(ip’,ip”).G(ip,R)
+ Yip>.r(p) disconnect(ip,ip’).G(ip,R\ {ip’})
+ Yip>:r(p) disconnect(ip’,ip).G(ip,R\ {ip’})
+ Yipsapnr(p) (1P € {ip’,1p”}) — disconnect(ip’,ip”).G(ip,R)

T(M || N) - pRVVF{arrinarriveﬁa}rC(T (M) || T(N)) T15
where R = {a — arrive,c — connect,d — disconnect,s — starcast}
where V = {a, c,d, deliver,s,t}

where C = {starcast|arrive — s, connect|connect — ¢, disconnect|disconnect — d}

T([M]) = VVp{starcastat}FC(T(M) H H) Ti6
where V = {t,newpkt, deliver, connect, disconnect }

where C = {newpkt|arrive — newpkt}

where H = Y. (1p) data:T (DATA) dest:r(1P) N€WPKt({ip}, {ip},newpkt(data,dest)).H

Table 2.9: Rules for translating AWN’s higher-level process expressions
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The translation rules in Table use T (p) as the signature of the translation function, where p
is the process expression to be translated. Clearly, T (p) no longer has the £ parameter (&, p in
rule[r12| forms a single parameter, the state of a sequential process in AWN to be precise), and it
does not carry a set of assigned variables V anymore. At this level of the AWN specification,
syntactic data expressions have disappeared.

The following subsections will elaborate on each of the translation rules in Table 2.9

Rule [112} Sequential process
This rule allows the rules from Table [2.9]to make use of the rules in Table 2.8t

T(‘Sap) :TDOM(é)(évp) T12)

Note that &, p forms a single parameter — namely the state of a sequential process in AWN
— and that this state is separated into its two components, the valuation & and the process
syntax p. Furthermore, the set of assigned variables V is assigned with the domain of £ (in the
implementation, this is almost never of any consequence; when proving the correctness of T (p),
however, this becomes a different story).

Rule Parallel processes

T(P << Q) = VVr{r\s—ﬁ} (p{receive%r}T(P) H p{send—>s}T(Q)) T13
where V = {t, cast, —uni, send, del, receive }

Two AWN processes in parallel are translated by applying several mCRL2 operators in sequence:
1. It must be possible in the final mCRL2 operator to differentiate between the receive actions
that occur in T (P) and those that occur in T(Q), as well as between the send actions that
occur in T(P) and those that occur in T(Q). The receive actions of T (P) are therefore
renamed to r and the send actions of T(Q) to s.

2. The resulting processes are put in parallel.

3. Occurrences of r|s action labels are replaced by a t action label (this is why t has been
given three parameters).

4. Only a specific selection of actions is allowed to occur. This blocks all mCRL2 multi-
actions that are impossible in AWN (such as t|t). In addition, all remaining r actions
are blocked (from now on, T (P) can only receive messages if they arrive via T(Q), but
T(Q) can still receive) as well as all remaining s actions (send actions of T(Q) must have
synchronized before now, but T (P) can still send).
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Rule Node

T(ip:P:R) = VyIc(T(P) || Gltyip),tuw)) [T14
where V = {t, starcast, arrive, deliver, connect, disconnect}
where C = {cast|cast — starcast, —uni|—uni — t,del|del — deliver, receive|receive — arrive}
where G(ip,R) = Y p>:1(et(1P)) msg:r (MsG) (RND = D?) — cast(D,D’, msg).G(ip,R)

+ La:r(1p)msger (visG) (d ¢ R) — —uni({d},0,msg).G(ip,R)
+ Laata:paTA del(ip, data).G(ip,R)
+ Xb.0*1(Set(1P)) msg:r (MsG) (1P € D?) — receive(D,D’,msg).G(ip,R)
+ Xp.p>7(Set(1P)) msg:m(MsG) (1P € D) — arrive(D,D’ , msg).G(ip,R)
+ Yips:r(ip) connect(ip,ip’).G(ip,RU{ip’})
+ Lipsor (e connet(ip’, ip) G(ip.RU {ip* )
+Lip> spr(p) (1P € {ip’,ip”’}) — connect(ip’,ip”’).G(ip,R)
+ Yip>.r(p) disconnect(ip,ip’).G(ip,R\ {ip’})
+ Yip>-r(p) disconnect(ip’,ip).G(ip,R\ {ip’})
+ Yipsiprr(e) (1P ¢ {ip’?,1p”}) — disconnect(ip’,ip”).G(ip,R)

This rule elevates processes to the network level by synchronizing them with a process G that
provides the address of the node on which they run and the set of addresses of nodes that are
within transmission range. Through this synchronization, the actions cast, —uni, del, and receive
of a process T (P) are forced to have certain parameter values, which eliminates many — but not
all — of the superfluous mCRL?2 actions that are impossible in AWN. G also adds independent
node behavior, namely arrive (which allows a node to synchronize the arrival of messages at
other nodes with the rest of the network), connect, and disconnect actions.

At the end, only single actions with certain labels are permitted to occur: multi-actions produced
by putting T(P) and G in parallel are blocked, and so are leftover cast, cast, —uni, —uni, del,
del, receive, and receive actions.

Rule 15 Parallel nodes

T(M H N) = pRVVF{arrive|arriveﬁa}FC(T (M) || T(N)) T15
where R = {a — arrive,c¢ — connect,d — disconnect,s — starcast}
where V = {a, c,d, deliver,s,t}

where C = {starcast|arrive — s, connect|connect — ¢, disconnect|disconnect — d}

This rule produces a sequence of mCRL2 operators that restricts the behavior of T(M) || T(N)
in such a way that any remaining action that can occur has a possible counterpart in AWN. In
particular, the sequence of mCRL2 operators enforces that:

e One process does starcast action and the other process does a matching arrive action;
e Both processes do the same connect, disconnect, or arrive action;
e One of the processes does a deliver or t action and the other process does nothing.
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Rule Network

T([ M D = VVp{starcast—n}l—‘c(T (M) || H) T16
where V = {t,newpkt, deliver, connect, disconnect }

where C = {newpkt|arrive — newpkt}

where H = };.1(1p),data:r (DATA) est:7(1p) NeWPKkt({ip}, {ip}, newpkt(data,dest)).H

At the highest level of the AWN specification, it is possible to inject messages into the network
via newpkt actions. In mCRL2, this behavior is enabled by translation rule[ri¢, A newpkt action
is generated from a remaining arrive action (which means that all nodes in the network are
taking this action in parallel) that has exactly one node both as intended and as actual destination.
In addition, the message parameter of the action is forced to have a specific newpkt format.

The rule also renames remnant starcast actions to t and finally blocks multi-actions such as
connect|newpkt as well as leftover arrive and newpkt actions.

Totalness

This section shows that the translation function T is total.

Lemma 3.1 The translation function T as defined via the rules in Tables [2.8]and 2.9]is fotal,
that is, T (P) is defined for all valid AWN expressions P.

Proof. The proof is trivial, and therefore given informally.

First, there must exist a matching translation rule for each rule of the grammar of AWN. This is
indeed the case.

Second, there must exist a matching translation rule for each input at recursive applications of T.
Considering that recursive applications only receive process expressions from the original AWN
process expression as input, such as p or g, these process expressions must match the grammar
of AWN, and therefore a matching translation rule must exist.

Third, there should be no infinite recursion. Since the input at recursive applications of T is
always a strictly smaller expression than the input of the enveloping translation rule, recursion is
always finite.

Finally, T¢ (e) must be defined for all valid data expressions e. Combining property |(i)| of T¢ (e)
with the fact that Ve € Moy () - 3t . [#] = e (see Section where Mp is the set of all semantic
values of a sort D, it follows that Te 18 a total function. [ |
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Translation relation

Proving the correctness of the translation function involves showing the existence of a strong
bisimulation between an AWN process and its translated counterpart in mCRL2. Because a
strong bisimulation is a relation, it is useful to express the translation function as relation:

T { (P,T(P)) | Pis an AWN parallel process, node, or (partial) network expression } (2.1)

Ultimately, however, the correctness proof will be a statement about the following relation:

T, ([ M],r{t}T([ M) ‘ [M ] is an AWN network expression } 2.2)

According to Lemma [3.1] both relations are defined for all valid AWN expressions of a matching
type.

Action relation

The translation function T changes AWN actions to mCRL2 actions in a manner that is not
always straightforward. To formally prove the correctness of T, the precise relation between
AWN actions and mCRL2 actions must be made explicit first. The relation is called .« and its
definition can be found in Table

o =
({7 1.{t(u(D),u(R),u(m)) }), (2.3)
({ broadcast(& (ms)) }, { cast([%p], D, [T¢ (ms)] |D € T(Set(IP)) } ), (2.4)
({ groupcast (& (dests), & (ms)) }, { cast([T¢ (dests)], D, [T¢ (ms)]) | D € T(Set(IP)) } ), (2.5)
({ unicast(& (dest),& (ms)) }, { cast([T¢ ({dest})], [Tz ({dest})], [Te (ms)]) }), (2.6)
({ ~unicast(& (dest), & (ms)) }, { ~uni([T¢ ({dest})], [0],[Te (ms)]) }), .7
({ send(& (ms)) },{ send([0],[0], [T¢ (ms)]) }), (2.8)
({ deliver(& (data)) },{ del(i, [T¢ (data)]) [T €T IP) b, (2.9)
({ receive(m) }, { receive(B,0°,u(m)) | D, € T(Set(IP)) } ), (2.10)
({ R : *cast(m) },{ starcast(U(D),U(R), ( N, (2.11)
({ ip : deliver(d) },{ deliver(u(ip),u(d)) }), (2.12)
D,5’ €T (Set(IP))
({ H-K : arrive(m) }, { arrive(D,0’,u(m)) g’c%ff }), (2.13)
Knb>=0
({ connect(ip’,ip”) } ,{ connect(U(ip’),u(ip”)) }), (2.14)
({ disconnect(ip’,ip”) },{ disconnect(U(ip’),u(ip”)) }), (2.15)
({ ip : newpkt(d,dip) },{ newpkt({u(ip)},{U(ip) } ,newpkt(U(d),U(dip))) }) (2.16)

| m,&(ms) € MSG; ip,ip’,ip”,dip,dest € 1P; d, & (data) € DATA,; dests,R,D,H,K € Set(IP); RC D }

Table 2.10: Action relation &/
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Correctness proof

This section proves that the translation of any AWN expression [ M | is strongly bisimilar to
T([M]) up to data congruence, modulo renaming. This is done by proving Theorem
which shows that T; is a satisfactory strong bisimulation (once again, up to data congruence and
modulo renaming). An overview of how the proof of the Theorem4.11|is established is given in
Figure [2.1] It shows the lemmas and theorems used by the correctness proof and how they relate:
arrows connect (groups of) lemmas and theorems, pointing towards the lemma or theorem for
which they are used.

First, it must be established that data congruence is indeed a strong bisimulation in mCRL2
(see Theorem [4.T)). From there, it is a short step to show that a strong bisimulation up to data
congruence indeed implies strong bisimulation between AWN expressions and their translations
(see Theorem [.2)) — this makes it possible to substitute mCRL2 data expressions by semantically
equivalent ones in later proofs.

The next part of the proof establishes Lemmas {.3]to 4.6}

e Lemmaf4.3|establishes a useful shorthand equivalence between the meaning of a closed
expression in AWN and the meaning of syntactic expressions that denote its corresponding
syntactic value in mCRL2.

e Lemma[4.4|states that AWN expressions can be translated to mCRL2 expressions without
losing their meaning: the semantic values of the expressions in AWN and mCRL2 must
correspond with one another. This is clearly a desirable property of the T¢ (exp) function,
and it is proven correct with the help of Lemma 4.3

e Lemmaf4.5|concerns substitutions: later parts of the proof require that a substitution
occurring in an expression such as Tg /g (exp) can be moved outside of the T function.

e Similar to Lemma Lemma 4.6 enables an expression like Ty (§[0],P) to be rewritten
to Ty (&,P)[T(0)] (note that this is just a pseudo-expression to sketch the principle of the
lemma).

The work so far has been generic preparatory work. The proof of Theorem .11 starts in earnest
with Lemmas 4.8l and 4.9] Lemma [.7] proves by structural induction that actions of an
AWN process P can be mimicked by its mCRL2 counterpart T (P). Note that the notion of a
strong o/ -warped simulation is used here: an action by the AWN process must be mimicked by
the mCRL2 process with a set of actions, as defined by the action relation 7.

The reverse of Lemma 4.7 has been divided into two theorems because the translation function
for the sequential processes of AWN has a different signature than the translation function for
higher-level AWN processes. Lemmaproves that mCRL2 process Tpoy(¢) (&,p) can also be
mimicked by AWN process &, p. To this end, index parameter V is chosen as DOM (&) because
AWN inference rules can only be applied if their data expressions are bound. Lemma 4.9 builds
on Lemma proving that it generally holds that an mCRL2 process T(P) can mimic the
behavior of AWN process P.

Lemmas and 4.9 combined prove that translation relation T is a strong <7 -warped bisimula-
tion. This only leaves the proof of Theorem where it is shown that .27 at the network level
can be replaced by a bijective renaming function f. The conclusion that any AWN expression
[ M ] is strongly bisimilar to T ([ M |) up to data congruence and modulo renaming immediately
follows.
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Lemma 3.1

Translation is a total function

Theorem 4.2

Auxiliary lemma 4.4

Strong bisimulation up to
data congruence is a
strong bisimulation

AWN expressions retain
their meaning in mCRL2

Theorem 4.1

Auxiliary lemma 4.3

Data congruence in mCRL2
is a strong bisimulation

Closed expressions
can be denoted syntactically
in mCRL2

Auxiliary lemma 4.5

Auxiliary lemma 4.6

Substitutions can be moved
in and out of the translation
function for data expressions

Substitutions can be moved
in and out of the translation
function for processes

Lemma 4.8

AWN simulates mCRL2
up to data congruence
at the sequential level

J

Lemma 4.7

Lemma 4.9

mMCRL2 simulates AWN

up to data congruence

AWN simulates mCRL2
up to data congruence

Theorem 4.10

AWN and mCRL2 simulate
each other up to data
congruence

Theorem 4.11

Translation is a strong
bisimulation up to data
congruence modulo renaming

Figure 2.1: Overview of the correctness proof.
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Representative derivations

The proofs for Theorems {.8] and 4.9| require the analysis of all possible behavior of certain
mCRL2 process expressions, namely those process expressions that can be produced by the
function T. To obtain all possible behavior that corresponds with an mCRL2 process expression
p, all possible derivation trees (or simply ‘derivations’) based on the mCRL?2 inference rules that
result in p must be constructed. Clearly, this is a lot of effort.

In order to reduce the number of derivations that must be considered as well as the number of
derivations that should be listed in order to convince the reader, the concept of a representative
derivation is introduced here. First, consider the definition of acyclic derivations:

Definition 4.1 An mCRL2 derivation is called cyclic if it produces two conclusions that are
semantically equivalent and if one of those conclusions is produced before the application
of an mCRL2 inference rule and the other of those conclusions is produced after the same
inference rule application. All other mCRL?2 derivations are called acyclic.

It should be obvious that every mCRL2 process expression has an acyclic derivation, and that
all cyclic derivations can be rewritten to some acyclic derivation.

Definition 4.2 A representative derivation is an acyclic derivation that describes all acyclic
derivations that
e apply the same mCRL2 inference rules as the representative derivation (in the same
order and the same number of times), and
e reach a final conclusion that is semantically equivalent to the final conclusion of the
representative derivation.

The number of representative derivations in mCRL2 for a process expression is limited because
all inference rules of mCRL2 extend their input premisse(s) with some syntax that would not
appear in the correct position if the inference rules would be applied in a different order. This
even includes the inference rules  RECURSION 1|or [RECURSION 2|- rules that at first glance
seem to remove syntax rather than add it — because particular process definitions are required in
order to rewrite process expressions to a process call.

As an illustration of how the number of representative derivations is limited, consider the task
of determining the behavior of the expression

Thom(g) (&, broadcast(ms).p)

Following the definition of Tg , this behavior is the same as the behavior of

Yo:1(Seutp)) €ast(%ip,D, Te (ms)). Tpome) (€5 p)
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The only inference rules of mCRL?2 that can produce this expression are [SUM 1|and [SUM 2|
because how else could the ) -operator be where it is? In either case, the new expression is

(cast(?/[p,m T§ (ms))~TDOM(§)(§ ,p)) [D = l‘*]

which can be rewritten to

CaSt(%Pa lﬁa T§ (ms))TDOM(g) (5 7p)

This expression can only result from the [SEQ 1| or [SEQ 2|inference rules, neither of which
produces v~ as a potential next state — this means that[SUM I]|could not have been used to get
here!

Finally, the question becomes whether both [SEQ T|and [SEQ 2] are possible or only one of them.
The answer is ‘no’: would require the cast action to solutarily lead to a new state (that
is not v*) and this is not possible. |[SEQ 1} on the other hand, gives an expression that adheres
to the form of the only available mCRL2 axiom. Consequently, there is only one
representative derivation for the original expression:

y [AX10M
[cast(%p t5.T¢ (ms))]
cast(”Z/Ip,tﬁ,T5 (ms)) ——M——
— Definition 2.1]
cast([%p] B, [1e (ms)])
cast(p, 15, Tg (ms)) —————— v
.
y cast([%p] B, [ ¢ (ms)])
cast( %p,t5,T¢ (ms))'TDOM(g)(§7p) e TDOM({)(éaP) o
et [Zin] 5,112 o)D) Substitution
ip] ., [T¢ (ms
(cast(%ip,D, T¢ (ms))-Tpome) (&) [D == t5) ——————— Tpom(e)(§:P)
~ [Sum 2]
cast([%p] B, [T¢ (ms)])
Y01 (Set(IP)) caSt(?/IPvaTéj (m‘y))'TDOM((:)(évp) —_— TDOM(é)(éap)

t([%p] D, ms
cast([21p] B, [T¢ (ms)]) T

TDOM(f;‘)(évbroadcaSt(mS)'p) uom(é)(‘g-,p)

It should be obvious that providing all representative derivations for a process expression is
sufficient to obtain all possible behavior of that process expression. This approach is used several
times in this document, often indicated with the phrase ‘a representative derivation without
alternatives’:

Definition 4.3 A representative derivation without alternatives is a representative derivation
A in mCRL2 such that there does not exist another representative derivation B that
e reaches a final conclusion that is semantically equivalent to the final conclusion of A,
and
e is not described by A.
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Data congruence

In various parts of the correctness proof a specific closed expression in mMCRL2 fy; £ (.xp)) has been
obtained, and in order to progress it must be shown that 7 (g (o)) = T¢ (exp). However, this is not
necessarily the case. Suppose, for example, that exp = 1 + 1. Then potentially (g () = 2 and
T¢ (exp) = 1+ 1 (depending on the evaluations of #;(g(141)) and T(1 + 1)), and the (syntactic)
expressions 2 and 1 + 1 are clearly not the same!

In order for the proof to work, it must be established that such differences can be safely ignored.
This is possible if making an exclusively syntactic change to the data expression of a process
does not affect the behavior of that process; that is, if a process that results from making such an
exclusively syntactic change is strongly bisimilar to the original process. The mCRL2 authors
do not provide a proof of such a property for their language, and therefore this section has been
dedicated to it.

First, define the notion of a strong bisimulation:

Definition 4.4 Let LTS = (S1,Act,—) and LTS, = (S, Act,—;) be labeled transition
systems where —; C S; X Act X S;. Then R C §; x S 1s called a strong simulation of LTS by
LTS, if and only if

V(p,q) ER,acAct,p’ €S1.p=>1p =30 €S.9524dA(p,q) ER

Strong simulation is a commonly used concept, but for the correctness proof its definition is
extended several times. In preparation of this, the sketch below illustrates strong simulation in
its current form:

For the definition to apply, in all cases where an action a from p to p’ is possible and (p,q) € R,
there must also exist a q' that q can reach via a such that p’ and q' are also related by R.

Definition 4.5 Let LTS| = (S1,Act,—) and LTS, = (S, Act,—;) be labeled transition
systems where —; C §; X Act X S;. Then Ry C S; x S is called a strong bisimulation between
LTS and LTS, if and only if

e Ris a strong simulation of LTS by LTS, and

e R’is a strong simulation of LTS; by LTS;.
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The meaning of data congruence must also be formally specified:

Definition 4.6 Let p and q be two mCRL2 processes. Then p and q are equivalent up to data
congruence if:
e p and q are only syntactically different in their data expressions, and
e when doing a pairwise comparison, the data expressions of p and q are semantically
equivalent.
In this context, ‘data expressions’ refers to guard conditions, action arguments, summation
variables, and the arguments of process recursions.
The equivalence of p and q up to data congruence is denoted as p = q.

The following theorem is proposed:

Theorem 4.1 Data congruence in mCRL2 is a strong bisimulation.

Proof. A partial proof can be found in Appendix [A](because the proof requires a case distinction
with many similar cases, only some of these cases are treated). |

Now consider the following definitions:

Definition 4.7 Let p and q be two processes, let A be a set of actions and let z be an action.
Then

p@zq:ﬂq'.p@q'/\q’zq
p$5q2>Va€A.pi>Eq

NotethatpizqﬁpgqandpA>Eq:>pi>q.

Definition 4.8 Let LTS = (S;,Act,—) and LTS, = (S, Act,—;) be labeled transition
systems where —; C §; X Act X S;. Then R C S| X S, is called a strong simulation up to =
of LTS by LTS, if and only if

V(p,q) €ER,ac Act,p' €S .pSip =
Hp// 6517(1//652 pi)lEp///\p//Ep//\qﬁzE q”/\(p”,q//) GR

The sketch below illustrates this definition:

(D5t ()

‘R ‘R
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For the definition to apply, in all cases where an action a from p to p’ is possible and (p,q) € R,
the other states, actions, and relations that are depicted must also exist:
e p must be able to reach a state that is data congruent with some state p” = p’ via the action
a,
e  must be able to reach a state that is data congruent with some state q” via the action a;
and
e p” and q” must be related by R.

Definition 4.9 Let LTS; = (S1,Act,—) and LTS, = (S, Act,—;) be labeled transition
systems where —; C S; X Act X S;. Then Ry C §; x §3 is called a strong bisimulation up to
= between LTS| and LTS, if and only if

e R is a strong simulation up to = of LTS by LTS, and

e Ris a strong simulation up to = of LTS, by LTS;.

This leads to the following theorem:

Theorem 4.2 Let S and S, be sets of mCRL2 process expressions and let R C S| X S, be a
strong bisimulation up to =. Then S and S, are strongly bisimilar.

Proof. The theorem follows immediately from Theorem and a lemma from Milner [26]. W

For convenience the definition of = is extended by the identity relation for AWN processes:

Definition 4.10 Let p and q be two processes. Then p and q are equivalent up to = if:
e p and q are two mCRL?2 processes that are equivalent up to =; or
e pand q are two AWN processes such that p = q.

The equivalence of p and q up to = is (still) denoted as p =q.
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4.3 Auxiliary lemmas

This section gives several auxiliary lemmas and their proofs.

Lemma 4.3 If 5 (exp) is defined, then [[T(: (exp)]] = [[tU(é (exp))]]'

Proof. Because & (exp) is defined, Property [(iD)] of the T¢ (exp) function gives that [T¢ (exp)] =
U(& (exp)). Furthermore, it is assumed in mCRL2 that [z,] = e for all semantic values e (see the

definition of 7 in Section 50 that [ty (exp))] = U(E (exp)) = [Te (exp)].- |

Lemma 4.4 1If e is a semantic AWN value and & (exp) is defined, then

§(exp) = e & [Te(exp)] = U(e)

Proof. Start with the observation that

U(e) ™™= [tyy]  and  [Te(exp)] e [tu (e (exp))] (2.17)
AS a Consequence,

U is a bijection

U(E () = U(e) & [ty eyl = [roie)] 22 [z (exp)] = U(e)
|

§(exp) = e

Lemma 4.5 If e is a semantic AWN value and v ¢ DOM(&), then

Te (exp) [T(V) := ty(e)] = Te[y:me] (€XP)

Proof.

Definition of T¢

Té (exp) [T(V) = lU(e)] = T(exp) [T(X) : Z‘U(y) | X:=ycE 5} [T(V) = Z‘U(e)}
v ¢ DoM(§)

= T(exp) [T(x) := ty(y) |x:=yeévi=¢l]

Definition of Te

= 7 Tgp—e(exp)

Note that v ¢ DOM(&) is needed because otherwise equating two ordered substitutions with a
single substitution is not necessarily valid. [

Lemma 4.6 If e is a semantic AWN value and v an AWN variable, then

veVAv ¢ DOM(&) = TV(évp) [T(V) = tU(e)] :TV(g[V = 6],p)

Proof. See Appendix [



54 Part 2. Formal translation

4.4 Proof for strong warped bisimulation

Because mCRL2 mimics AWN actions with sets of actions, the regular notion of strong bisimu-
lation is not suitable for proving Lemmas 4.7, B8] and 4.9]in a compositional manner. Instead, a
weaker version of bisimulation is introduced, to return to bisimulation up to = later:

Definition 4.11 Let LTS = (S}, Act;,—) and LTS; = (S,,Actp, —;) be labeled transition
systems where —; C S; x Act; X S; and let o7 C & (Act;) x Z(Acty). ThenRC S x Sy isa
strong o/ -warped simulation up to = of LTS by LTS, if and only if

V(p,q) ER,a € Acty,p' €S .p 21 p =
3(A1,42) € o ,p" €S1,q" €Sy a€ Ay Ap Ti=p" Ap" =p'Aq Ba=q" A(p',q") ER

A simple sketch is given to illustrate this definition:

For the definition to apply, in all cases where an action a from p to p’ is possible and (p,q) € R,
the other states, actions, and relations that are depicted must also exist:

e p must be able to reach a state that is data congruent with some state p” = p’ via all actions
in Ay, a set of actions containing the action a;

e  must be able to reach a state that is data congruent with some state q” via all actions in
Az;

e A and A, must be related by the action relation .27'; and

e p” and q” must be related by R.

Definition 4.12 Let LTS = (51, Act;,—) and LTS, = (8>, Acty,—>) be labeled transition
systems where —; C S; x Act; X S; and let &7 C & (Act;) x Z(Acty). Then R C S X S is
called a strong <o -warped bisimulation up to = between LTS| and LTS, if and only if

e Ris a strong o/-warped simulation up to = of LTS by LTS, and

e R’is a strong ./ -warped simulation up to = of LTS, by LTS;.
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It is claimed that mCRL?2 expressions T (P) mimic AWN expressions P in accordance with
Definition

Lemma 4.7 Take translation relation T from Equation and action relation .7 from Ta-
ble Then T is a strong .7 -warped simulation up to = of AWN expressions P by mCRL2
expressions T (P) for all AWN expressions P.

Proof. Using Lemma 3.1} for Definition #.11]to apply it is sufficient to prove that
VPP a P %P = J(A),A)) € of .ac A AP 2L P AT(P) =T (P) (2.18)

The translation relation is defined for every AWN expression P, and it is therefore valid to
choose P” = P'. This can be depicted graphically as

° ~ - _data congr. .

translation 1o Lo ‘translation
irelation irelation

The proof of Equation [2.18|is by structural induction over the inference rules of AWN.
Induction hypothesis: For all premises P % P’ of an AWN inference rule, it holds that

A

J(A1,Ar) € o .ac A AP S P AT(P) =T (P)

Base cases: Show for each axiomatic 1nference rule of AWN with conclusion P % P/ that

there is some (A},A;) € & .a € A| \P AL, P’ such that T(P) LS T(P’) can be derived for all
a €Aj.

= Example 2.1 AWN defines the inference rule

[BROADCAST (T1)|

broadcast(& (ms

&, broadcast(ms).p ) Ep

There exists an (A},A;) in < such that broadcast(& (ms)) € A| A &, broadcast(ms).p A, E,p,
namely Pair in Table This base case can therefore be proven by finding a set of
derivations in mCRL2 such that T (£, broadcast(ms).p) == T(&,p) for all a € A; where

Ay = { cast([%p],D, [Tz (ms)]) | D € T(Set(IP)) }
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In mCRL2, the following derivation can be made for all b € T(Set(IP)):

[cast(%p 15, T¢ (ms))] (BxioM
e

cast(@/lpJf,J@ (ms)) v

Definition 2.1]

cast([%p] 5. [1¢ (ms)])
—_—

caSt(”&[p,l‘ﬁ,Tg (ms)) v

cast([%p] B.[T¢ (ms)])
caSt(%PvlﬁvTé(ms)) pOM(& (é pp———T pOM(& (‘: p)

t([%p] B, [T¢ (ms)]) Substitution
cast([%p].D,[Tg (ms
(cast(Zip,D. T2 (mS)) Toowe) (&) D i= ] e LAIILED), e (Ep)

cast([%ip] . [ (ms)])
Yo:1(seutpy) €ast(%ip, D, Te (ms)). Tpom(e) (§,p) —————————— Tpom(&)(&,p)

cast([%p],,[Tg (ms)])
Tpow(e) (€, broadeast(ms).p) ——— = Tpouz) (&,p)

t([%p].D, ms
T (&,broadcast(ms).p) M T(&,p)

SUM 2|

(12l

for D ¢ T(V). In conclusion, the induction hypothesis holds for this base case.
.
Induction step: Given only its side conditions and the induction hypothesis, show for each
inference rule of AWN with conclusion P % P/ that there is some (A1,Ay) € &/ .a€ A| NP A—1> P/
such that T (P) LI T(P’) can be derived for all ’ € A,.

s Example 2.2 AWN defines the inference rule

broadcast(m
P (m)

ip:P:R

P/
ip:P:R

[(BROADCAST ('T3)|

R:*cast(m)
—_—

There exists an (A1,A;) in < such that R : *cast(m) € A Aip : P: R A, ip : P : R, namely
Pair [2.11|in Table (note that it is possible to choose D = %4p). The induction step can
therefore be proven for this particular case by finding a set of derivations in mCRL2 for T (ip : P :
R) L=T(ip:P':R) forall a € A, = { starcast([%p],U(R),U(m)) }.

In mCRL2, the following derivation can be made:

[AxioM]

Definition 2.1]

— [east(%p.tu () o))
cast(Zip, tu(r)» tu(m)) —

cast([ %] [ty ()] [fu(m)])
—

cast(%p, ty(r) tu(m)) v

Definition of 7
cast([%p].U(R),u(m))
RtV kWAL SN

E
cast([%p] . U(R),u(m) Een

cast(%p, ty(r) tum))-G(tu(ip)» IL(R)——}G(ZU Hu(R))

cast(Zp, ty(r)>tu(m))

HtU(R) N%p = ZU(R)]] = frue

[CTaRD 2]
- cast([%p],U(R),u(m))
(tu(ry N 2P = ty(r)) — cast(Zp, ty(rys tu(m))-G(tu(ip)s fu(r)) Rl N G(ty(ip)stu(r)) .
st 2] 0(R).0(m) Substitution
((ry(ryND =D’) — cast(D,D’,msg).G(ty () fu(r)) ) [D := %P, D’ = ty(g),mSg := ty(m) | ——————— G(ty(ip)>lu(r)) O] G times)
cast([%p] U(R),U(m)) i )

Y0071 (Set(1P)) msgr(MsG) (fu(r) D = D?) — €ast(D,D?,msg).G {1ty i) fu(r)) —— " G{ty (ip) o k) o

= . cast([%p].U(R),u(m))
Yb.0 1 (Set(1P)) msger(MsG) (fu(r) 1D = D*) — €ast(D, D’ msg).G{ty(ip) bu(r)) + S 1P =ty (ip) R = tur) | ——————— Glty(ip)» u(r)) Substitution

— . cast([Z%p],U(R).U(m))
Definition of G ( Xo,07:7(Settp)) msg:r(MsG) (RND =D?) — cast(D,D’ ,msg).G(ip,R) +S ) [ ip := fy(jp), R :=ty(r) | el YR Y, Glty(ip)stu(r))

—
cast([%p].U(R),U(m)
—>

G(tu(ip)th(R)) G<tU(i]J)7tU(R))

where S is an expression equal to all summands of G except for the first one.
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cast([%p],U(R),U(m))

From the induction hypothesis, it follows that T (P) »= T (P’) because Pair[2.4
in Table is the only (B}, B;) € <7 . broadcast(m) € B;. Combining this with the conclusion
of the derivation above gives

RS Induction hypothesis = 2] 0m) (see above)
cast([%p],U(R),U(m cast([#p],U(R),u(m
T(P) —————5=T(P) G(ty(ip) s tu(r)) SRR Gty (ip)stu(r))
t([%p] . U(R),U(m))|cast([Z%p] ,U(R),U(m))
T(P) || Gltuiptuiry) e O e [he =T | Slupptw)
- (cast([%p].U(R),U(m))|cast([%p] .U(R),U(m)))
Le(T(P) 1| Gty ) tumy)) = =Te(T(P) || Gliy(p) fum))
Apply Y

starcast([%p].U(R),U(m))

Le(T(P) || Glty(ip) tur))) =Tc(T(P) || Glty(p)tur)))
starcast € VU{1} [ALLOW 7]

t: t([24p],U(R),U(m
VUTe(T(P) || Glty ) tury)) et LA UOND), _ Gy L (T(P) || Gt tocry) -

T(ip:P:R)

starcast([%p],U(R),u(m))

=T(ip:P :R)
So it is indeed the case that

T(ip:P:R) S=T(ip: P :R) forall a € Ay = { starcast([%p],U(R),u(m)) }

which finishes the induction step for the case of the BROADCAST (T3)|inference rule.

]

Similar proofs must be done for all other inference rules of AWN. These proofs can be found in
Appendix [C] Given all of the proofs, Equation [2.1§ holds. |
AWN expressions &, p should also be able to mimic mCRL2 expressions T (&, p) in accordance

with Definition [4. 11k
Lemma 4.8 For Ty as defined by the rules|[ri|to[r10]in Table[2.8]it holds that

vp7a7Q7§ o TDOM(&)(&?I)) i> Q= El(AlyAZ) S M:qac La €A (2.19)

ATDOM(&)(&’I’) A_I>E TDOM(&[G])(& [c],q) A&,p A_2> ¢lol,qnQ = TDOM(&[G])(& [o],q)

Proof. The proof of Equation [2.19]is by structural induction over the rules|ri|to[r1d/in Table[2.§]
This is a sound approach because these rules yield all mCRL?2 expressions that can result from a
translation by Ty. For each translation rule, all representative derivations (see Definition |4.3)
for expressions of the form TDOM(é)(ﬁ,p) 2 Q are listed, and for each possible derivation
Lemma [4.§]is proven.

Induction hypothesis: For all recursions Ty (&, p) that are part of a translation rule defining Ty,
it holds that

Va,Q Tpoue)(§,p) = Q= 3(A1,A2) € &/7,q,0 .a € Al A

TDOM(E)(&?F’) A_1>E TDOM(é[c])(é [c],9) A E,p A_2> ¢lol,anQ = TDOM(&[G])(& [6],9)

Base cases: Show for translation rules|ri|to andthat forall a and Q such that Tpgy ) E,p) S

Q there is some (A1,A2) € &/~ a € A and some 0, q such that T e)(8,p) A Thome(o])(§[0],9)

and &,p L &[o],q can be derived for all @’ € Ay and Q = Ty (g[o)) (§[0], )
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= Example 2.3 The translation function Ty is partially defined by translation rule

Ty (&, broadcast(ms).p) = Yp.r(setap)) €ast(%p,D, T¢ (ms)). Ty (&, p) where D ¢ T(V)

For expressions of the form Ty g) (S, broadeast(ms).p) 2 Q, consider the following deriva-
tion:

[cast(%p 15, T¢ (ms))]
cast(Zp. 15, T (ms)) oo A5 Te D,
- Definition 211
cast([%p] B.[T¢ (ms)])
cast(%p, 15, Tg (ms)) —————— v
:
cast([%p] B.[T¢ (ms)])
caSt(%PatﬁvTé (’ns))‘TDOM(é)(gﬂp) e TDOM(E)(gﬂp) o
et [Zn] 5.1 o)D) Substitution
/ip] B, [ (m:
(cast(%p,D,T¢ (ms)). Toow(e) (§,p)) D :=15]) ——————T pom(&) (§:P) <

cast([Zp] 5. [1 (ms)])
Yo:1(sewtpy) €aSt(%ip, D, Te (ms)). Tpom(e) (§,p) — Toou(e)(&:p)

o

cast([%p].B,[Te (ms)])
TDOM(.&)(57bl'oadca“(””s)-p)‘—é"> poM(& (5 p)

This derivation is a representative derivation without alternatives (see Definition .3)). It follows

that a € { cast([%p],D, [T¢ (ms)] )| D € T(Set(IP)) } and Q= Toom(e)(6:P) = Toom(e[o]) (§[0]:P)

by choosing 6 = 0. There is exactly one pair (A1,A2) € &7 a € A; ATpoy(g) (&, broadeast(ms).p) A,

Toom((a]) (§[0],P):
({ cast([%p],D, [Tz (ms)]) | D € T(Set(IP)) } ,{ broadcast(& (ms)) })
This pair satisfies the condition that &, broadcast(ms).p LN &[o], p can be derived for all ’ € A,

(via AWN inference rule BROADCAST (T'1))), which is sufficient to prove this particular base
case.

||
Induction step: Given only its side conditions and the induction hypothesis, show for translation
rules andthat for all a and Q such that Tp,oy e (&, P) 4, Q there is some (A,Ay) € &~ . a €

A} and some ©,q such that Ty, ) (€, p) A= Toom([a)) (POM(E[0]),q) and p LA q can be
derived for all @’ € Ay and Q = Ty (g[6]) (DOM(E[T]),q).

= Example 2.4 The translation function Ty is partially defined by translation rule

Tv(é,X(exp, [ 7expn)) = X(Té (expl)v T %Té (expn))

where T (X(vary,--- ,var,l)défp) = X(T(vary) : sort(Tg (expy)),- - -, T(vary) : sort(Tg (expn)))défT{var].,,,‘varn}(@,p)

The induction hypothesis states that recursions Ty occurring in X(T¢ (exp; ), - -+, Te (exp,)) are

related. In particular, the induction hypothesis is used here to relate arbitrary instantiations of
process calls:

Va,Q. T{dl,m,dn}(@[dl = é(expl)a' e, dp = é(expn)Lp) i> Q= El(AlaAZ) € ‘Q{Vvqac La €A

S

/\T{dl,---,dn}<®[d1 = ‘ﬁ(expl), coeydp = ‘g(expn)]vp) =
T{(a,a,juvom(e) (O[d1 ==& (expy), -+, dn := & (exp, )][0],q)
/\Q[dl = é(expl)a' o 7dn = é(expn)] P _> 0[ g(expl)v' o adn = g(expn)][GLq

ANQ= T{d|,-~-,d,,}UDOM(G)(m[d1 = §(€XP1), e g(expn)] [0-]7CI)
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The following derivation in AWN can be based on the fourth line of the instantiated induction
hypothesis:

- Induction hypothesis
0[ds == &(expy). -+ dn = E(exp,)].p = O[d1 := &(expy), -, du := E(exp,)][0].q Definition of X

. [RECURSION (T1)|
§,X(exp1,< o ’ex.pn) 4 @[d] = é(exPl)a' cydy = é(exPn)Ho-Lq

This derivation holds for all @’ € A;. Similarly, in mCRL2, it happens to be the case that

= Induction hypothesis
Ty, a,3 (0d1 := E(expy), - du = E(exp,)],p) == T(q,..a,}upom(o) (Old1 := & (exp, ), -+, du 1= E(exp,)][0].q)
Lemma[£.6]

Tiay it} (0P T(A1) = L (expy ) T () = L exp)] = Tiayajupomi(o) (Old1 := & (expy), -+, dn := & (exp,)][0],9) T
Tyay, o} (0.P)[T(d1) = Te (exp, )+ T(dnj T (exp,)] = T(ay....a,}upom(o) (Old1 ::5(exp]>,~~ﬁd,,::5<expn>][o]ﬁq>f@z
X(Tg (expy), -, Te (xp,)) 2= Tyay - apjuvon(o) (Old1 = E(exp)), -+, dy := & (exp,)][0],q)
Ty (&, X(expy,+ exp,)) 5= Tyq, .. qnyupom(o)(@ld1 = E(expy), -+, dy == & (exp,)][0],q)

Definition of X

for all a € A;. This derivation is a representative derivation without alternatives (see Defini-

tion 4.3).

Because the induction hypothesis is used to express the relationship between arbitrary instan-
tiations of process calls, the first line of this derivation plus the inference rules of mCRL2 are
sufficient to generate all possible behavior of an mCRL?2 process call. The actions available to
Tv(&,X(expy, -, exp,)) in mCRL2 can therefore be mimicked by AWN, and so both derivations
can be combined into an new equation matching the induction hypothesis:

Va,Q. Ty (&, X(expy,---,exp,)) = Q= 3(A1,A2) € &,q,0 .a € Ay
ATy (E,X(expy,- - exp,)) =
T{a),a,}ubom(o) (O[d1 := E(expy), -+, dn := & (exp, )][0],q)
AO[dr =& (expy),- -+ du = E(exp,)],p 5 0[a) == E(expy), -+, = E(exp, ][0, q

AQ = Tyq, . a,)upom(o) (0[d1 := & (expy), -+, dn := & (exp,,)][0],q)

This confirms the induction step of the proof of Lemma

Given the proofs for translation rules [r1]to[r10] (see Appendix D)), Equation holds. [
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In addition to Lemma[4.7] it should also be the case that AWN expressions P can mimic mCRL2
expressions T (p) in general (once more in accordance with Definition4.11):

Lemma 4.9 Let T be the converse of translation relation T from Equation [2.1{and let <7~ be
the converse of relation <7 from Table Then T is a strong <7 -warped simulation of
mCRL2 expressions T (P) by AWN expressions P for all AWN expressions P.

Proof. For all actions that T (P) can do, it must be shown that the resulting state is data congruent
with T(P’). A depiction of the requirements for the proof in this direction is given below:

itranslation
irelation

itranslation
irelation

tinverted action relation

° ~ . _data congr

Note that data congruence is implied by the assumption that P” = P’. In combination with
Lemma [3.1] this means that for Definition d.11]to apply it is sufficient to prove that

VP,a,Q .T(P) % Q= J(A1,A)) € &P .ac A|AT(P) 25=T(P)AP 2 P AQ=T(P)
(2.20)

The proof of Equation [2.20]is provided by structural induction over the translation rules of
mCRL2, which is possible because these yield all possible mCRL2 expressions that can result
from a translation by T.

Induction hypothesis: For all recursions T (P) that are part of a translation rule defining T, it
holds that

Va,Q.T(P) % Q= 3(A,A2) € " P .ac A\ AT(P) 25=T(P)AP 2 P AQ=T(P)

Base cases: Show for translation rules [r11and [r12| that for all @ and Q such that T(P) % Q

there is some (A1,Az) € &/~ . a € A| and some P’ such that T (P) A= T(P') and P <. P can be
derived for all @’ € A; and Q = T(P').
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» Example 2.5 The translation function T is partially defined by translation rule [r12}

T(S,p) = TDOM(&)(évP)

Suppose that Tpo(e) (&, P) % Q. Then, according to Lemma there exists some (Aj,A7) €

. a €Ay and some 6,p' such that Toou)(&,p) 2= Toow(z(o)) (E[0],p') and &,p i
&lo],p’ forall @’ € Az and Q = Tpomg[o)) (§[0], D)

Define § = £[o]. Q is also data congruent with Ty () (8, p’) which, as stated by rule
equals T(&,p’). As a result, there must exist some (Aj,A;) € &7°. a € A| and some p’ so that

T(E,p) A= T(S,p')and &,p , §,p' forall d € Ay and Q = T({,p’), proving this particular
base case.

Induction step: Given only their side conditions and the induction hypothesis, show for transla-
tion rules|r13/tor14/that for all @ and Q such that T (P) % Q there is some (A1,4;) € & . a € A;

and some P’ such that T (P) A= T(P') and P % P/ can be derived for all @’ € Ay and Q = T(P').
= Example 2.6 The translation function T is partially defined by translation rule

T([ M D = VVp{starcastﬁt}r‘c(T (M) H H) T16
where V = {t,newpkt, deliver, connect, disconnect}

where C = {newpkt|arrive — newpkt}

where H = Zip:T(IP),data:T(DATA),dest:T(IP) newpkt({ip}7 {ip}’ newpkt (data> deSt))'H

Consider two pairs from Table [2.10}

U(H)CD>?
U(K)ND>=0

({ ip : newpkt(d,dip) },{ newpkt({U(ip)},{U(ip)},newpkt(u(d),U(dip))) })

({ H-K : arrive(m) }, { arrive(D,0?, u(m))

B,5° €T (Set(IP))
@) )
b

Let A; and N; be defined as the second members of these pairs; that is, let

Db’ eT(Set(IP))
p°ChH
U(H)CH?

Ay = { arrive(D,5°,u(m))
U(K)nB?=0

Ny = { mewpkt({U(ip)}, {U(ip)}, newpke (u(d), U(dip))) }
and let
N1 = { newpkt({U(ip)},{U(ip)}, newpkt (U(d), U(dip))) }

for some d € DATA, ip € IP, H,K € Set(IP), and m € MSG.
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The following cases are distinguished:

1: T(M) does a transition a € A; and H does a transition b € N;.
T(M) does a transition a ¢ A; and H does a transition b € Nj.
T (M) does nothing and H does a transition b € Nj.

T(M) does a transition a . ¢ = starcast and H does nothing.
T(M)
n

M) does a transition a . a € {t,newpkt, deliver, connect, disconnect} and H does noth-
i
6: T(M) does a transition a . a ¢ {t,starcast, newpkt, deliver, connect, disconnect} and H

does nothing.

Note that these cases cover all combinations of behavior of T(M) and H (H can only do newpkt
actions; see the first part of the derivation in the Lemma [d.7}proof for Newpkt (T4), which is a
representative derivation without alternatives).

The proof is provided below for each of the cases:

1: T(M) does a transition a € A; and H does a transition b € N;. Following the induction
hypothesis and eliminating pairs from the action relation 7 in Table that do not
match the transition labels from A1, it can first be concluded that

TM) Z=T(M)AM

H-K:arrive(m)

M/

The mCRL2 derivation in the Lemma [{.7}proof for shows how the first
conjunct is sufficient to prove that T([M ]) b= T([M']). Under the constraints of this
case, the derivation is a representative derivation without alternatives (see Definition {4.3))
and so all related behavior of T([ M ]) is covered.

On the AWN side, the second conjunct can be used as premise in

M {ip}—K:arrive(newpkt (d,dip))

!
M NEWPKT (T4)

ip:newpkt(d,dip)
R,

[M] [M']

This case is proven if there exists a pair (A1,A) € </~ that satisfiesa € A; AT ([M]) A=

T((M'])A[M] A, [ M’ ], and the converse of Pair[2.16|satisfies this requirement.
2: T(M) does a transition a ¢ A; and H does a transition b € Ny. This situation fails to
generate behavior for T ([ M ]) because no derivation similar to the one in the Lemma4.7}

proof for is possible:

T(M) QE T(M/) H newpkt({U(ip) },{U(ip) } newpkt(U(d),U(dip)))

T(M) || 1 e (0 )} mespit (V) 0iD), o g | g -
Fe(T (M) || 1) 2CCREPRV ) (0(0) mewpes 0@ V@), ko vpy | ) o
alnewpkt({u(ip)}.(U(ip) } mewpkt (U (d).U(dip))) , PP
Te(T(M) || H) =Le(T(M) [[H)

[RENAME 2]

Apply {starcast — t}e

{starcast—t}ea[newpkt({U(ip)},{U(ip) } ,newpkt(U(d),U(dip)))
p{starcastﬁt}rC(T(M) H H) i =2 : . £ :

p{starcastﬁt}l—‘C(T (M) ” H)

= p{starcastﬁt}rC(T (M/) H H)

= p{starcastﬂt}rC(T(M/) II H)

anewpkt({U(ip)}.{U(ip) } newpkt(U(d).U(dip)))

The operator cannot be applied next because a/newpkt ¢ V U {t}. Since this
means that T ([ M ]) cannot do a transition in mCRL2 under the circumstances specified in
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this particular case, there is no behavior for AWN to mimic.
3: T(M) does nothing and H does a transition

newpkt({U(ip) },{U(ip) },newpkt (U(d), U(dip))) € N,

This situation fails to generate behavior for T ([ M |) because no derivation similar to the

one in the Lemma4.7}proof for Newpkt (T4)]is possible:

H newpkt({U(ip)}.{U(ip)} newpkt(U(d),U(dip))) H

T(M) || H newpkt({u(ip)},{u(ip) }.newpkt (u(d),U(dip))) T(M) || H A
— _ COMM 2]
Te(T(M) || H) Yc(newpkt({u(ip)},{U(ip)} newpkt (U(d),U(dip)))) Te(T(M) || H)
—— - , Apply ¥c
Te(T(M) || H) newpkt({u(ip) },{U(ip)} newpkt (U(d),U(dip))) Te(T(M) || H)

[RENAME ]

Apply {starcast — t}e

{starcast—t}enewpkt({U(ip)},{U(ip) } newpkt(U(d),U(dip)))

p{starcastﬁt}FC(T(M) H H)

p{starcast—»t}FC(T(M) H H)

p{starcastﬁt}FC(T(M) H H)

p{starcastﬁt}rC(T(M) H H)

The operator cannot be applied next because newpkt ¢ V U {7}. Since this
means that T ([ M |) cannot do a transition in mCRL2 under the circumstances specified in
this particular case, there is no behavior for AWN to mimic.

4: T(M) does a transition a . a = starcast and H does nothing.
Following the induction hypothesis and eliminating pairs from the action relation <7 in
Table [2.10] that do not match the transition label starcast, it can first be concluded that

T(M)

for all D, R € Set(IP) and m € MSG where R C D.
The mCRL2 derivation in the Lemma [{.7}proof for shows how the first

conjunct is sufficient to prove that T([M ) HuD)uR) Dim)), T([M']). Under the con-
straints of this case, the derivation is a representative derivation without alternatives (see
Definition and so all related behavior of T([ M) is covered.
On the AWN side, the second conjunct can be used as premise in

newpkt({U(ip)},{U(ip)} newpkt (u(d),U(dip)))

starcast(U(D),U(R),U(m))

R:*cast(m)
IR

y=T(M')AM M’

R:*cast(m)

. M CAST (T4-4)
[M] = [M']

This case is proven if there exists a pair (A],A;) € </ that satisfiesa € A] AT ([M]) A=

T(MHA[M] A, [ M’ ], and the converse of Pair[2.11|satisfies this requirement.
5: T(M) does a transition a . a € {t,newpkt, deliver, connect, disconnect} and H does noth-
ing. The induction hypothesis states that

J(Ay,4r) € . a€ A AT(P) 25=T(P)AP 25 P/

Define ./’ as a subset of 7" that contains the possible values of (Aj,A;) € &/ where A}
are actions that T (P (( Q) can perform in mCRL2 and where A, are the actions that AWN
should use to mimic the actions in A; in order for this case to be proven:

o { (A1,As) ( (A, A2) € 7, T(P{(Q) Z=T(P (Q) }
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The following derivation is possible in mCRL2 for all a € A; such that (A1,A,) € &":

7 Induction hypothesis
TM) >=TM)

TM)||HS=TM) ||H

o CoMM 2]
To(TM) || H) 2 =1o(T(M) || H
c(T(M) || H) c(TM') | )ApplyyC

Le(T(M) ||H) S=T(T(M) ||H
C( < ) |{‘star)cast—>t}-§ ( ( ) || > ,
H H) - = p{starcastﬂt}rC(T (M ) H H)

)
p{starcast—)t}FC(T(M) H H) 5= p{starcast—)t}FC(T (M/) H H)
VVp{starcast%t}l—‘c(T (M) H H) = VVp{starcastﬁt}l—‘c(T(NI/) || H)
T((M]) S=T([M'])

P{starcast—t} I'c ( (

Apply {starcast — t}e
aeVuU{r}

This derivation is valid only for a € A such that ¢ € VU {t}. Under the constraints
of this case, the derivation is also a representative derivation without alternatives (see
Definition . Finally it must be observed that it is impossible for T (M) to produce a
newpkt action independent of H, meaning that a # newpkt.

Consequently, <" is as follows:

{

({ t(u(D),u(R),U(m

AT,
({ deliver(u(ip),u(d)

)

)

)

)} {ip: deliver(d) }),

) }{ connect(ip’,ip”) }),
) },{ disconnect(ip’,ip”) })

2

({ connect(U(; (ip
({ disconnect(U (i (ip’

Sl

,U
U

)
);

Sl

| meMSG; ip,ip’,ip” €IP; decDATA; dests,R,D € Set(IP); RCD }

For all (A1,A;) € &/’ the actions A} in mCRL?2 can be mimicked by the actions A; in
AWN by means of the inference rules

[INTERNAL (T4-3)|

ip:deliver(d
M P (d)

[M]

M/
[M']

DELIVER (T4-3)

ip:deliver(d)
S

connect(ip,ip')

M M’

[M} connect(ip,ip’) [M/]

[CONNECT (T4-2)|

disconnect(ip,ip”)
—_—

M M

disconnect(ip,ip”)
M] ——— [M]

[DISCONNECT (T4-2)|
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respectively. Therefore the induction hypothesis holds for this case.
6: T(M) does a transition a . a ¢ {t,starcast, newpkt, deliver, connect, disconnect} and H
does nothing. This situation fails to generate behavior for T([ M |) because no derivation

similar to the one in the Lemma[.7}proof for[Newpkt (T4)]is possible:

T(M) S=T(M

) [PAR 2]
TOM) | H 5= T(M) || —
Fe(T M) [ 1) 2= re(ronn 1)
Ce(TOM) | H) S=Te(t) [H) 00

[RENAME 2]

{starcast—t}ea
B

p{starcastﬁt}FC(T(M) H H) = p{starcastﬁt}rc( (M/) H H)

The operator cannot be applied next because a ¢ V U{7}. Since this means
that T([ M |) cannot do a transition in mCRL2 under the circumstances specified in this
particular case, there is no behavior for AWN to mimic.

Similar proofs must be done for all other translation rules defining T. These proofs can be
found in Appendix [E] Given all of the proofs, Equation [2.20/holds. [

Finally, Lemmas [4.7)and [4.9] can be united in a single theorem:

Theorem 4.10 Take translation relation T from Equation and action relation ./ from
Table 2.10, Then T is a strong .7 -warped bisimulation up to = (see Definition |4.12)) between
AWN expressions P and mCRL2 expressions T (P) for all AWN expressions P.

Proof. T is a strong ./-warped bisimulation up to = of P by T(P) for all P if and only
if Definition [4.12] applies. This definition consists of two conditions, the first of which is
established by the proof for Lemma4./|and the second of which is established by the proof for
Lemma 4.9 [
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Proof for strong bisimulation modulo renaming

The definition of strong warped bisimulation in the previous section is just a stepping stone to-
wards proving a more commonly known type of strong bisimulation, namely strong bisimulation
modulo renaming:

Definition 4.13 Let LTS; = (S, Act;,—) and LTS, = (S,, Acty, —7) be labeled transition
systems where —; C §; x Act; X S; and let f : Act; — Act, be a bijective function. Then
R C 81 X 83 is called a strong simulation up to = of LTS by LTS, modulo renaming by f if
and only if

¥(p,q) ER,a € Act;,p' €81 .p22p =3¢ €S, .q ), = dAPp.qd)eER

Definition 4.14 Let LTS = (51, Act;,—1) and LTS, = (S, Act,—)) be labeled transition
systems where —; C §; X Act X §; and let  : Act; — Act, be a bijective function. Then
R C 81 x 8, is called a strong bisimulation up to = between LTS and LTS, modulo renaming
by f if and only if

e Ris asimulation up to = of LTS; by LTS, modulo renaming by § and

e R’is a simulation up to = of LTS, by LTS; modulo renaming by §~!.

The final theorem that must be proven is as follows:

Theorem 4.11 Take translation relation T, from Equation Then there exists a bijective
function f : Actawn — Actymcrrz SO that T; is a strong bisimulation up to = between AWN
expressions [ M | and mCRL2 expressions (T ([ M ]) modulo renaming by f for all AWN
expressions [ M |.

Proof. The inference rules of AWN (see Tables 2.1 and [2.2) clearly show that
YM,Q,a.[M]%LQ = 3IM.Q=[M]
which means that Equation [2.18]implies that

YMM a. [ M] S [M]= (2.21)
A A) € .ac AAAM]ES [MAT(M]) Z=T(M])

Similarly, the Lemma {9} proof for [Translation rulefri¢ shows that

YM,Q,a.[TM)] L=Q = IM.Q=T(M))
which means that Equation [2.20]implies that

YM,M,d . T(M]) S=T(M']) = 2.22)

(A Ar) € o .d €A AT(IM]) 2=T((M )A[M] 22 [M']
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Equations and only require a subset &/’ of ./ in order to be valid, namely the
subset containing the pairs in .« with the actions that [ M | and T ([ M |) can actually perform.
To determine the contents of .o7’, the inference rules of AWN and the Lemma [4.9}-proof for
[Iranslation rule|rie|can be used once again because they exhaustively list all possible behavior
of [M ] and T([M]). This results in the following value of .</”:

o' ={

({7}, {t(u(D),u(R),u(m))
({ ip : deliver(d) },{ deliver(u(ip),u(d)) }),
") },{ connect(u(ip’),u(ip”)) }),
({ disconnect(ip’,ip”) },{ disconnect(U(ip’),u(ip”)) }),
({ ip : newpkt(d, dip) }, { newpkt({u(ip)}, {U(ip)},newpkt(u(d), U(dip))) })

),

}
})

({ connect(ip’,ip

| meMSG; ip,ip’,ip”,dip 1P, decDATA; R,DecSet(lP); RCD }
Furthermore, the different manifestations of the t action are not visible at the network level, and

therefore they can be hidden in mCRL?2 using a 7y operation:
T((M]) =>=T(M'])

T{t}T([M])M> Ty T((M'])

This changes Equations and[2.22]and the value of .7’ to the following:

HIDE 2

YM,M,a.[M] % [M'] =
I(A1,42) € ', .ac ALA[M] S [M ] Atg T((M]) 2= 1y T((M'])
VMM, d 1 T((M]) %=1 T(M']) =
3(A14r) € 7 d € Aty At T(M]) D=1 T((M ) A[M] 25 [M']
where
o =]

{er {7},
({ ip : deliver(d) },{ deliver(u(ip),u(d)) }),
({ connect(ip’,ip”) },{ connect(U(ip’),u(ip”)) }),
({ disconnect(ip’,ip”) },{ disconnect(U(ip’),U(ip”)) }),
({ ip - newpkt(d, dip) } ,{ newpkt({U(ip)},{U(ip)} ,newpkt(U(d),U(dip))) })

| ip,ip’,ip”,dip €1P; deDATA }
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Note that all pairs in 27/, are singleton sets, which means that they can be replaced by the
bijective function f:

YM,M',a . < [M]% [M]= 1y T(M]) 2= gy T((M]) > (2.23)
! —1 da
YM,M',d | ( Ty T(M]) L=y T(M]) = [M] =M ) (2.24)
where

T ifa=71
deliver(u(ip),u(d)) if a=1ip : deliver(d)

f(a) = { connect(U(ip’),u(ip”)) if a = connect(ip’,ip”)
disconnect(U(ip’),u(ip”)) if a = disconnect(ip’,ip”)

newpkt({U(ip)},{u(ip)},newpkt(U(d),u(dip))) if a =ip:newpkt(d,dip)

from which can be concluded immediately that
{ ((M],7y T([M])) | [M] is an AWN network expression }

is a strong bisimulation up to = modulo renaming by §. |
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The formal translation has been implemented in practice in the form of a tool. This tool requires
an AWN specification as input. This input is written in the AWN input language, which is
described in this section.

1 Files

The AWN input language allows an AWN specification to be distributed over multiple files. One
of these files must be a protocol file and the other files must be library files.

1.1 Header
The type of a file is determined by its header. Protocol files start with

protocol protocolName ;

In the current version of the AWN input language, a protocol header only gives a name to
the specified protocol and indicates the starting point of an AWN specification. In the future,
however, the protocol header could be extended with syntax to make certain assumptions made
by the protocol explicit (one example of such an assumption is whether connections in a network
are symmetric or asymmetric).

Library files start with the header

library libraryName ;

By providing a name, the library file allows other files to access its definitions. This is done by
importing the library file with the following syntax:

import libraryName ;

Imports are recursive; that is, if a library file B imports a library file C, then a file A that imports
B gains access to the definitions in C as well.
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Body

After the file header, an AWN file can contain a number of consecutive declarations. Declarations
link a name to an object — which can be a type, a constant, a function, a process, or a network —
so that the name will be interpreted accordingly elsewhere in the specification The following
section and Sections [ to [§| elaborate on the available declaration categories.

Type declarations

The AWN specification will almost certainly make use of data, and the AWN input language
requires information about the fype of that data. Some types are immediately available (see
subsection [2.T)) whereas other types must be declared before they can be used.

Type declarations follow this grammar:

type typeName (¢ | = typeExpr);

Type declarations do not have to make the actual type explicit in the case that the AWN
specification should not make any assumptions about the type. Otherwise, a type declaration
refers to a type expression, which adheres to the grammar

typeExpr ::= typeName

(typeExpr)
Boolean | Integer | String | $IP | $MSG | $DATA | $STRUCT | $TRACE
enum (enumValuey, --- ,enumValue,)

range(dataExpr, dataExpr)

|

|

|

|

| list of typeExpr
| setof rypeExpr

| struct(fieldName: typeExpr, --- ,fieldName: typeExpr) (€ | extends typeExpr)
| typeExpr# --- # typeExpr -> typeExpr

|

typeExpr # --- # typeExpr +-> typeExpr

The grammar allows the declaration of primitive types, enumerable types, range types, list types,
set types, struct types, and function types (which can be total or partial). Each of these type
categories is discussed in the following subsections.
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Primitive types
In each specification, the AWN input language provides the following types automatically:
e A boolean type named Boolean (true or false);
An integer type named Integer (...,-2,-1,0,1,2,3, ...);
A floating point type named Real (3.14159, ...);
A struct type named $IP, which is the type of node addresses;
A struct type named $MSG, the type used for storing messages;
A struct type named $DATA, the type used for storing the data that travels through a
network;
A struct type named $STRUCT, which can be used for generic data structures;
A struct type named $TRACE, which can be passed to trace actions for model-checking
purposes (see Section [0)).

Enumerable types

Enumerable types define a static set of values, and instances of a specific enumerable type can
only have values that are in the set that corresponds with their type.

Range types
Range types are integer types restricted to a static range. For example,

1 type Byte = range(0, 255);

declares an integer named Byte restricted to values between 0 and 255.

List types
List types are collections of elements of a specified type. For example,
1 type Array = list of Integer;
declares a list of integers. Elements in a list are ordered — they have a position relative to the

head of the list — and do not have to be unique. Lists can only contain a finite number of elements
their contents (elements are maintained exhaustively).

Set types

Similar to list types, set types are collections of elements of a specified type. Unlike lists,
however, sets do not maintain the positions of their elements, and they can also denote an infinite
number of elements by using a symbolic representation.
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Struct types

Struct types (also called hierarchical types) are types that can:
e Define fields, which are named containers of a specific type;
e Inherit fields from another hierarchical type.
For example,

1 type Entry = struct(key: Integer, value: Integer);

defines an struct type Entry with two fields, one named key and one named value, that both
are of type Integer. The supertype of Entry is left out, which means that the default supertype
is used, $STRUCT. $STRUCT is a primitive struct type that, like the other primitive struct types,
has no fields, and consequently Entry does not have any inherited fields.

The Entry type can, in turn, also be used by another struct type as a supertype:

1 type MarkedEntry = struct(marked: boolean) extends Entry;

The MarkedEntry type has 3 fields: it inherits key and value from Entry, and then there is
marked, which it added itself.

Struct types that inherit from $STRUCT are meant for defining general data structures. Types
that inherit from $IP, $MSG, $DATA, or $TRACE exist for more specific purposes, namely for
identifying nodes, storing messages, storing the data that passes through a network, and making
protocol behavior visible, respectively. To illustrate, a typical extension of $IP is

For example,

1 type IP = struct(address: Integer) extends $IP; //$IP refers to a primitive type.

which allows the type IP to be used for the identification of nodes.

Function types

Function types pair one or more source types with exactly one farget type. By providing function
types, the AWN input language makes it possible to pass functions as a parameter to other
functions, which greatly increases the expressiveness of the language.

Functions can be total or partial depending on whether they are defined for all possible input
values or not, and a function’s totalness is reflected in its type: total functions use the regular ->
arrow whereas partial functions use +->.
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Data expressions

Data expressions allow for the analysis and manipulation of data. They conform to the following

grammar:

dataExpr ::=
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

varDecls ::=
quantDecls ::=

assignExprs 1=

booleanValue | integerValue | realValue

enumTypeName : : enumValue

variableName

SfunctionName(dataExpr, - - - ,dataExpr)

variableName(dataExpr, - - - ,dataExpr)

typeName(dataExpr)

list of rypeExpr (dataExpr) | set of typeExpr (dataExpr)
unaryOp dataExpr

dataExpr binaryOp dataExpr

dataExpr . fieldName

dataExpr[dataExpr]

dataExpr is typeExpr | dataExpr istype typeExpr

(dataExpr)

dataExpr# --- #dataExpr -> dataExpr

| dataExpr|

low(typeExpr) | high(typeExpr)

head(dataExpr) | tail(dataExpr) | rhead(dataExpr) | rtail(dataExpr)
floor(dataExpr) | ceil(dataExpr) | round(dataExpr)
collapse(dataExpr)

lambda varDecls . dataExpr

{ dataExpr . . dataExpr } (& | of typeExpr)

{ dataExpr, --- ,dataExpr } (€ | of typeExpr)

{ dataExpr (& | quantDecls (€ | @ dataExpr)) } (€| of typeExpr)
[dataExpr .. dataExpr] (€ | of typeExpr)

[ dataExpr, --- ,dataExpr | (€ | of typeExpr)

[ dataExpr (€ | quantDecls (€ | @ dataExpr)) ]| (& | of typeExpr)
new typeName(dataExpr, -- - dataExpr)

if dataExpr then dataExpr else dataExpr end

forall(quantDecls @ dataExpr) | exists(quantDecls @ dataExpr)
ifexists quantDecls @ dataExpr then dataExpr else dataExpr end
with assignExprs do dataExpr end

with init variableName := dataExpr, quantDecls do dataExpr end
undefined typeExpr | arbitrary typeExpr
variableName: typeExpr, -- -, variableName: typeExpr
variableName in dataExpr, --- , variableName in dataExpr

variableName := dataExpr, --- , variableName := dataExpr

The following subsections describe each of these types of data expressions.
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Literals

As in many programming languages, data expressions may consist of simple literal values. In
case of the AWN input language, there are boolean literals, integer literals, and real literals:

dataExpr ::= booleanValue | integerValue | realValue | enumTypeName : : enumValue

In addition, the values of the declared enumerable types can also be considered literals. Note
that the name of the enumerable type and the : : symbol are obligatory!

Variables

Data expressions can refer to the values stored in variables by writing the names of those
variables:

dataExpr ::= variableName

Function calls

Functions (see Section [5) can be called by writing the function name with the appropriate number
of parameter values in parentheses, and if a function is stored in a variable the same can be done
by writing the name of that variable instead:

dataExpr = functionName(dataExpr, --- ,dataExpr)
| variableName(dataExpr, --- ,dataExpr)

Casting

A special type of function consists of the name of a type followed by an expression in parentheses:

dataExpr ::= typeName(dataExpr)
| list of typeExpr (dataExpr)
| setof typeExpr (dataExpr)

This is a casting operation: the expression in parentheses will be interpreted as if it were of the
type in front of the parentheses. The same can be done without using a type name in case of lists
and sets — this syntax is useful in particular for casting the element type of a collection.

Note that it is good practice (but not obligatory) to precede a cast by an is or istype operation
(see subsection [3.5) in order to check at run-time whether the cast is legal.
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3.5 Operations

Data expressions can, of course, consist of unary or binary operations (a list of all available unary
and binary operations can be found in Appendix [F)):

dataExpr ::= unaryOp dataExpr

dataExpr binaryOp dataExpr
dataExpr . fieldName
dataExpr[dataExpr]
dataExpr is typeExpr
dataExpr istype typeExpr
(dataExpr)

The following binary operations in particular are special:

The . operator followed by the name of a struct field is used to access the value stored in
the field by that name in the preceding struct;

e [n] accesses the n+ 1-th element of the preceding list (n must be of type Integer);
e The is operator checks whether the object left of the operator is of the type right of the

operator or a subtype;
The istype operator checks whether the object left of the operator is exactly of the type
right of the operator;

In order to override operator precedence, place the appropriate data expression between paren-
theses in the traditional manner.

3.6 Partial function construction

The -> operator can be used to construct an instance of a partial function:

dataExpr ::= dataExpr# --- #dataExpr -> dataExpr

3.7 Predefined functions

The AWN input language provides a number of predefined functions:

| dataExpr| returns the absolute value of an integer or real, or the size of a list;
low(typeExpr) returns the first value of an enum type, or the lower bound of a range type;
high(typeExpr) returns the last value of an enum type, or the upper bound of a range type;
head(dataExpr) returns the first element of a list;

tail (dataExpr) returns a list containing all elements of a list after its first element;
rhead(dataExpr) return the last element of a list;

rtail(dataExpr) returns a list containing all elements of a list before its last element;
floor(dataExpr) returns the greatest integer smaller than or equal to a real;
ceil(dataExpr) returns the smallest integer greater than or equal to a real;

round (dataExpr) returns a real rounded to an integer;

collapse(dataExpr) remove all duplicates from a list.
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Lambda functions
Lambda functions are anonymous functions that are specified inside data expressions themselves:

dataExpr ::= lambda varDecls . dataExpr

varDecls ::= variableName: dataExpr, --- , variableName: dataExpr

Collection expressions
Both sets and lists can be constructed manually by using the syntax below:

dataExpr = { dataExpr .. dataExpr } (& | of typeExpr)
| { dataExpr, ---  dataExpr } (€ | of typeExpr)
| { dataExpr (€ | quantDecls (€ | @ dataExpr ) ) } (€ | of typeExpr)
| [dataExpr .. dataExpr] (€ | of typeExpr)
| [dataExpr, --- ,dataExpr | (€ | of typeExpr)
| [ dataExpr (& | quantDecls (€ | @ dataExpr ) ) | (& | of typeExpr)

The first notation allows a set to be specified by defining a lower and upper bound. Obviously,
this only works in the case of certain types (integers, reals, and enumerable types). The second
notation specifies set elements one by one, and the third notation uses set comprehension to
specify the contents of the set.

The notations for list expressions are similar, with one restriction: the quantifiers in the last
notation must be lists — after all, it is not generally possible to convert a symbolic expression to
an exhaustive list of elements!

Struct construction

Struct types are instantiated by using the new keyword:
dataExpr ::= new typeName(dataExpr, --- ,dataExpr)

The required parameters provide initial values for all fields of the struct, including inherited
fields (the fields are ordered from oldest to newest). The number of parameters and the types of
the parameters should, of course, be compatible with the types of those fields.

Conditional expression

The following expression allows one of two branches to be selected based on the evaluation of a
condition:

dataExpr ::= if dataExpr then dataExpr else dataExpr end

The types of both branches must be compatible. If the condition is undefined, the result of the
conditional expression will also be undefined.
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3.12 Quantified expressions
The application of the ¥V and 3 operators have the following notations in the AWN input language:

dataExpr ::= forall(quantDecls © dataExpr)
| exists(quantDecls © dataExpr)

quantDecls ::= variableName in dataExpr, - -- | variableName in dataExpr

3.13 Ifexists expression

The following syntax allows an 3 operator to be executed, and then one of two branches to be
selected depending on whether the 3-condition could be satisfied:

dataExpr ::= ifexists quantDecls @ dataExpr then dataExpr else dataExpr end

quantDecls ::= variableName in dataExpr, --- | variableName in dataExpr

In the positive branch, the quantifiers have the values of an arbitrary instance for which the
J-condition holds. The negative branch can be used to set a default (or undefined) value.
The code snippet below demonstrates a function that returns the greatest integer in a list

1 function max(ints: list of Integer): Integer
2 = ifexists el in list @ forall(e2 in ints @ el >= e2) then el else 0 end;

3.14  With expression
With a with expression, a value can be computed and stored in a variable for later use:

dataExpr ::= with assignExprs do dataExpr end

assignExprs ::= variableName := dataExpr, --- , variableName := dataExpr

The following example illustrates how the with expression can be used in practice:

1 function pythagoras(xl, x2, yl, y2: Integer): Real

2 = with dx := x2 - x1, dy := y2 - y1 do
3 sqrt(dx * dx + dy * dy)
4 end;

(The example above assumes the existence of the sqrt function, which is not a predefined
function in the AWN input language.)
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With-init expression
The with-init expression can be applied to lists in order to compute a value based on their
contents:

dataExpr ::= with init variableName := dataExpr, quantDecls do dataExpr end

quantDecls ::= variableName in dataExpr, - -- , variableName in dataExpr

As an example, the following code snippet shows how with init is used to count the number of
non-negative integers in a list:

1 function getPosIntCount(ints: list of Integer): Integer
2 = with init ¢ := 0, i in ints do

3 if i < 0 then c else ¢ + 1 end

4 end;

The variable c is initialized to 0, after which the data expression in the body is evaluated for
every element i in the list ints: for every i >= 0, ¢ is incremented, otherwise it remains the
same.

Elements of a list are processed in order of their position in the list. When using multiple
quantifiers, the data expression in the body is evaluated for every combination of values of those
quantifiers, with each quantifier iterating once for every combination of values of its preceding
quantifiers.

Undefined expression

If a data expression is not defined under certain circumstances, the following syntax can be used
to denote this:

dataExpr ::= undefined typeExpr

For example,
1 partial function safeDivide(value, divisor: Integer): Integer
2 = 1if divisor == 0 then

3 undefined Integer

4 else

5 value / divisor

6 end;

prevents divisions by zero from taking place, returning an undefined value instead. The function
must be defined as partial (see Section[S)) as it is not defined for certain input values.

Operations with undefined operands and functions with undefined parameters yield an undefined
value of their return type. This means that undefined Integer == 12 evaluates toundefined
Boolean and that safeDivide (12, 0) + 1.0 evaluates to undefined Real.
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Arbitrary expression

For model-checking purposes, it is sometimes useful to be able to give a non-specific literal
value. This does not mean that the literal has a random value, but that the AWN specification
will be considered for all possible values of the literal:

dataExpr ::= arbitrary typeExpr

Constants

The AWN input language provides the option to define constants. Constants are global identifiers
with a type and a value that cannot be modified after initialization. The grammar for constants is
as follows:

constDecl ::= const variableName: typeExpr;

A simple example of a constant declaration is

1 const PI: Real = 3.14159;

Functions

Functions allow computations to be expressed more efficiently. To define a function, use the
following grammar:

function ::= (g | partial) function functionName ( varDecls ) : typeExpr = dataExpr ;

varDecls ::= variableName: dataExpr, --- , variableName: dataExpr

Clearly, the distinction between a partial and total function is made with the partial keyword.
A sequence of variable declarations (or rather, parameter declarations) defines which identifiers
refer to the parameter values of the function and which types the type of those parameters. The
function should also specify its return type. Finally, the function must give its body as a data
expression.
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Sequential processes

Sequential processes make use of the following grammar:

seqProcessDecl ::=
(€ | sequential) process seqProcessName (varDecls) : typeExpr

(& | uses varDecls) = seqProcessExpr;

Parameters allow information to be passed to a sequential process when it is instantiated.
Sequential processes also have an optional uses clause for variables that are initialized by guards
(this reduces the risk of new variables being introduced by accident).

The body of a sequential process adheres to this grammar:

seqProcessExpr ::= broadcast(dataExpr) . seqProcessExpr
groupcast(dataExpr, dataExpr) . seqProcessExpr
unicast(dataExpr, dataExpr) . seqProcessExpr > (seqProcessExpr | . . .)
send(dataExpr) . seqProcessExpr
deliver(dataExpr) . seqProcessExpr
receive(variableName) . seqProcessExpr

L[ dataExpr 1] seqProcessExpr

seqProcessExpr + seqProcessExpr
[ dataExpr ] seqProcessExpr
( segProcessExpr )

|

|

|

|

|

|

| seqProcessName (dataExpr, -- -, dataExpr)
|

|

!

| if dataExpr then seqProcessExpr else seqProcessExpr end
|

trace(dataExpr) . seqProcessExpr

The grammar only introduces a small number of new notations compared to the behavior of
AWN:

e The unicast action now can use . . . instead of a process expression as its ‘else’ branch,
which denotes that its ‘else’ branch is the same as its ‘then’ branch.

e Instead of the [_] notation for guards, it is now possible to use an if expression. The main
advantage of the if expression is the presence of an else branch. (Both branches produce a
T-transition when taken.)

e The trace action is introduced in order to facilitate model-checking. The trace action
takes a parameter of type $TRACE (or a subtype of $TRACE) which can carry interesting
data. Because trace actions are visible actions from outside the protocol, the data will also
be visible.

The code snippet below shows an example of a sequential process that forwards a message to
its destination:

1 process P uses m: $MSG, dest: $IP, text: String = receive(m) .
2 [DataMsg(m) == new DataMsg(dest, text)] unicast(dest, m) . P > ...;
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Parallel processes

Parallel processes use the following syntax:

parProcessDecl ::=
parallel process parProcessName{varDecls) : typeExpr

(& | uses varDecls) = parProcessExpr;

The body of a parallel process makes use of this grammar:

parProcessExpr ::= seqProcessExpr | parProcessExpr << parProcessExpr

A parallel process expression can put a number of sequential processes in parallel, exactly as
specified by the formal AWN language.

Networks

Networks adhere to the following grammar:

networkDecl ::= network networkName = networkExpr;
networkExpr ::= networkExpr | | networkExpr | nodeExpr
nodeExpr ::= dataExpr:parProcessExpr:dataExpr
| dataExpr:parProcessName (dataExpr, -- -, dataExpr) :dataExpr

The building blocks of a network are node expressions. These expressions start with the address
of the node (which must be of type $IP or a subtype of $IP) followed by a colon and then a
parallel process expression or the instantiation of a parallel process (see subsection [7)) followed
by a second colon and then a set of the addresses of the nodes that are within range of the current
node.

To illustrate, the following code snippet defines a fully connected network of 3 nodes:

network ThreeNodes =
new IP(1) : Node() : { new IP(2), new IP(3) }

1
2
3 || new IP(2) : Node() : { new IP(1), new IP(3) }
4 || new IP(3) : Node() : { new IP(1), new IP(2) };






The translation from AWN to mCRL2 has been created inside of a newly developed framework
that supports future translations from AWN to other model-checkers and code generators. The
implementation of this framework and of the AWN-to-mCRL2 translation is described here.

Translation framework

The framework, which has mostly been developed in Java but also makes use of several domain-
specific languages, can be used in two ways:

e As standalone software; or

e As a plug-in of the popular coding environment Eclipseﬂ

Both cases make use of the same underlying code.

Figure [d.1] gives a high-level overview of how different parts of the implementation relate. The
core of the implementation is the so-called ‘transformation chain executor’. This component can
execute a series of instructions contained in a given transformation chain specification, such as
loading an AWN model from a text file (that is, compiling an AWN specification), transforming
models (translating AWN to a different format), and exporting a model as text.

In order to compile an AWN specification, the transformation chain executor uses the AWN
compiler. This compiler is generated from an Xtext grammar. The compiler also has several
modules for which Xtext only generates stubs; they must be implemented further manually if
needed. The important modules are the scope provider, which determines the objects that are
accessible from a specific position in an AWN specification, and the validator, which checks for
problems such as type mismatches.

The Eclipse plug-in contains functionality that redirects the files of the selected project to
the same code as the standalone implementation. However, it also makes use of the scope
provider and validator in a more direct manner, namely by extracting suggestions for code
completion from them and by showing the user immediately whether there are errors in the
AWN specification. There are also Xtext modules that are only used by user-interfaces, such
as a module that generates a layout of the code that can be used for navigation and a module

"https://www.eclipse.org/
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that shows more information on an object when hovering over it with the mouse. Some of these
modules have been implemented to a limited degree.

Eclipse plug-in

Layout manager

Standalone
implementation

AWN compiler

Scope provider ) . . .
pep Transformation chain executor Transformation engine

|
Validator 1

\V4
Transformation chain

\I/ specification

|
AWN metamodel :
|
|

AV Vi v
Metamodel Model-to-model Model-to-text
transformation transformation

Figure 4.1: Chain of transformations used by the implementation of the AWN-to-mCRL2
translation.

AWN-to-mCRL2 translation

The translation framework currently contains a single translation chain specification, namely
the one from AWN to mCRL2. The specification can be found in the file awn2mcr12.chain. It
executes 4 main instructions:

1. First, the AWN specification is parsed and validated, resulting in an AWN model if
successful. This model is still in it ‘raw’ form — this means that it is very similar to an
abstract syntax tree, and that more work is needed to make manipulation of the AWN
specification more convenient.

2. The AWN model is reorganized and decorated with more information, which gives a more
forthcoming AWN model.

3. The third transformation constructs an mCRL2 model based on the new AWN model; this
transformation is therefore that which actually performs the AWN-to-mCRL?2 translation.

4. The fourth instruction is to export the mCRL2 model to one or more .mcr12 files.

Other translations (a translation from AWN to UPPAAL, for example) may require additional
intermediate steps or no intermediate steps at all.

The following sections describe each of the main instructions in greater detail. A graphical
representation of the AWN-to-mCRL2 transformation chain can be found in Figure {.2]
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Figure 4.2: Simplified transformation chain for the AWN-to-mCRL?2 translation.
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[ > > protocol.aw /* receive ballot */
receive(m) . [B(m) == new B(sip, sn)] Eval(sip, sn, lip, lno, voted, ip, no)
+ [!voted] (

/* cast a ballot */

broadcast(new B(ip, no)) . Eval(ip, no, lip, lno, true, ip, no)

/* receive ballot */

+ receive(m) . [B(m) == new B(sip, sn)] Eval(sip, sn, lip, lno, voted, ip, no)
)
+ trace(new Trace(ip, lip, 1lno)) . Voting(lip, lno, voted, ip, no)

//Process 2: Voting Evaluation
process Eval(sip: IP, sn: Integer, lip: IP, lno: Integer, voted: Boolean,
ip: IP, no: Integer) =
/* vote better */

ox » =0 = [sn >= 1no] Voting(sip, sn, voted, ip, no)
&|a, « . ; ’
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Figure 4.3: Screen capture of the graphical user interface of the Eclipse plug-in.
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Compiling AWN

The first transformation in the transformation chain is a compilation of plain-text files: the AWN
specification in text form is converted by a lexer to a token stream, which is subsequently used
by a parser to construct a ‘raw’ AWN model instance (as if it were an abstract syntax tree).
Finally, the ‘raw’ AWN model is checked for problems by a validator. The transformation chain
is aborted if problems are found.

The lexer and parser mentioned above are all generated from a language specification by Xtext,
a framework for developing domain-specific languages. The grammar used by the parser can be
found across Section [3] where the syntax of AWN (as developed in the course of this project) is
discussed.

The validator is an extension of a stub generated by Xtext. It checks the validity of declarations
on the top level of the abstract syntax tree (such as type declarations, function declarations, and
process declarations) by recursively exploring the corresponding branch in the abstract syntax
tree. The validator ignores problems at a higher level if problems at a lower level are found —
otherwise the user would be bombarded with error messages that are mostly irrelevant!

Several (Java) helper classes have been written to assist with the validation. These classes
mostly contain functionality to determine the type of expressions and to analyze the relationships
between types.

Xtext automatically links the lexer, parser, and validator to the compiler. Besides these bare
necessities, Xtext also provides components for an integrated development environment (IDE),
such as a scope provider (which dictates which objects are accessible at a certain position in the
AWN specification) and a content assistant (which helps the user with modifying code). Some of
these components have been implemented in order to make the Xtext-generated IDE for AWN
suitable for more serious use.

Transformation from Raw-AWN to AWN

The ‘raw’> AWN model produced by the AWN compiler has many characteristics of an abstract
syntax tree. Before doing the transformation to an mCRL2 model, it is convenient to do a
preparatory step that rearranges and restructures parts of the ‘raw’ model first.

This step is performed by another transformation. This transformation is contained in raw2awn . qvto,

where the extension ‘.qvto’ refers to the programming language in which transformation has
been implemented: ‘QVT’ stands for Query/View/Transformation, which are three concepts
that are integrated in the language, and the ‘o’ stands for operational, indicating that certain
instructions in the language are executed imperatively.

The raw2awn.qgvto transformation handles the following tasks:

e [t introduces actual objects for primitive types, and it changes references to primitive
types to references to those objects. Consequently, subsequent transformations can handle
primitive type references as regular type references.

e The transformation modifies object names if necessary in order to make them unique. This
is done in order to preempt naming conflicts.

e Certain elements in the ‘raw’ model represent multiple object types. The reason for this
is that there exists overlap between the syntax for those different object types, and Xtext
does not have the capability of differentiating between the object types at parsing time.
As a prime example, elements of type NamedDefinitionObjectRef are used for variable
references, values of enumerable types, function calls, and casting operations. The
transformation of the ‘raw’ model determines which object type was meant and replaces
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the original element by one that more accurately represents that object type.

Some operators for data expressions have ambiguous uses: the + can be used to add up
two numbers, take the union of two sets, or concatenate two lists; the - operator can be
used to subtract a number, set, or list from another number, set, or list; the ! operator can
apply logical negation to a boolean expression or take the complement of a set; and the
| expr| function either returns the absolute value of a number or the size of a list.
Because of the ambiguity, the Xtext parser makes a default choice, letting the transfor-
mation of the ‘raw’ AWN model resolve the ambiguity by potentially overwriting the
operation type based on operand types.

The transformation fills in missing fields resulting from optional syntax (so that subsequent
transformations do not have to know how to handle these cases).

The transformation resolves syntactic sugar (such as the syntax of ifexists expressions,
which are actually refinements of with-init expressions).

The transformation ensures that all types used in the AWN specification have an explicitly
named declaration in the output model. This includes the types of functions and expressions.
This results in a list of type declarations that is often longer than in the original ‘raw’
model. Subsequent transformations can refer to this list in order to more easily identify
types and their relations with other types.

2.3 Transformation from AWN to mCRL2

This part of the implementation has been, of course, the focus of the entire project: it is the
transformation after which AWN has disappeared and an mCRL2 specification has taken over.
This transformation is contained entirely in the file awn2mcrl2. qvto.

The awn2mcrl2.gvto transformation must perform multiple tasks, and applying the translation
function from Section [3|is one of the least laborious.

Broadly, the steps that the transformation goes through are as follows:

1.

w

It defines a list of keywords from both AWN and mCRL2. When encountering these
keywords as names of variables or functions at a later stage of the transformation they will
be renamed in order to prevent naming conflicts.

. It makes a list for AWN types and a list of mCRL?2 sorts — the idea being that the mCRL?2

sort at a specific position in the second list is the counterpart to an AWN type at a
specific position in the first list. The first entries added to the lists are the AWN primitive
types Boolean, Integer, Real, $IP, $MSG, $DATA, $STRUCT, and $TRACE. The mCRL2
counterparts are constructed manually.

The transformation declares the mCRL2 actions that the translation requires.

The transformation declares an mCRL2 sort for each AWN type in the input model, but
without content for the moment: the sort declaration instances are needed from the very
beginning so that they can be referenced before their translation has been performed. The
AWN types and their mCRL2 counterparts are added to the two lists mentioned in step 2.
Because the previous transformation has ensured that all AWN types are present in the
input model, it is now possible to find the corresponding mCRL2 sort declaration of each
AWN type that the transformation can encounter.

. Now that all mCRL?2 sorts can be referenced, the transformation does the actual translation

of the AWN types. Most translations are straightforward: set types are translated to set
sorts, list types are translated to list sorts, function types are translated to function sorts,
and so on. The exception is the translation of struct types, because all struct types that are
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a subtype of the same primitive struct type ($IP, $MSG, $DATA, $STRUCT, or $TRACE) are
converted to the same, manually created mCRL2 structured sort. For each struct type, the
transformation determines its ultimate supertype, and then adds all fields of the struct type
as arguments to the appropriate structured sort.

To be more precise, the mCRL2 structured sort has two constructors: one default ‘nil’
constructor and one ‘new’ constructor. It is the second constructor that is modified at this
point of the transformation:

e The value of the first argument of the constructor indicates the struct type in the
original AWN specification. The operators is and istype compare this value with
their second operand.

e The subsequent arguments consist of all fields of all struct types that inherit from the
primitive struct type in question. (Note that this will likely cause instances of the
structured sort to have many arguments with irrelevant, dummy values.)

6. The constants from the AWN specification are translated.
7. The functions from the AWN specification are translated.
8. The sequential processes from the AWN specification are translated.
9. The parallel processes from the AWN specification are translated.
0. The transformation adds the helper processes G and H (see[r14and [r16|in Table to the
specification.
11. The network declarations from the AWN specification are translated.

Ultimately, the majority of the awn2mcrl2.qvto file consists of code that translates data
expressions from AWN to mCRL2. This is not surprising considering the number of different
expression types.

1

mCRL2 to text

The model-to-text part of the translation was implemented with the following features:
e Model-to-text specifications are compiled at run-time. This has the advantage that users
can add or modify a translation without having to rebuild the AWN plug-in for Eclipse.
e Names and locations of the output files are specified in the current . chain file. This means
that all information related to input and output can be found in that . chain file.

The model-to-text translation for mCRL2 was defined in a metamodel-independent language
developed specifically for this project, namely TxtGen (see Appendix [[). Not making use of
an existing tool deviates from the MDE principle to reuse previous work as much as possible;
however, achieving the features listed above by using available tools such as Xpand and Acceleo
required more effort than expected, and so a custom alternative was developed. In the future, it
may be preferable to replace the mCRL2-to-text translation with one that is based on an existing
tool.



Here two use cases that were performed in the course of the project are discussed.

Leader protocol

The protocol chosen of the first use case is the leader protocol, chosen because it is small, making
manual inspection — if required — manageable. The purpose of the leader protocol is to allow
the nodes of a fully connected network to decide on a leader node. To this end, each node
is initialized with a number, which it will eventually transmit to all other nodes. Nodes keep
track of which node transmitted the highest number, and the idea is that when all nodes have
transmitted their number all nodes have selected the same leader.

The leader protocol was defined using the AWN input language (see Appendix [G). A small
modification to the original leader protocol was made in order to make certain state variables vis-
ible — unfortunately, state variables are hidden from direct analysis in mCRL2. The modification
is the addition of a special trace action in the body of the main process followed by the main
process recursively calling itself, which means that it should not influence the other behavior of
the protocol in any way.

Next, the following property (formulated using tt-calculus combined with Hennessy-Milner
logic) was checked for the leader protocol:

uX . (vY . ¢ Aftrue] Y)V ([-trace] X A <—trace> X)

where ¢ expresses a state in which all nodes in the network can do a trace action with the same
arguments, namely the number and address of the selected leader node. The first disjunct of the
property denotes a state where ¢ holds and from where no state can be reached such that —¢.
The rather long second disjunct of the property has been added so that any traces are rejected in
which a trace action occurs while there are still other actions possible.

It was expected that the property would hold for the leader protocol, and this was confirmed by
mCRL2. The protocol was subsequently changed so that the property should no longer hold, and
this was also confirmed by mCRL2.
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AODV protocol

The second use case makes use of the Ad hoc On-Demand Distance Vector (AODV) routing
protocol [27], a protocol previously formalized in AWN [28} 29]. AODV is a widely used routing
protocol designed for Mobile Ad-hoc Networks (MANETSs) and Wireless Mesh Networks
(WMNps).

As customary for internet protocols, AODV has been specified in an RFC document [27]], which
contains several ambiguities, contradictions, and sections that are underspecified. As a matter
of fact, AWN was first developed to obtain a formal specification of AODV that was consistent
and complete [28, |29]]. This specification has been input in the implementation of this project in
order to translate it to mCRL2 (see Appendix [H).

mCRL2 was used to check AODV for a weak form of the package-delivery property, the property
of whether a sent packet eventually arrives at its destination. This property was expressed as
follows:

[true* .trace(newpkt(dip,data))]
[(—deliver(dip,data))”|
<true*> <deliver(dip,data)> true

The property looks for the special trace action, which has in this case been deployed to make
the sending of a packet visible to the mCRL2 model-checker. The property states that every path
that ends with a trace action must be followed by a path that, until the packet has been deliver, is
at the very least capable of eventually delivering the packet.

The property was tested with mCRL2 for a static linear network of three nodes. Two tests were
performed: one test where one packet was inserted into the network and one test where two
packets were inserted into the network. As was expected, the first test succeeded and the second
test failed: pen-and-paper analysis has shown in the past that the packet-delivery property does
not hold for AODV [28]].
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Results summary
The project has yielded the following items:

A formally defined function for translating AWN to mCRL2;

A proof that shows that the output of the translation function is strongly bisimilar to its
input, up to data congruence and modulo action renaming;

An implementation of the translation function;

A specification of the AWN input language;

An editor for the AWN input language, serving as a front-end for the implementation;
Some initial use cases of the implementation, demonstrating its usability.

2 Discussion

This section discusses (some of the) shortcomings of the items that the project produced. First,

the shortcomings of the correctness proof:

There is an important difference between the semantics of AWN and the semantics of
mCRL2: sequential process expressions in AWN can carry semantic values, whereas
process expression in mCRL2 consist exclusively of syntax. This difference has been
resolved by introducing the translation rule and by adding the index parameter & of
the Te function (the function that translates data expressions). Several lemmas make it
possible to manipulate the contents of this parameter.

An alternate approach to resolving the difference between the two semantics that was
considered was defining an intermediate AWN language with exclusively syntactic expres-
sions. This option was not chosen because it was estimated that the fact that the correctness
proof would then also consist of two left-to-right and two right-to-left steps would result in
more work than proving a somewhat more complicated left-to-right step and a somewhat
more complicated right-to-left step.

If more correctness proofs are needed in the future with similar issues, it may be worthwhile
to define an intermediate AWN language after all. It then becomes possible to base multiple
correctness proofs on work that is done only once.
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Part 6. Conclusions

e The right-to-left part of the correctness proof (see Lemmas {.8] and [4.9) requires the

evaluation of all possible behavior of specific mCRL?2 process expressions. This behavior
is defined by the possible derivations for those process expressions, and it requires an
understanding of the inference rules of mCRL2 to determine that all derivations for
a particular process expression have been found (see Section {.1)). This reasoning is
sufficiently convincing for the purposes of this project. Regardless, it is one of the weaker
parts of the correctness proof.

In order to increase the confidence in that part of the proof, one could use software
that systematically searches for all possible derivations. These derivations can then be
compared to the derivations found in the pen-and-paper proof in this report.

Second, the shortcomings of the implementation:

e The code that implements the AWN-to-mCRL2 translation closely reflects the rules of

the translation function (see Section [3]), which means that the correctness of the code
can be assumed with a high degree of confidence. The same does not apply to the code
that translates AWN data expressions, from which the correctness proof abstracts (see
Section [3.16)). The implementation of the translation consists for 68% (circa 1980 out of
2900 lines) of code that translates data expressions.

Clearly, the translation of the data expressions is a significant weakness of the implementa-
tion. However, proving its correctness is much more involved than proving the correctness
of the process algebra only, and the work required would not have fitted within the time
frame of the project.

The behavior of undefined values does not match the description in Section at the
time of writing. Instead, the current behavior treats each undefined value more or less as a
constant; for example, undefined Integer == undefined Integer yields true rather
than undefined Boolean.

The use cases do not require the official behavior, and implementing it has therefore been
given a low priority. Eventually, the work was skipped altogether due to time constraints.
A full implementation would also make mCRL2 specifications more complicated, which
could make manually debugging the software much more difficult. The additional mCRL?2
code could also significantly increase the amount of time that it takes to analyze a specifi-
cation. Regardless, it is desirable to implement the full behavior of undefined values in
the future.

The implementation does not include unit tests or another form of automated software
testing. Having such testing methods is a good way to detect unforeseen errors that result
from changes to the code, and it should be a high priority to add them if the translation
framework is to used more intensively.

Automated unit testing is not trivial to create because Xtext adds a non-deterministic
component to the behavior of the implementation: Xtext can construct different — but
equivalent — abstract syntax trees from the same AWN specification. This is a side-effect of
ordering the objects in a set according to their hashes. It is an effect that can be overcome,
but doing so has been considered out-of-scope for this project.

The use cases that were performed with the help of the implementation were small; that
is, the network topologies that were tested only contained up to 5 nodes. These network
topologies already required much time and memory to analyze (see Chapter [5). However,
none of mCRL?2’s state space reduction methods were used, nor any of LTSmin’s multi-
threaded algorithms. The expectation is that employing such techniques will make the
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analysis of larger network topologies feasible.

e The current implementation has been developed so that translations can be altered while
the editor for the AWN input language is running: the code that defined the translation
is reloaded before each execution. This is useful when developing a translation — one
does not have to frequently restart the editor, and third parties do not require knowledge
of or access to the translation framework — but it also impacts the performance of the
implementation. In the future, it may be worth changing the implementation so that the
translation is only loaded at start-up.

e Related to the previous point is the fact that the model-to-text converter of the framework
(see Section [2.4) is a custom-built one rather than one that is based on Ecore Modelling
Framework, such as Acceleo and Xpand. The reason for this is that after serious efforts
no progress was made towards loading model-to-text translations at run-time with those
converters. They therefore did not meet the (admittedly secondary) goal of allowing third
parties do develop their own translations, and an alternative was developed.

Existing model-to-text converters also only supported the export of single text files (unless
the documentation for exporting multiple text files per model was missing or overlooked).
Since translations can very easily be imagined to have multiple output files, this was an
additional reason to develop a custom converter.

The disadvantage of using a custom-built model-to-text converter is, of course, that
one must learn to use it. It may also contain errors (considering that there is no wider
community that makes use of it) and it will likely require maintenance in the future.
Because of this, it would be prudent to re-evaluate the use of the custom-built converter
when more translations are added to the translation framework.

3  Future work

Several aspects of the translation framework have been left unfinished and may merit continuation
in the future:
e Implement undefined according to its description in Section [3.16
e Add automated (unit) tests to the implementation, in case of further development;
e Make the implementation even more user-friendly, for example by linking mCRL?2 (or
LTSmin) more directly with Eclipse;
e Analyze larger network topologies by using mCRL2’s reduction techniques and possibly
LTSmin;
e Implement other translations (such as a translation to UPPAAL) and code generation;
e Implement the translation of properties such as packet deliver and loop freedom:;
e Optimize the implementation.
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Appendix A
Proof of Theorem 4.1

Theorem: Data congruence in mCRL?2 is a strong bisimulation.

Proof: The proof is provided by structural induction over the inference rules of mCRL?2 (see
Tables [2.6|and [2.7).

Induction hypothesis: For all premises p 2 p’ of an mCRL2 inference rule, it holds that
Vg.q=p=3¢ .4 =p' Aq P

Base cases: Show for each axiomatic inference rule of mCRL2 with conclusion r 2 ¢’ that for
all s = r there exists some s’ = r’ such that s 2 s'.

Axiom: mCRL?2 has only one (untimed) axiomatic inference rule, namely:

[]
o — v
In other words, r = ¢ and ' = V.
For any s =r, it holds that [s] = [r] = [¢¢]. This means that the following derivation is
valid:
[AX10M|

SB]]—)\/

Obviously, v = v'. This finishes the base case of Theorem 4.1
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Induction step: Given only its side conditions and the induction hypothesis, show for each

inference rule of mCRL2 with conclusion r - ¢ that for all s = r there exists some s’ = r’ such
(0]

thats — ¢’

Seq 1: mCRL2 defines inference rule

In other words, r = p.q and r' = q.
Because data expressions can only be part of a single process, for any s = p.q it must be
the case that

381,82 .81 =pAspy =qAS=51.5)

This means that the following derivation is valid:

Induction hypothesis
1=/
—_ .

o
$1.S2 — $2

Since s, = q, this particular induction step of Theorem {.1]is confirmed.

Sum 1: mCRL?2 defines inference rule

(AN
d:=t| —
pl e]w /p SUM 2
YapP — P

e € Mp
In other words, r = Y 4ppand ' =p'.
Because of the form,
Vs.s=r=43dq.s=Y4pq
Note that Fv(q) = Fv(p) C {d} which, with the previous expression, gives that
qld:=1] =pld:=1]

for all u € Mp. In particular, this equation holds for u = e.
The induction hypothesis can now be used to determine that

pld:=t] S p' Aqld:=t]=pld:=1] = (Elq’ qd=pAqd:i=1] > q’)
This means that the following derivation is valid:

qld :=t,] @, q
w

Yapq —d
Since ' =1/, this particular induction step of Theorem is confirmed.

e c Mp SUM 2
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Rec 1: mCRL2 defines inference rule

o
dy:=t1, --,dy =ty —
P(d; :Dl,...,dn:Dn)défq qlds ! n - n]/ q [RECURSION 2]
P(t1,---,tn) —q

In other words, r = P(ty,---,t,) and ' =¢.
Because data expressions cannot affect data expressions located within another process
argument, for any s = P(#,---,#,) it must be the case that

Jup, -ty up = A ANy =ty AS=P(uy, -, up)

Furthermore,

According to the induction hypothesis, this means that there exists an s’ = q' such that
. . o/
q[Vl =Ul, o,y = l‘n] —S

This yields the start of the following derivation:

(see above)

IRECURSION 2|

qld; ;== uy, -, dy = uy] N

def

P(d;:Dy,--+,d,:Dy) =q

P(ul,m,un)gs’

Since s’ =/, this particular induction step of Theorem is confirmed.

\.

Vup, -ty Uy EH A Ay =ty = q[Vy = Uy, =ty =q[vy =tV i= 1y

7

The proofs for the other induction steps are similar to the ones above and are not included in

this document. All the proofs combined prove that Theorem [4.T] holds.






Appendix B
Complete proof of Lemma (4.6

Lemma: If e is a semantic AWN value and v an AWN variable, then

veVAvgpoMm(§) = Ty(&,p) [T(v) :=1ty)] = Tv(§[v:=e],p)

Proof: The proof is provided by structural induction over the translation rules [r1|to

Induction hypothesis: For all recursions Ty (&, p) that are part of a translation rule defining Ty,
it holds that

vEWAv¢DOM(§) = Tw(E,p) [T(v) :=ty()| = Tw(E[v:=e],p)

Base case

s )

Translation rule[rsf Applying a substitution to [rg] gives the following:

TV(&,X(C‘X[)I, e aexpn))[T(V) = tU(E)]

T Xt (expy), -+, Te (exp,))[T(¥) =ty (o)

= X(Te(expy)[T(v) == ty(e)), -5 Te(exp,) [T (V) := ty(e)])

LcmmaE(n times)

X(Té [vi=e] (expl )7 “ TE[yi=e) (expn))
T 1y (Efvi=e, X(expy,--- exp,))
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Induction step

Translation rule[ri} As a preparatory step, observe that

veV=T1(v)eT(V)

D& T(V) }:>D7ET(V) (B.1)

Applying a substitution to|r1| gives the following:
Ty (&, broadcast(ms).p)[T(v) := ty )]

5+ (Setqpy €ast(Zp, D, T (ms)). Ty (€, p)) [T(v) = 1y 0]
e (sexapy) CAS(Zp[T(v) 1= ty ()], D, T (m8) [T (¥) = ). Ty (&, p) [T (¥) = ty o)

A Y setpy) €ASE(Zp, D, Te (ms) [T (v) := ty()])- Ty (&, p)[T(v) := ty(e)]
remmE ety €aSH(Zp, D, Teyi—g) (ms)). Ty (€,p)[T(v) = (o))

=Y (setap)) €aSt(Zip, D, Te[y.—¢| (ms) ). Ty (§[v := €], p)

oMl

=Ty (&[v := e|,broadcast(ms).p)

This proves this particular induction step.

Translation rule[r2; As a preparatory step, observe that

veV=r1(v)eT(V)
D¢T(V)

Applying a substitution to [r2| gives the following:

}:>D7AT(v) (B.2)

Ty (& ,groupcast(dests, ms).p)[T(v) := ty(e)]

(ZD:T(Set(IP)) cast(Te (dests),D, T¢ (ms)). Ty (€,p)) [T(v) = ty ()]

):D:T(Set(IP)) cast(T¢ (dests)[T(v) 1= ty ()], D, Te (ms) [T (v) :
Lemma@:(z times)

~—
’_] o
<
—
uve
o
~
=%
—~
<
~—
Il
~
gl
)

Yo:r(Set(1p)) €aSt(Te[y.—| (dests), D, Tg[y.—¢ (ms)).
Ig42D:T(Set(IP)) CaSt(Tg [vi=e] (dests) D, T [v:=e] (ms)) Ty (é [V 6] ) P)

TV (E[v := e], groupcast(dests, ms).p)

This proves this particular induction step.




2 Induction step 1056

7

Translation rule|r3; Applying a substitution to r3| gives the following:

Ty (&, unicast(dest, ms).p » q)[T(v) 1= ty(e)]

ﬂ:E (cast({Tg (dest)}, {T¢ (dest)}, Tg (ms)). Ty (&, p)
+—uni({T¢ (dest) },0, T¢ (ms)). Ty (£,9))[T (v) := ty ()]
= (cast({T¢ (dest)}, {T¢ (dest)}, T¢ (ms)). Ty (&,p)) [T (v) =tu<e>]
+ (-uni({Tg (dest)}, 0, T¢ (ms)). Ty (§,9)) [T (v) := ty
LemmeBIC D) cagt({g(y,—e)(dest)}, {Tgpere(dest)} Tegui (ms».Tv(é,p) [T(¥) = ty(e)]
+uni({Tg .- (dest) }, 0, Te[y.— (ms)). Ty (§,q)[T(v) = ty(y)]
LH. (2 times) caSt({T},‘[v::e] (dest)}, {T'g'[v::e] (dest)}, Tefvize] (ms)). Ty (E[v:=e],p)

+—uni({Tef,.—,) (dest) }, 0, Te . (ms)). Tv (E[v :=e],q)

o Ty (& [v := €], unicast(dest, ms).p » q)

This proves this particular induction step.

Translation rule|r4; Applying a substitution to [r4| gives the following:

Tv(é,send(T5 (ms)).p)[T(v) := tu(e )]
T (send(0,0,7¢ (ms)). Ty (€,p)) [T(v) := ()]
= send(0,0, ¢ (ms)[T(v) := ty()])- Ty (&,p)[T(v) := 1y )]
B send (0,0, Te . (m5)). Ty (&,D)[T(v) = )]
send (0,0, Te [, ) (ms)). Ty (£ [v := e],p)

Ty (&,send(T¢ (ms)).p)

=}

=

This proves this particular induction step.

Translation rule|rs; Applying a substitution to(rs5| gives the following:
Ty (&, deliver(data).p)[T (v) := ty(e)]
(Esprr ) del(ip, Te (dara)). Ty (£,p) [T(v) i= 1)
T2 Liprap) del(ip, T (data) [1(v) = tu(e))) Ty (€, PT (V) = e
Lemm B3y e (p) del(ip, Tefy.— g (data)). Ty (&, p) [T (v) := fy(e)]
Yip:r(1p) del(ip, Tefy.—)(data)). Ty (E[v := e], p)
Ty (E[v := e],deliver(data).p)

Iz

=
%

This proves this particular induction step.
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Translation rule(rsf A case distinction is made depending on whether T(v) = T(msg). If
it is assumed that T(v) = T(msg), applying a substitution to @ gives the following:

Ty (& receive(msg).p)[T(v) := ty ()]

T(v) = T(nsg)

= Ty (&, receive(msg).p) [T (msg) 1= ty(e)]
(X7 7 (Set(IP)) 1 (nsg):T(MSG) T€ceive(D,D?, T(msg)). Ty (neg} (§ "€, D)) [T (msg) := fy(p)]
= Y07 11(Set(P)) T (nsg) T(MSG) F€C€ive(D, D T(msg) ). Ty (nsg} (& ", p)

= Y07 11(Set(P)) T (nsg) T(MSG) T€C€ive(D, D T(msg) ). Ty neg) (& [msg := e])\(m<€} p)

Ty (& [msg := e],receive(msg).p)

If it is assumed that T(v) # T(msg), it first must be observed that

veV=T1(v)eT(V) ,
0 ) }:D,D £ 7(v) (B.3)

Now the same result can be obtained as before:

Ty (& receive(msg).p)[T(v) = ty(c)]

TS .
1 (X.071(Set@)), 7 (msg):1(MSG) TeCEIVE(D,D*, T(mSg) ). Ty msg} (& "€, P)) [T (V) := ty ()]

T(v) # T (msg) : e

E3 LTl ZD,D’:T(Set(IP)),T(msg):T(MSG) receive(D,D’ 7T(msg)>'TVU{mSg} (5\ &p)[T(v) = tU(e)]
= Y prir (Set(IP) 1 (msg)T (MSG) F€Ceive(D, D7, T(msg)). Ty nsgy (& "&[v := ], p)

= ZD,D’:T(Set(IP))yT(msg):T(MSG) receive(D, D’ 7T(msg))'TVU{msg}((§ [V = e])\{msg}7p)

Ty (é[v := €], receive(msg).p)

This proves this particular induction step.
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s )

Translation rule[r7; As a preparatory step, note that

veV=1(v)eT(V)

emp ¢ T(V) } = tmp # T(v) (B.4)

A case distinction is made depending on whether T(v) = T(var). If it is assumed that
T(v) = T(var), applying a substitution to[r7 gives the following:

Ty (&, [var := exp] p)[T(v) :=ty(¢)]

T(v) = T(var)

=)y (€, [var = exp] p)[T(var) := fye)

[g (Ztmp:sort(T(var)) (tmp =Te (exp)) - ZT(var):sort(T(var)) (T (Var) = tmp) -
t(0,0,m58 ymy)- TvUfvar} (67, p)) [T (var) == ty(,)]

B4

= Ztmp:sort(T(var)) (tmp = Té (exp)[T (Var) = tU(e)D -
ZT(var):sort(T(var)) (T(var) = tmp) —

t(@, wamsg dummy)‘TVU{var}(é\var,p)
emmaf3]
N Ztmp:sort(T(var))(tmp =Te [var:=e] (exp)) - ZT(var):sort(T(var))(T(Var) - tmp) -

t(@, Q,msg dummy)'TVU{var}(g\var7p)

]

Ty (&[var :=¢], [var := exp] p)

If it is assumed that T(v) # T(var), the same result can be obtained:

Ty (&,[var := exp] p)[T(v) :=ty(¢)]
o (Xemp:sort(t (var)) (tmP = Te (€xP)) = Yt (var):sort(t (var)) (T (Var) = tmp) —
t(0,0,1S8 fmy)-TvUgvar) (€ 725, D)) [T (v) = ty()]
B Fenpson(r(ver)) (1P = Te (xp)[T(v) :=ty(q)]) =
(X (var):sort(t (var)) (T(var) = tmp) —
t(0,0,m58 fmmy)- Tygvar} (§ 7%, P)) [T (v) =ty )]
T Y tup:sort(T (var)) (EMP = Te (€xp)) = Yor(var):sort(t (var)) ) [T (V) := ty(e)] =
t(0,0,15€ gy Tygvar) (& 75, D) [T(V) = ty(e)]

bemmeE o1 (var)) (V1P = Te i) (€39)) = Tr(var)son(r (vaz)) (T(var) = tmp) —
t(0,0,15€ gmy)- Tvugvar} €\, D)[T(v) := 1))
= Timpsort(t(var)) (BIP = T¢ [y (€XP)) = Lr(var):sort(r (var)) (T (Var) = tmp) —
t(0,0,158 fmy)-Tvigwar) (€7 [v :=¢],p)
= Ltmpssort(t(var)) (EMP = Te[y.—¢) (€XP)) = Lt (var):sort(t (var)) (T (Var) = tmp) —
t(0,0,158 fymy)-TvUgvar) (E[V := €]) "™, p)
wl

Ty (é[v :=e], [var := exp] p)

This proves this particular induction step.
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Translation rule[rs} Applying a substitution to [r9] gives the following:

Ty (&,p+Q)[T(v) == ty(e)]
= @ﬂ€m+T(§®H() fue))

= TVE D) =] + Ty Q) = )
E Ty(Elv: ]p)—l—Tv(g[VZ:e], )
= Ty (§[v:=e],p+q)

This proves this particular induction step.

Translation rule[rio0} As a preparatory step, note that

veV = v Fv(g)\V 2 1) ¢ 1 (Rv(9)\V) (B.5)
With B.5] available, applying a substitution to[r1q gives the following:
Ty (&,[01p)[T(v) := ty(e)]

)

(Xr(rv(e)\v) Te(9) — £(0,0 msgdummy) Ty U Ev(p) (§:P))[T(V) :=ty(e)]
Z Fv(¢)\ V) Té( )[T V) ]%t(@ 0 mSgdummy> TVUFV(¢ (‘5 p)[ ( ) _tU(e)]

o
[

LemmBd g T(Ev(9) \ V) Tefwi=¢ (§) = t((D,(D,msgdummy).Tvqu(¢)(§,P)[ (v) := ty(e)]
L Brrv)\v) Tefwemel (9) = 100,188 ) Ty Urv(e) (Elv := )
= Ty(Efvi=el,[9]p)

This proves this particular induction step.




Appendix C
Complete proof of Lemma (4.7

Lemma: Take translation relation T from Equation [2.1{and action relation .7 from Table m
Then T is a strong .7 -warped simulation up to = of AWN expressions P by mCRL2 expressions
T(P) for all AWN expressions P.

Proof: Using Lemma 3.1} for Definition [.11]to apply it is sufficient to prove that
VPP .a. ( P4 P = J(A,A)) € o/ .ac A AP 2L P AT(P) 2= T(P) )

The proof of Equation [2.18]is by structural induction over the inference rules of AWN.
Induction hypothesis: For all premises P = P’ of an AWN inference rule, it holds that

As

J(A1,Ar) € o .ac A AP S P AT(P) =T (P)

Base cases

Show for each axiomatic inference rule of AWN with conclusion P % P’ that there is some
(A1,A2) € &7 .a€ A| NP AL, P’ such that T(P) 5= T(P') can be derived for all d’ € A,.

Broadcast (T1): AWN defines the inference rule

[BROADCAST (T'1)]

&, broadcast(ms).p Drondeast(§ (ms), Ep
There exists an (A1,A,) in <7 such that broadcast(& (ms)) € A} A&, broadcast(ms).p =
&,p, namely Pair 2.4]in Table This base case can therefore be proven by finding a

set of derivations in mCRL2 such that T (&, broadcast(ms).p) == T(&,p) forall a € A,
where

Az = { cast([%p],D, [T (ms)]) | D € T(Set(IP)) }

In mCRL2, the following derivation can be made for all D € T(Set(IP)):
[AX1oM]

[cast(”//]p,tﬁng (ms))]
_

cast(?/]p,l‘ls,Tg (ms)) v

Definition 2.1]

ast([%p] 5,
cast(Zp, 15, Tz (ms)) cast([p] 5. I (ms)D),

cast([%p]) B, [re (ms)])
caSt(g]/IPvtﬁ:TE(mS))‘TDOM(é)(;P)'—’9 poM(& (‘5 p)

cast([%p].D,[Tg (ms)])
(cast(Zp,D, Tz (ms)). Tpom(e) (&, P)) [0 := 1] ———————— Tpou(e) (&, P)

cast([%p] B.[T¢ (ms)])
Y:1(settpy) €ast(%ip, D, Tg (ms)). Tpom(e (5 p) —————————— Toom( (5 p)

cast([%p] . [7¢ (ms)])
T

Substitution

SuM 2|

TDOM(&)(é:broadcaSt(ms)-p) TDOM(&)(&vP)

T(S.p)
for D ¢ T(V). In conclusion, the induction hypothesis holds for this base case.

1|
cast([%p] B, [Te (ms)])
T (&, broadcast(ms).p)
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Groupcast (T1): AWN defines the inference rule

[GROUPCAST (TT1)|

groupcast(& (dests) & (ms)) 5

&, groupcast(dests,ms).p P

There exists an (A1,A2) in &/ such that groupcast(&(dests),&(ms)) € A A

&, groupcast(ms).p L &, p, namely Pairin Table|[2.10, This base case can therefore
be proven by finding a set of derivations in mCRL2 such that T (&, groupcast(ms).p) ==
T(&,p) forall a € Ay = { cast([T¢ (dests)],D, [Tz (ms)]) | D € T(Set(IP)) }.

In mCRL2, the following derivation can be made for all b € T(Set(IP)):

[cast(r¢ (dests) t5,T¢ (ms))] Axiom
cast(T¢ (dests), 15, Tg (ms)) v
— Definition 2.1]
cast([T¢ (dests)].D,[T¢ (ms)])
cast(T¢ (dests), t5, Tg (ms) v
=
cast([[T¢ (dests)] B, [Tg (ms)])
cast(Te (dests), 15, Te (ms)).Tpom(e) (§5P) Toome)(§:p) o
Substitution

cast([T¢ (dests)] B, [re (ms)])

(cast(T; (dests),D, T¢ (ms))- Toowg) (§,p)) [D :=15] Toow(&)(§,P)

cast([T¢ (dests)] B, [Tg (ms)]) .

SUM 2|

Y:1(seutpy) €ast(Te (dests), D, Te (ms)). Tpowe) (8, p)
) cast([T¢ (dests)] B, [re (ms)])

poM(&) (&:p)

Toom(e) (€, groupcast(dests, ms).p Toom(e) (€,p)

L T(E.p)

t([7¢ (dests)].5, [1¢ (ms)] o
casi T, ests)|,D, || Tg (ms
T (&, groupcast(dests, ms).p) d 2

for D ¢ T(V). In conclusion, the induction hypothesis holds for this base case.
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7

Unicast (T1-1): AWN defines the inference rule

[UNICAST (T1-1)|

unicast(& (dest),& (ms))

& unicast(dest,ms).p » q »E.p
There exists an (A;,A7) in & such that unicast(&(dest),E(ms)) € A A
&, unicast(dest, ms).p A, E,p, namely Pair in Table [2.10 This

base case can therefore be proven by finding a set of derivations in
mCRL2 such that T(&,unicast(dest,ms).p) == T(E,p) for all a € Ay =

{ cast([T ({dest})], [re ({dest))]. [Te (ms)]) }.

In mCRL2, the following derivation can be made:

[AxToM]

Definition 211

Tcast(Tz ({dest}) T ({dest}).Te (ms))]

cast(T¢ ({dest}), T¢ ({dest}), T¢ (ms))
cast(z ({dest}), T¢ ({dest}), Te (ms)) cast([1¢ ({desr})]. [1¢ ({dest})]. [1¢ (ms)])

cast(T¢ ({dest}), T ({dest}), T¢ (ms)) Tooug) (§:P)

cast([ ¢ ({dest})],[T¢ ({dest})],[Tg (ms)]) T ) EEE II
poM(§)\5

[CHOICEZ]
. cast([re ({dest})]. [Tz ({dest})],[Te (ms)])
cast (1 (dest) T {dest) T(01) Toogy (8:p)-+ (g ({des}) 0,5 0m)) Tooug) (8. MDD, )
] cast([1 ({dest})] [1; ({desr) [T (ms)])
TDUM(&)(évunlcaSt(de”v ms).p »q) TDOM(@)(ivP) Poae
T(é"unicast(dest, ms)p > q) cast([Te ({dest})], [ ¢ ({dest})],[Te (ms)]) T(é.p)
In conclusion, the induction hypothesis holds for this base case.
\ J

Unicast (T1-2): AWN defines the inference rule

|UNICAST (T1-2)

—unicast(& (dest),& (ms

))
¢.q

There exists an (Aj,A2) in «/ such that —unicast(&(dest),E(ms)) € A; A

&, unicast(dest, ms).p G &, p, namely Pairin Table|2.10, This base case can therefore
be proven by finding a set of derivations in mCRL2 such that T (&, unicast(dest, ms).p) —

T(&E,p) foralla € Ay = { —luni([[Tg ({dest})], 0], [[Tg (ms)]) } .
In mCRL2, the following derivation can be made:

&, unicast(dest, ms).p » q

[Ax1om]

Definition Z-1]

—uni de 0,
~uni(T ({dest}) 0, T (ms)) e OTe ],

—uni([1¢ ({dest})],[0]. [ (ms)])

—uni(T¢ ({dest}),0,T¢ (ms))

—uni([1; ({dest})].[0]. [Tz (ms)]) o]
Toom(e) (€.9)
—uni([tg ({dest})],[0], [ (ms)])

—uni(Te ({dest}),0,T¢ (ms)). Tpom(e) (€. 9)

cast(T ({dest}), T ({dest}), Te (ms)). Toomg) (6 P) + ~uni(Tg ({dest}), 0, T¢ (ms))- Toow(z) (§,9)
—uni([r ({dest}) L [0]. [1 (ms)])

[CHoicE4]
TDOM(E)(éﬁq) m

Toom(e) (&, unicast(dest, ms).p » q) Toom(e)(§,9) m

LR )

—uni([7¢ ({dest})].[0].[r¢ (ms

T (&, unicast(dest,ms).p » q)

In conclusion, the induction hypothesis holds for this base case.
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N\

Send (T1): AWN defines the inference rule

SEND
&, send(ms).p —>send(é(ms)) SRt

&.p

There exists an (A,Az) in <7 such that send(&(ms)) € A; A &,send(ms).p A E,p,
namely Pair 2.8] in Table 2.10] This base case can therefore be proven by find-
ing a set of derivations in mCRL2 such that T(&,send(ms).p) == T(&,p) for all
ac€A = { send([[0], [0], [T (ms)]) }

In mCRL2, the following derivation can be made:

Hsend(@,@ﬂ‘g (ms))]
send (0,0, T¢ (dest)) —————— v

d([0],[0], ms
send([0],[],[T¢ (ms)]) Y

Definition 211

send (0,0, T¢ (dest))

send([0].[0]. [z (ms)])
send (0,0, T (dest)). Tooy(e) (€,9) ———————

send([0]..[0]. [ (ms)])
_

Toom(e) (&,p)

TDOM(&)(évsend(ms)P) TDOM(&)(§7P)

send([0].,[0] . [7¢ (ms)])
T T(Ep)

In conclusion, the induction hypothesis holds for this base case.

T(&,send(ms).p)

Deliver (T1): AWN defines the inference rule

deliver(& (data)) DELIVER (1)
——

&, deliver(data).p S.p

There exists an (A},A3) in < such that deliver( (data)) € Ay A &, deliver(data).p =1
&, p, namely Pair in Table This base case can therefore be proven by finding a set
of derivations in mCRL2 such that T (&, deliver(data).p) = T(&,p) for all a € Ay =

{ del(1, [T (data)]) | 2 € T(IP) }.
In mCRL2, the following derivation can be made for all 1 € T(IP):

[del(rz,7¢ (data))] (53100
del(ts, T¢ (data)) —————— v

Definition 211

del(, de
del(1s, T (dara)) 200D,

del(3, [T (data)])
del(tivTé (data))-TDOM(é)(51Q) — Thome) (&,p)

. i del(1, [[Té (data)])
del(lvaé (dam))~TD0M(5) (€9 ip=t;] ———— Toom(e) (€,p)

i del(1,[1¢ (data)])
Yiprap) del(ip, T¢ (data)). Tooye) €9 ——— TDOM(\};)(éap)

Substitution

) del(1,[¢ (data)])
Toom(E) (€, deliver(ms).p) ————— Toome) (&.p)

[112]

del(3, [T (data)])
- - 4

T (&, deliver(ms).p) T(,p)

for ip ¢ T(V). In conclusion, the induction hypothesis holds for this base case.
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Receive (T1): AWN defines the inference rule
VmeMSG RECEIVE (T1)]

& receive(msg).p ) &[msg :=m],p

There exists an (Aj,A;) in <7 such that receive(m) € A| A&, receive(msg).p R E[msg:=
m],p, namely Pair 2.10|in Table This base case can therefore be proven by finding a
set of derivations in mCRL2 such that T (&, receive(msg).p) = T (& [msg := m],p) for
all a € Ay = { receive(D,D’,U(m)) | D,D’ € T(Set(IP)) }.

In mCRL2, the following derivation can be made for all D,D* € T(Set(IP)):

Treceive(y i3, fu(n))]
Ireceive(ta oy o)1,

v

receive (15,55 ,fy(m))

Definition2Z1]
receive(fs, 155 .ty (m))

; receive(87.00m) Definition of ¢
receive(s, fgs, ty(m) ——————

. ive(5.5°,u(m))
receive(iy, i, y(m))- Toow(z)Ufmeg) (EM8g = m1],p) o T 6 msg) (EmSE = m], p)

. ive(5,6°,u(m))
receive(1s, 15 ,y(m))- Toom(& Ufmsg) (€ " msg := m],p) "o o™ Ty s 0fms) (EmSg = mi],p)

\msg ¥
msg ¢ DOM(& ) } receive(B.0" 0(m)) Lemma[Z.6]
_

receive(’ﬁvtﬁ’vT(ESg))TDUM(é)u(msg}(é\msSvP)) [T(mSS) = ly(m) TDUM(E)u(msg}(E[‘nSg :=m],p)

] receive(B,57,u(m))
Ty

Substitution

IEUM zl(S times)

(receive(DvD’vT(msg))'TDOM(E)u{msg}(i\msgvp)) [D:=15,D% =15, T(mSE) := fy(m)

receive(B,5°,u(m))

Toom(&)U{asg) (& Mg := m],p)

Y001 (Set(IP).T(msg):T(MSG) TeCeive(D, D’ T(msg)). Toom(2) usg) (§ ™€, D) Toom(E)u{usg) (€ [msg := m], p)

receive(5,5°,u(m)) “
Lecelve®.2L0m),

TDoM(é) (&, receive(msg).p) TDOM(C)U{msg}(é [msg :=m],p)

receive(5.5?,U(m))
_—

TD()M(@)(‘I;7reCEive(msg>‘P) TDOM(§[msg::m]) (& [msg :=m],p)

ZehelO8 S, 1 g )

T(&,receive(msg).p)

for D,D’ ¢ T(V). In conclusion, the induction hypothesis holds for this base case.
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Assignment (T1): AWN defines the inference rule

|IASSIGNMENT (T'1))

&, [var := exp]p = E[var := & (exp)],p

There exists an (A1,Az) in o7 such that T € Aj A, [var := exp]p = E[var :=&E(exp)],p,
namely Pair[2.3]in Table [2.10] This base case can therefore be proven by finding a set
of derivations in mCRL2 such that T'(&, [var := exp]p) == T (E[var := & (exp)],p) for
all a € A = {t(u(D),U(R),u(m)) } for some D,R € Set(IP) where R C D and some
m € MSG.

In mCRL2, the following derivation can be made:

[4(0.0.m5g gy 1M
(0,0, 158 gupmy) ————— Definition[ZT]
. ) ([0),[0].[m58 dummy]) v
)0, 088 qummy) ———— [BreT]
A([01.[0]. [mSE gy -

)
£(0,0,158 gumy)- Toom()ufvar) (§ [var := & (exp)],p) ————————— Tpom(¢)u{var} (§[var := &(exp)],p)
#([0],10]. [mSg iy ]) T

;

40,0, 15 ) Toow(g)uvar) (§ "% [var = & (exp)].p) Jupvar} (§ [var := & (exp)].p)

DOM(:

(100,19 [758 gl
(tprg (o)) = g (exp)) — U0, 0,158 gummy)- Toom(&)gvar) (§ " [var := E(exp)],p) —————"""= Tpom(g)ufvar} (§[var := E(exp)],p)

] 101 [0]-[m5€ gummy )

[ty exn)) = *re (expnt] = true [Ciasp 2]

var ¢ pom(&\*a¥)

Lemma
Toom(z)ufvar) (§[var := & (exp)]p)
} 4([01.[0]. [55 gunmy])

(1r ()] = "r(exp))) = H(®:0,158 dummy)- Toow()ugvar) (€ V7%, P) [T(var) = fy(g ()

(T (var) = 15, ) = £0.0.058 ) Toon@ufene) (67)) [T(var) i= 17, e Toou(e)ufuee) (& [var == E(ep)].p)

([0],[0].[m5& gmimy ),
T T o (var) (Evar = E(exp)],p)

101 [0]-[m5€ gunmy])

Er(vaysort(r(var)) (T(VT) = 1z (exp)]) = L0, 08 gy Toom(e)Ugwar} (&%)

ﬂ’lng(«»n)]l = Tg(exp)] = true

(1fry () = Te(€xP)) = Ervar)son(r(var))(T(Var) =ty (exp)]) = 10, 0,158 summy)- Toom(e)ufvar} (6 7%, P) Toom()u(var) (E[var := & (exp)].p)
(101,101, [m58 dunmy])
T Toou@utrar) (S ar = E(exp)],p)

((6mp = T (€39)) > Zr(vaspso(r(sae) (T(¥ar) = tmp) — £(0,0.058 - Toon(eyufeae) (5)) [6mP i =15 e
t([0],[0].[m=g dunmy])

[Sum 2}
L eapisor(1 (vax) (40P = T¢ (€X)) = L (var)ssort(1(var)) (T(Var) = tmp) = t(0,0,m88 yymy)- Toow(&)war} (€™ P)

#([0].[0]. [m5 iy ])
R LN Toom(€)u(var} (§[var := & (exp)],p)

Toom(g)ufvar} (§[var := & (exp)],
(&)utvar) (&1 &(exp)] P)m

Toom(g) (& [var := expllp)
(101,101 558 gy )

Toome) (§ [var := explp) Toow(Ewari=¢ (ep)) (§[var := & (exp)]p) m

LB, 1(gfvar = E(ep)lp)

T(, [var := explp)

for tmp ¢ T(V). In conclusion, the induction hypothesis holds for this base case.




1 Base cases 115

Guard (T1): AWN defines the inference rule

(é) ng[ql =e1, 5,4, ::en]

- GUARD (TT)
,[¢lp—¢C,p

(9) =trueN{qy, -~ q,} =FVv(¢)\DOM

There exists an (A1,A;) in &7 such that T € A; A&, [@]p A ¢.p, namely Pair in
Table This base case can therefore be proven by finding a set of derivations in
mCRL2 such that T(&,[¢]p) 5= T(&,p) for all a € Ay = { t(U(D),U(R),u(m)) } for
some D, R € Set(IP) where R C D and some m € MSG.

First, the side condition of the inference rule is used to determine that

E(9) =true [Te(9)] = true

With this side condition, the following derivation can be made in mCRL2:

[AX1om]

[4(0.0.m5g iy )]
LB,
Definition 211

(0,0, 058 my)
H([0],[0] [ gununy]) v

€(0,0,mSg gy

[CUERD 2]

t([0].[0]. [ danny])
£(0,0,m5€ gumy)- Toom(&)Ufa,.a,} (§-P) SR Toom(&)u{a, e} (8:P)

([0],10]. [m=& giumny])
T¢(9) = t(0,0,m58 gumy)- Toom(€)u{q, a3 (§:P) S e Toom(&)ufara.} (§:P)

(101101, [m5g gumny])

[r¢(¢)] = true

Definition of { (3 times)

Tefqi=er,nayi=en] (¢) = 10,0, mS8 gy ) T, ad(Elai=e1, 0 q, = e,p T {p
@1, a,} NDOM(E) =0 Elai=er,aw=e( ( & dummy)- Toom(&)ufa;a,} (31 ! 9 ul:P) |(|[0]]‘1w]].|[m=:lng]:)( ) Lemmal3]
T (O)[T(@) = uger)s++T(Qn) = fu(en)] — 4(0,0.158 gumms)- Toom(E ot oo —epq =e, aunml), ,
(a1,q,} NDOM(E) =0 £(9)[T(ar) = tu(ey) (an) = tu(e,)] = t( 8 dummy)- Toom(&)U{q,-a,} (§[A1 1= €1, q, == €], P) —>l[mw‘ﬂmsgl m;:«x(;)(C p) Lemmalid]
Te(P)[T(Q1) = ty(er)s T(An) 2= tu(e,)] = 8(@,0,158 gummy)- Toom(z)Uay.—a,} (- PIT (A1) = Tu(er)s 5 T(Qa) = ty(e,)) —————— Toom(¢)(§.P)

([0].[0] ms

1
(7e(6) = 0.0.158 ) Toow(e ot ) &P)) [T(@1) = e+ T(00) = ) Toouo)(¢:P

) )
VL] 5 ) EnZoes

Y (r(a).1(a,)) Te (@) = t0,0.058 gumy)- Toom(€)u(q, . q.) (6:P)

Toom(¢)($:P)
t([01.[0]. [msg gy )

Lr({aya)) TE(®) = t(0,0,188 tmmy)- Toom(&)u(a,. .} (§5P) ————— Toom(g)(€,p)

O] Definition of {q;,--,q,} (2 times)

Lr(ev(9) \ pom(é)) Te (@) — t(0,0.m88 yymmy)- Toom(&)u(Ev(9) \ pom(&)) (:P) Toom(g)(8:p)

([0].[0]. [sg gy ])
Ta(rv(e) \ pow(E) Te (8) = t(0.0.158 ) Toom()urv(e)(E:D) =" Tpon(c) (D)

£([0].[0]. [mSg dummy])
Toou() (E:[91D) =" Tooue)(§.P)

T(E, [6lp) 4(([0], 101, [mSg duanmy]) T(C.p)

In conclusion, the induction hypothesis holds for this base case.
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~\

Arrive (T3-2): AWN defines the inference rule

|IARRIVE (T3-2)|

ip:p; g tparivelm) . p. R

There exists an (Aj,A) in .o such that @—{ip} : arrive(m) € A; Aip : P: R A ip:P R,
namely Pair [2.13]in Table[2.10] This base case can therefore be proven by finding a set of
derivations in mCRL2 for T(ip : P: R) 5= T(ip : P’ : R) for all a € A, where

hEE))

A D,0’ €T (Set(IP))
Ay = { arrive(D,D’,U(m)) }
{u(ip)}nib> =0

Note that {U(ip)} ND> =0 = [ry(y) ¢ 15, ] = true
In mCRL2, the following derivation can be made for all D,D’ € T(Set(IP)) such that
B> CHAU(ip) ¢ D:

[AXioml

Definition Z.1]

. [arrive(ts t5: 1y m))]
arrive(ts, 15, , fy(m)) ———————

. arrive(D,0”, [y (m)])
arrive(ls,fg, . ty(m) ———

Definition of ¢

BeaT]

v
v
arrive(tﬁA,tﬁ, ,tU(m)) w v

arrive(D,5°,u(m))
—_—

arrive(1p, 155,y (m))-G(fu(ip) s Tu(r)) G(ty(ip)stu(r))

ltu(ip) & 1551 = true [CUARD 2]

) ive(B.57,0(m))
(tu(ip) & 15) — ArEIVe (15,155 , () -Gltu (i) fu(R)) e Gty (i) o))

TR Substitution
((tu(ipy ¢ D*) — arrive(D,D’,msg).G(ty (), tu(r)) ) [D :=15,D’ := tg,,mSg := ty () | —————— G(ty(ip):Lu(r)) T (3 times)
Y007 (Set(IP)) msg:T(MSG) (fu(ip) ¢ D*) — arrive(D,D’,msg).G(ty(ip): fu(r)) TP, G(ty(ip)su(r))
5 . arrive(D.5°,u(m)) [CHOICE?]
Lo.0%:1(se1P)) s (MG) (o) & D*) = arrive(D, D msg).Glu(i):fum)) +SLEP = fuip) B = tugr) | " Gltu(ip) tu(m)) Substitution
} . ] ) arrive(5,67,U(m)) £
Definition of G ( Lops:1(settp)) msgr(MsG) (1P & D?) — arrive(D,D?,msg).G(ip,R) +S ) [1p := fy(jp), R = fyr) | —————— Glty(ip)stur)) RS

arrive(D,5°,u(m)) G<tu(ip)-,tu(R))

(P) [1 G(tu(ip)stu(r))

Gty (ip):tu(r))

T(P) || Glty(ip) tu(r))

arrive(D,5°,u(m)) T
_—

Ye(arrive(5.5" u(m))) Comn2]
Te(T(P) || Gty (ip)stu(r))) ——————— Le(T(P) || Glty(ip)stur)) Apply 76
Te(T(P) || Gleggintogr) @O L, - 2 (B | Gty i
arrive € VU {1} c(T(P) || Glty(ip)stuw))) c(T(P) || Gltu(ip):tu(r))) o

arrive(D,5’,U(m
VVTe(T(P) [| Glty(iystumy) 2L, 9y e (T(P) 1| Gl tuimy)

arrive(D,5’,u(m))

T(ip:P:R) ———————> T(ip:P:R)

where S is an expression equal to all summands of G except for the one containing arrive.
So it is indeed the case that

b2CH

T(ip:P:R) S=T(ip:P:R) foralla € A, = { arrive(D,57,U(m))
{u(ip)}nD?=0

5,52 €T (Set(IP)) }

which finishes this particular base case.
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Connect (T3-1): AWN defines the inference rule

[CONNECT (I'3-1)|

connect(ip,ip')

ip:P:R————ip:P:RU{ip'}

There exist an (A1,A;) in <7 such that connect(ip,ip’) € A Aip:P: R R ip:P:RU
{ip’}, namely Pairin Table This base case can therefore be proven by finding a
set of derivations in mCRL2 for T(ip: P:R) S=T(ip: P': RU{ip’}) foralla € A, =
{ connect(u(ip),u(ip’)) }.

In mCRL2, the following derivation can be made:

[Ax1oM]
[econnect(1y,(;y).1y(p))] =
eonnect(ty (i), ty(py) ———————— V' i
DefinitionZ.1]

t(Lrvgip) 1[0
connect(fy i), fu(ip’)) w v

comnect(0() .0 ") Definition of ¢
—_—

connect(U(ip),U(ip’) @
Pttt b LUELY

)
connect(ty(ip), tu(ip’) )-G(tu(ip) o tu(RULip’))) G(ty(ip) turuipy))

. . t(u(ip),u(ip’))
( connect(tu(ip), 1p’)'G(tU(ip)7tU(RU{ip’})) ) [ ip’ = ty(ip’) ] w}

connect(ty (i), ty(ip’))

Substitution

G(tu(ip) tu(rugip’})) S

) nnect(U(ip),u(ip’))
Lips:r(ip) connect(fyip), ip”)- Gty (ip)» turuiip’})) R N Gty (ip)>turuiip’}))

. . t(U(ip),u(ip’))
Tiprer(p) comnect(ty (i), 10°)-Gltu(ip)s fu(rugiphy) + SLAP = fu(ip)s R =ty () | e PP D,y

[CHOICED]
G(tUi)thRU" ) L
. 4 - . connect(U().0(ip") P Subtiion
( Yip»r(p) connect(ip,ip’).G(ip,RU{ip’}) +S )[ip:= ty(ip)s R 1= ty(r) | —————— Gltu(ip): fu(ruin}))
— [RECURSION 2]

connect(U(ip),U(ip’))
————— Glty(p) turufip’}))

[PAR3]

Definition of G

G(tU(ip)7tU(R))

nnect(U(ip),U(ip’))
T(P) || Gltupys o)) et LD, 1B || Gty ocrugio)

— [CoMmi 2l
( t(U(ip),u(ip)))
Te(T(P) || Glty(ipys fur))) ot BT T (T (P) || Glty(ipys roirugin'd)))

T (T(P) H G(t 8 )) connect(U(ip),U(ip’)) r (T(P) ” G(t ) )) Apply 1c
B SRERRERA, N
connect € VU {7} ——* S connect(u(ip),U(ip")) - e o v
VyLe(T(P) || Gltogp), foir)) ——————> VWIc(T(P) l| Gleugp)s foruginn) m
T(ip: P: R) <2etC@@), iy p 2 RU{ip™})

where S is an expression equal to all summands of G except for the first summand
containing connect.

So it is indeed the case that

T(ip:P:R) S=T(ip:P:RU{ip’}) forall a € A; = { connect(U(ip),u(ip’)) }

which finishes this particular base case.

Connect (T3-2): Similar to the Lemma 4.7} proof for [Connect (T3-1)]
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3

Connect (T3-3): AWN defines the inference rule

ip ¢ {ip’,ip”}

connect(ip’,ip”)
T

|ICONNECT (1T3-3)|

ip:P:R ip:P:R

There exist an (Aj,A;) in </ such that connect(ip’,ip”) € Aj ANip : P: R A ip:P R,
namely Pair 2.14] in Table 2.10] This base case can therefore be proven by finding
a set of derivations in mCRL2 for T(ip : P: R) = T(ip: P’ : R) for all a € Ay =
{ connect(U(ip’),u(ip”)) }.

In mCRL2, the following derivation can be made:

[AxtoM]
Definition2.1]

[connect(ry;, ity (7)1
Ea——0 N

connect(y(;), fu(ip”)) v

connect([1y ;)] [t i) ])
connect (i) fu(ip”) L) AD N

connect(U(),0(") Definition of ¢
Ty

v
connect(U(ip’),u(ip” @

Ju(ip”)),
conmect(ty i) fu(ip))-Gtu(ip) fu(r) — e Gty (i) o r))

connect(ty (i) fu(ip”))

[ruip) & {tu(ip) Putipm) 1 = true e L [GUARD 7]
(tu(ip) & {tu(ip?)stu(ip) }) — commect(ty (i), ty(ip))-Gltu(ip) tur) —————— Gltu(ip)-tu(w))

. . ) . connect(U(ip).u(ip")) Substitution
((tup) ¢ {ip’,1p"}) — connect(ip’, 1p”).Glty(p) tu(r)) ) [1P7 = fu(ip?), 1P =ty (ipm) | —————— Glty(ip) fu(w)) S
Y (tu) & {ip’,ip”}) — conneet(ip’,ip”).Gltu(iysfu(r) —mectCPIVE@ D Gy o)
ip’.ip™:T(IP i ’ ) - i(ip) tu(R ip) *U(R
ip’,ip™1(IP) \'u(ip) u(ip)>'u(R) u(ip)>'u(R) oot |

connect(U(ip"

) e ) et L X ):u(ip”))
Yips iprap) (fu(ip) € {ip?,ip}) — connect(ip’,ip”).G(ty(jp)stu(r)) +S[ 1P = ty(ip): R = ty(w) | 22, Glty(ip) fom))

(x (ip ¢ {ip’,ip”}) — connect(ip, ip”).G(ip,R) +S ) [ip :=fy(ip) R i= fy(r) | —mmetlWPINP, G o i) Substitution
ip’ip™: ) ,ip”).G(ip, =ty Ri= LA AN -~
Definition of G — =P AP TVPE VR, TP PP P P = @) ) Vi) VR, e RSTON D

) connect(U(ip’),u(ip”))
_—

Gty (ip)stu(r) G(tu(ip)stu(r))

t(u(ip’),u(ip”))
T(P) || Gt toir) 225 T(P) || Glty (i) tuce))

( t(U(ip),U(ip”)))
Ce(T(R) | Gltutpn o) == Fe(T(B) || Ol tuw)
t(u(ip’),u(ip”))
Te(T(P) || Gltu(ip): tu®) — "2 Te(T(P) || Glty(ip) tuoiw))

— ALLow 2]
t(U(ip’),u(ip”))
VyTe(T(P) || Gltg(ip), tur)) —m 2y V(TP 1| Gltutrytom))
T(ip:P:R)

connect(U(ip’),u(ip”))
Ty

connect € VU{t}

T(ip:P:R)

where S is an expression equal to all summands of G except for the third summand
containing connect. So it is indeed the case that

T(ip:P:R) S=T(ip:P:R) foralla € Ay = { connect(U(ip’),U(ip”)) } withip ¢ {ip’,ip”}

which finishes this particular base case.

Disconnect (T3-1): Similar to the Lemma [.7}proof for[Connect (T3-1)]

Disconnect (T3-2): Similar to the Lemma [4.7}-proof for [Connect (T3-1)]

Disconnect (T3-3): Similar to the Lemma[.7}-proof for[Connect (T3-3)]
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Induction step
Given only its side conditions and the induction hypothesis, show for each inference rule of
AWN with conclusion P % P’ that there is some (A1,A3) € &7 .a € A| AP AL P/ guch that

T(P) LI T(P’) can be derived for all &’ € A;.

Recursion (T1): AWN defines the inference rule

def

O[var; := & (exp;)|",,p 4 ¢, X(vary,---,var,) =
§7X(expl7“'aexpn) i> C’pl

L IRECURSION (T1)

Ya e Act

According to the induction hypothesis,

J(A1,A2) € & .a € Ay NO[var; := & (exp;)|7-y,p A, ¢.p
n A —
AT (@var; := & (exp;)]i-,p) —>=T({,p')

and so the following derivation can be made for all @’ € A,:

Induction hypothesis

T(0[var; := & (exp,)]'_,,p) H=T(E,p)
T vz, - wazy) (O[var; :i= E(exp))l1,,p) S=T(C,p)

T2

Lemma

w T{varl,m,varn}((bvp) [T(Vari) = tU(!j(ex;?,v))]l.:1 D= T(Cap/)
X(vary,---,var,) = p,@ 7
X(tu(E(expy)s > lu(E(enp,) == T(6:D)

/

Theorem [.T] Lemma[@.3]
X(Té(exPl)f"th‘,’ (exPn)) a_>E T(Cvp/) =
Tv(€7X(€Xp1, o :expn)) a_,>E T(Cvp,) Choose V = DOM(&)

a

TDOM(&)(&7X(&XP17 T aexpn)) —= T(C)I)/)

o2

T(E, X(expy, - exp,)) =T (L)

This proves this particular induction step.
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Choice (T1-1): AWN defines the inference rule

g /
=
SP2CP —[CHOICE (TT-T)]
&;p+qa—Cp

Va € Act

According to the induction hypothesis,

I(A1,42) € .a€ A AE,p L P AT(E,p) 2=T(¢,D)

and so the following derivation can be made for all @’ € A,:
g Induction hypothesis

TEP Z=TEP) o
T(£,p)+T(&,9) S=T(S,p)

a/

T(E,p+q) —=T(E,p)

This proves this particular induction step.

Choice (T1-2): Similar to the the Lemma.7}proof for [Choice (T1-1)| (CHOICE 4]is used

instead of [CHOICE 2J).
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Parallel (T2-1): AWN defines the inference rule

pLp
P(QSP (Q

Va # receive(m)

[PARALLEL (T2-1)|

According to the induction hypothesis,
J(A1,42) € o .a € A AP 2L P AT(P) 2= T(P)

Because a # receive, Pair[2.10]from Table cannot be among the pairs (A,A;) that
satisfy the induction hypothesis (of which there must be at least one). Furthermore, ac-
cording to the AWN semantics a must be an action that can be performed at the sequential
level, meaning that a € {7, broadcast, groupcast, unicast, ~unicast, send, deliver}. As
a consequence,

V(ALA) € o .a€ MAP L PAT(P) B=T(P)=Vd €4r.d eW
where W = {t, cast, —uni, send, del }

Given this, the following derivation can be made in mCRL2 for all a’ € Aj:

B E—— Induction hypothesis
e RENANEZ
d’ # receive p{meive_}r)T(P) —,>E p{receive_}r}T(P,) Apply {receive — r}e
Pyreceive—r} T (P) a-,E P{receiVHr}T(P:) N
Pireceive—sr} T(P) || Pfsend—s} T(Q) = Pyreceive—sr} T(P') || Pfsend—s} T(Q) o]
T trs6) (P(receive -} T (P) || Pgsena—s) T(Q)) Mo 0@, _ L(rls -t} (Pfreceive+r) T(P') | Pisena s} T(Q)) Apply 7
4 VU oW L trst) (Pgreceive -} T (P) || Pysena—s) T(Q)) 4= T (rjs—st) (Pfreceive 1} T(P') || Pysenass} T(Q)) Ao

VVr{r\s~>t} (p{receiveﬁr}T(P) || p{sendﬁs}T(Q)) L= VVr{r\s~>t} (p{receiveﬁr}T(P/) || p{sendﬁs}T(Q))
T(P(Q S=TF (Q)

This proves this particular induction step.
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Parallel (T2-2): AWN defines the inference rule

Q5 Q!
P{(QSP(Q

Va # send(m) - [PARALLEL (T2-2)]

According to the induction hypothesis,

I(A1,Ar) € .ac A AQEL QY AT(Q) B=T(Q)

Because a # send, Pair[2.8|from Table[2.10]cannot be among the pairs (A;,A>) that satisfy
the induction hypothesis (of which there must be at least one). Furthermore, according
to the AWN semantics a must be an action that can be performed at the sequential level,
meaning that a € {7,broadcast, groupcast, unicast, —unicast, deliver, receive}. As a
consequence,

V(ALA) € .a€ MAP L PAT(P) B=T(P)=Vd €4r.d €W
where W = {t, cast, ~uni, del, receive }

Given this, the following derivation can be made in mCRL2 for all a’ € Aj:
——————— Induction hypothesis
T(Q -=T(Q)

{send—s}ed’

p{sendﬁs}T (Q) - = p{send%s}T (Ql)

[RENAME 2]
Apply {send — s}e

[PARS]

d # send -
a
p{sendﬁs}T(Q) —= p{sendﬁs}T(Q/)

p{receiveﬂr}T(P) H p{sendﬁs}T(Q) L= p{receiveﬁr}T(P) || p{sendﬁs}T(Q/)

Yirls—sty (@) 7
r{r\sﬁt} (p{receiveﬁr}T(P) H p{sendﬁs}T(Q)) — = F{r\s%t} (p{receivear}T(P) H p{sendﬁs}T(Q )) Apply ¥
devu {1_} Sw r{r\sat} (p{receiveﬁr}T(P) || p{sendﬁs}T(Q)) L= r{r\sat} (p{receiveﬁr}T(P) || p{sendﬂs}T(Q/)) BLiiow 7l

VVF{I“S%[} (p{receiveﬁr}T(P) || p{send%s}T(Q)) L= VVF{r‘S%l} (p{receiveﬁr}T(P) || p{send%s}T(Q,))

: L TREQSETER(Q)
This proves this particular induction step.
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7

Parallel (T2-3): AWN defines the inference rule

receive(m) _, send(m) .,
Vm e MSG P P . Q Q [PARALLEL (T2-3))
P{(Q=P (Q

There exists an (Aj,A;) in &/ such that 7 € A AP (( Q A pr (( Q, namely Pair
in Table 2.10] The induction step can therefore be proven for this particular case by
finding a set of derivations in mCRL2 for T(P {(( Q) %= T(P' (( Q) for all a € Ay =
{t(u(D),u(R),u(m)) } for some D, R where R C D.

receive(D,0°,U(m))

From the induction hypothesis, it follows that T (P) »=T(P') forall D,D’ €
T(Set(IP)) because Pair 2.10]in Table 2.10]is the only (Bj,B;) € <7 . receive(m) € Bj.

Similarly, T(Q) MWL), _ 1!y because Pair [2.8] in Table 2.10|is the only
B1,By) € o/ .send(m) € By and the following condition holds:
g

& (ms) = m E2228L 17, (ms)] = U(m)

This means that the following derivation can be made in mCRL2:

Induction hypothesis

receive(D,52,u(m))

T(P) =T(P)

T(p) e BLOLS ),

{receive—r }ereceive([[0],[0],u(m))

Choose 5 =5’ =0

IRENAME 2|

= P{receive—r} T (Pl)

r([0],[e],u(m))
p{receivear}T(P) M)E p{receiveﬁr}T (Pl)

P{receive—r} T (P)

Apply {receive — r}e

Induction hypothesis

Apply {send — s}e

1(Q) S ILBLLt), o

{send—s}esend([0],[0],u(m))

p{sendﬁs}T(Q) = p{sendﬂs}T(Q,)

([1,[0],u(m))
p{sendﬁs}T(Q) M)E p{sendﬁs}T(Ql)

r([01.[0].v(m) 5 e L L0(m) gl
p{receiveﬁr} T (P) —= p{meiveﬁ,} T (P ) p{sendﬁs} T (Q) 2 = p{sendas} T (Q )

r([0],[0].u(m))Is([0].[0],u(m))

p{receiveﬂr} T (P) | ‘ p{send%s} T (Q) = p{receiveﬂr} T (Pl) ‘ ‘ p{sendas}T (Q,)

Yirls—t} (£([0],[0],0(m)) [s([0], [0] U (m))) Comm 7]

Apply v
[ALLow 2]
o

r{r\s%t} (p{receiveﬁr}T (P) ‘ | p{sendﬁs}T (Q) > = r{r\sﬁt} (p{receiveﬁr}T (P/) ‘ ‘ p{send%s}T (Q/) )

rs([0],[01,u(m))

F{r\sﬂt} (p{receive%r}T (P) ‘ | p{sendAs}T (Q) ) = 1“{r|54n} (p{receiveﬂr}T (P/) ‘ ‘ p{sendﬁ»s}T (QI) )

teVu{r}
t([].[].u(m))
VVF{r\sat) (p{receivear}T(P) H p{send%s}T(Q)) > = VVF{r\sat} (p{receive%r}T(Pl) H p{sendﬁs}T(Q,))

(e (Q D= 1p (@)

This proves this particular induction step.
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s )

Broadcast (T3): AWN defines the inference rule

broadcast(m)

P/
ip:P :R

P
ip:P:R

IBROADCAST (T3))

R:*cast(m)

There exists an (A1,A;) in .« such that R : *cast(m) € Ay Aip:P: R A ip: P': R, namely
Pair[2.11]in Table (note that it is possible to choose D = %4p). The induction step
can therefore be proven for this particular case by finding a set of derivations in mCRL2
for T(ip:P:R) &= T(ip: P : R) for all a € A = { starcast([%p],U(R),u(m)) }.

In mCRL2, the following derivation can be made:

[AxtoM]
Definition2.1]

— [east(Z4p to g to(m))]
cast(%p, ty(r)stu(m)) ——

cast([7v],[tu(r) 1 [tugm]) v

cast(Zp, ty(r) tu(m))

Definition of ¢

BeaT]

— =
cast(Zip, ty(r)s tu(m)) ast([Zp], (R).0(m),

p— Gast(24p], U (R),0 ()
cast(Z4p, ty(r)stu(m))-Gltu(ip): tu(r)) SRR TR, Glty(ip): tu(r))

cast([Z4p].U(R) 0 (m))
—_—

[tor) N %P = ty(r)] = true

(tu(r) N e = ty(r)) — Cast(Zhp, ty(r)stu(m))-Gllu(ip) s tu(r)) G(tu(ip)stu(r)

- cast([%p].U(R),U(m)) Substitution
cas! ip] g
((tu@yND =D’) — cast(D,D’,msg).G(ty(ip) fu(r)) ) [D := %ip,D’ :=ty(g),mSE := Ly(m) | ——————— G(ty(ip)lu(r) B
cast([%p],U(R),u(m)) my
Lo.07:1(Set(1P) moger(MsG) (fury ND = D) — €ast(D,D’,msg).G 1y (ip): tu(r) —————— G{ty(ip):tu(w) S| -

—= . ‘cast([%p],U(R),u(m))
Yo, (Settp)) msg:r(MsG) (fu(r) N D = D?) — €ast(D, D, msg). Gt u(r)) + S|P = tu(ipy B 1= tu(r) | 22 Gty s o))
— ] ] Gast([%ip] U(R) U (m))
I RND=D’) — cast(D,D’,msg).G(ip,R) +S ) [ ip := tfu(in). R = tu(r) | ot Gt
PN ( Lp.p*:1(Settp)) msg:r(MsG) ( ) ( g)-G(ip,R) +S ) [ip := ty(ip) uR) ) (tu(ip)tu(r)) e

cast([%p].U(R),u(m))
Gty (i) o)) —— s Gty (i) o))

Substitution

where S is an expression equal to all summands of G except for the first one.

U
From the induction hypothesis, it follows that T (P) cast([24p] VR, 0(m), _ T(P’) because
Pair[2.4]in Table 2.10]is the only (B;,B;) € < . broadcast(m) € B;. Combining this with
the conclusion of the derivation above gives

Induction hypothesis el o) (see above)
casi U LU \u(m
T(P) Gltugp) fogy) LLAOL,
[PAR3

t([%p].U(R),u(m))|cast([%p] ,U(R),U(m))
T(P) || Gty (i) tury) el B Lo D]east [T B 0D, _ () || Gty i) tocry)
ICOMM 2!

t([%p],U(R),U(m))|cast([%p],U(R),U(m)
Te(T(P) || Gty () toey)) "Ll UR V) east( Tl OBV, _ 1 (T () | Gty o)

T(P) G(ty(ip)»tu(r))

Appl
starcast([%p],U(R),U(m)) pPly Y

starcast € VU {’L'} Le(T(P) || G(ZUUP)?IU(R))) = FC(T(P/) I G(tu(ip)JU(R))) - .
ALLOW 2
t. t([%p].U(R),U(m))
VyTe(T(P) || Gltya) fuiey)) o B, — 9y Po(T(P) || Gt fue)

starcast([%p],U(R),U(m))

T(ip:P:R) T(ip: P’ :R)

So it is indeed the case that

T(ip:P:R) S=T(ip:P :R) for all a € A; = { starcast([%p], U(R),U(m)) }

which finishes the induction step for the case of the BROADCAST (T 3)|inference rule.
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s )

Groupcast (T3): AWN defines the inference rule

groupcast(D,m
p (D,m)

ip:P:R

[GROUPCAST (T3)]

Pl
RND:*cast(m) i PR
There exists an (A},A;) in 7 such that RND : *cast(m) € AjAip:P: R = ip:P :R,
namely Pair 2.11] in Table 2.10} The induction step can therefore be proven for this
particular case by finding a set of derivations in mCRL2 for T (ip: P: R) %= T(ip: P’ : R)
for all a € Ay = { starcast(U(D),U(RND),U( exprm)) }.
In mCRL2, the following derivation can be made:

[Ax1oml

DefinitionZ:1]

— [east(ty(p) tu(rrp) uim))]
cast(ty(p); tu(rnp) s tu(m) ——————————

m(’U(D)JU(RnD):tU(m)) cast([ty(p) . [tu(rrp) 1 [fum)]) v

Definition of ¢

— cast(u(D),u(RND),u(m))
cast(ty(p), fu(rnp)sfu(m)) LA,

cast(U(D),u(RND),u(m))
A s Glty(ip) fu(k)
cast(U(D),U(RND),u(m))
SR

cast(ty(p), tu(rnp)» tu(m))-Gtu(ip) tu(r))

[tu(r) Ntu(D) = tu(rrp)] = true

IGUARD 2]

(tU(R) Ntyp) = tU(RﬁD)) - ﬁ(tU(D)ﬂtU(RﬁD)itU(m))‘G(tU(lp)‘rtU(R)) G(Zu(ip)atc(R))

D) 0(END) um) Substitution
— casl J U(m
( (rU(R) ND=D’) — cast(D,D’ vmsg)-G(tU(ip)‘tU(R)) ) [D:= ty(p),D’ = ty(RnD) WS = ty(m) |——— G(rl,(ip)‘tU(R)) (3 times)
— ‘cast(u(D),u(RND),u(m))
D.D’:T(Set(IP)) msg:T(MSG) \fu(R) = ,D7 -ITu(ip)stu(R) ! u(ip)1fu(R) m
Y, (ty(ryND =D’) — cast(D,D’ ,msg).G(r, tyr) ———————— G(¢, ty(r))

cast(u(D),u(RND),u(m))
T

Y0.0*:1(Set(1P)) msg:r(MSG) (fu(r) D = D?) — cast(D, D’ msg).G(ty(ip) fu(r)) + S[ 1P := tu(ip):R = tu(r) | Gty (ip)»tu(r))

= cast(D,D cast(u(D),u(RND),u(m)) ubstitution
L G i i 5 U S
Definition of G ( D, :7(Set(P) msg:r(MsG) (RMND =D?) — cast(D,D’,msg).G(ip,R) + S) [ip = ty(ip) R = ty(r) | ——————> Glty(ip)s tu(r))

[RECURSIONT]

cast(U(D),U(RND),U(m))
5

Gty (ip) s tu(r)) Gty (ip) tu(r))

where S is an expression equal to all summands of G except for the first one.

From the induction hypothesis, it follows that T (P) ast(U(P),0END)0(m)), _ (P’) because
Pair2.5]in Table 2.10]is the only (B;,B) € < . groupcast(D,m) € B;. Combining this
with the conclusion of the derivation above gives

Induction hypothesis w2(0(D) U(RD) 0(m) (see above)
cas A ,u(m
=T(P) Gty(ip)stuw) ————— Gltu(ip) tu(r) 3

t(U(D),u(RND),u(m))|cast(u(D),u(RND),u(m
T(P) || Gty (), fugr) o DUEDI Nt OBLUED), — 3 (p) | Gt i) tuia)
7 (cast(U(D),U(RND),0(m))[ast(u(D),U(RND),u(m))) h Couv 2]
Le(T(P) || Glty(ip)stu(r))) =Tc(T(P) || Gltu(pp)tur)) Apply 7
C
Le(T(P) || Glty(ip)»tu(r))) =Te(T(P') || Glty(ip), tur))) o
VvIc(T(P) || Glty(ip) tu(r))) = WwIc(T(P) || Glty(ip)stur))) i

T(ip:P:R) =T(ip:P' :R)

T(P) cast(U(D),u(RND),u(m))

starcast(U(D),U(RND),u(m))

CITEEG €Y {T} starcast(U(D),U(RND),u(m))

starcast(U(D),U(RND),u(m))

So it is indeed the case that

T(ip:P:R) S=T(ip: P :R) forall a € Ay = { starcast(U(D),U(RND),u(m)) }

which finishes the induction step for the case of the(GROUPCAST ('I'3)|inference rule.
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~\

Unicast (T3-1): AWN defines the inference rule

unicast(dip,m) _, .
P—>P dipeR
— 7 €*_ ONicAST(T3-T
ip:P:RM)lp:P’:R

There exists an (A,A;) in &7 such that {dip} : *cast(m) € A; ANip:P: R A, ip: P :R,
namely Pair 2.11] in Table 2.10] The induction step can therefore be proven for this
particular case by finding a set of derivations in mCRL2 for T(ip : P: R) 5= T(ip:P': R)
for all a € Ay = { starcast(U({dip}),u({dip}),u(m)) }.

In mCRL2, the following derivation can be made:

[AX1om]

DefinitionZ1]

— [east(ty {aip)) tu((aip}) tu(m)]
cast(ty(aip) ) tu({dip} ) Lo(m)) ——— S

east([ty gaipy) 1 [to(znp) I Do),
o L o@EnD) b o D,

cast(ty((dip}) s fu({dip}) Tu(m))

Definition of ¢

_ ({dip}),u({dip}),u(m))
At gaphy ool toim) DD O, o

— Gast(u({dip})).v({dip)),u(m))
@ast{ty(gaip)) ol lain))Fum)-Glto(i)fuim) — Gty (i) o)
Loty Mo(gaph) = tottapy] = true b ldph), L), i) b0 e enmvoml
(tu(ry Nu({aipy) = tu({dipy)) — €Sty ({dip})su({dip}) Tu(m))-G(tu(ip)s tu(r)) - G(ty(ip)» tu(R))
oD o Substitution
((tU ND=D’) — cast(D,D’,msg). G(ty(ip) s tu(r)) )[D = ty({aipy)s D’ = tu({dip})sBSE = tu(m) | G(rU (ip)>Tu(R - @i,
t dij dij
Y0027 (Set(1P)) msg:r (MSG) (fu() 1D =D”) — cast(D,D’,msg). G(ty(ip) tu(r)) M’G(Iu (ip)u(r)) Ciore7]
cast(U({di ({dip}),u(m
.01 (setP)) msg:T(MsG) (fu(r) D = D) — cast(D, D, msg) Gty (jp), fur)) + S| 1P = ty(ip) B 1= ur) | M’GW"’) o) Substitution
oy N . cast(u({dip}).u({dip}).u
PR E (L1 (SetP)) msgr (vsG) (RND =D?) — cast(D,D’,msg).G(ip,R) +S ) [ ip := ty (i), R := ty(r) | cest{u({de)) ul{dph G(tU (i) tu(®)) e
Gast(U({dip}),U({dip}).U(m
G(ty(ip)stu(r)) D i) o), G(ty(ip)stu(r))
where S is an expression equal to all summands of G except for the first one.
cast(U({dip}),u({dip}),u(m))
. . . . S /
From the induction hypothesis, it follows that T (P) y=T(P')

because Pair[2.6]in Table is the only (By,B;) € <7 . unicast(dip,m) € B;. Combining
this with the conclusion of the derivation above gives

Induction hypothesis

) cast(U({dip}),u({dip}),u(m))

(see above)

cast(U({dip}),u({dip}),u(m))
T(P =T(P) Gltu(ip) tu(r >) R, Gltyystum) o
cast(U({dip}),u({dip}),u(m))|cast(u({dip}).u({dip}),u ,
T(P) || Gltu(ip)-fuiw) =T(P) || G(ty(ip)»tu(r))
Ye(cast(u({dip}),u({dip}),u(m))[cast(u({dip}),u({dip}),u(m))) 9 m
Te(T(P) || Glty(ip) Ju(R))) =Tc(TP') || Glty(p) tur))
starcast(u({dip}),u({dip}),0(m)) Apply ¥
Te(T(P) || Glty(ip)»t - - =Tc(T(P) || Glty(ip)t
starcast € VU {1} c(T(P) || Glty(ip)-tuce))) c(T(®) || Glty(ip) tu(r))) o

starcast dip}),u({dip}),u(m
VVTC(T(P) || Gltuiny torr)) (u({dip}),u({dip}),u(m))

= VyLc(T(P) || Glty(ip)stur)) -

starcast(U({dip}),u({dip}),u(m))

T(ip:P:R)

So it is indeed the case that

T(ip:P:R) S=T(ip: P :R) forall a € Ay = { starcast(U({dip}),

which finishes the induction step for the case of the [UNICAST (T3-1)|inference rule.

=T(ip:P:

R)

U({dip}),u(m)) }
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7

Unicast (T3-2): AWN defines the inference rule

—unicast(dip,m)

P P dip¢R

ip:P:R5ip:P:R

[ONICAST (T3-2)]

There exists an (Aj,A;) in <7 such that T € Ay Aip:P: R KN ip : P’ : R, namely Pairin
Table[2.10] The induction step can therefore be proven for this particular case by finding a
set of derivations in mCRL2 for T(ip : P: R) %= T(ip: P : R) for all a € A where

Ay ={t(u(D),u(R),U(m)) }

In mCRL2, the following derivation can be made:

[Ax1iom]

Definition[Z.1]

—_— [Funi(zy i) 0.0 )]
—uni(ty (i), 0, by (my) ———

=uni( [ty (aip) 1,191 [tu oy 1) v

ﬁ(zuw) 30, tu(m))

Definition of ¢

BEaT]

Suni(u(dip),[0],u(m)) v

=uni(u(dip),[0],U(m))
_

W(zu (dip)» 0,1y (m) )

—uni(fy i) 0, tu(my)-Gtu(ip)  fu(r)) G(ty(ip)stu(r))

Suni(u(dip),[0],u(m))
S,

[GUARD 2]

[to(aip) ¢ tur)] = true

(tu(aip) ¢ tur)) = i (ty(dip), 0, tuim))-Gtu(ip)  tu(r)) Gty (ip) tu(r))

(0@ [010() Substitution
= —uni ip),[0],U(m
((a ¢ togey) = ~umi(D,0,m88).Glty(p) Furr)) ) [ = tu(qaip)) M8 = ty(m) | ———————" Gltu(ip)stu(r) BoM2] (2 times)
. —uni(u(dip),[0],u(m)) -
Yoo (1) meger (vsG) (4 ¢ fu(r)) — ~umi(d, 0, m88).Gty i) o)) —m ™ Gty 1 o)) o

Suni(u(dip) [0].u(m))

Ya:r(1P) msg:r(MsG) (A & fu(r)) — —uni(d, 0,msg).G(ty(ip)s fu(r)) +S[ 1P = ty(ip): R = tu(r) | G(ty(ip)stu(r))

Suni(u(dip),[0],U
Zuni(U(dip),[0].0(m)), Giltu gy tu@)

Substitution
( Xt (1P) moger (Msc) (d ¢ R) — —uni(d,0,msg).G(ip,R) +S ) [ip := ty(jp), R := ty(r) ]

Definition of G —
—uni(u(dip),[0],u(m))
e AR LI,

[RECURSIONT?]

G(ty(ip)stu(r)) Glty(ip)stu(r))

where S is an expression equal to all summands of G except for the second one.

(U (di
From the induction hypothesis, it follows that T (P) uni{p( lp)’U(m))>E T(P’) because
Pair[2.7)in Table is the only (By,B;) € &/ . —unicast(dip,m) € B;. Combining this
with the conclusion of the derivation above gives

Induction hypothesis

T(P) A——_)ﬁuni(U(dip),[(b]],U(m)) =T(P) (see above) o
—uni(u(dip), [0, () | umi(v dip). 0], U (m))
T || Gltstug) PR, < TP || Gl o)
COMM 2

Y (-uni(u(dip), [0].U(m)) [Fumi(u(dip) [0].u(m))

Lc(T(P) || G(tu(p)stur)) =Tc(TP) || Glty(ip)stur)))

t(u(dip),[0],u(m))
Cevo Te(T(P) Il Gl o) = LT @) || Gl o)
t(u(dip),[0],u(m)
VVTe(T(P) || Glty(pysomy)) LD, _ G Ee(T(#) 1] Gty omy)) -

T(ip:P:R) BN ONE), T(p:P' :R)

Apply 1c

So it is indeed the case that

T(ip:P:R) L=T(ip: P : R) foralla € Ay = { t(U(D),U(R),U(m)) }

which finishes the induction step for the case of the [UNICAST (T3-2)|inference rule.
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Deliver (T3): AWN defines the inference rule

P deliver(d) P
: DELIVER (T3)]
: ip:deliver(d) p
ip:P:R——=ip:P':R

There exists an (A1,A;) in &7 such that ip : deliver(d) € Ay Aip : P: R A, ip:P R,
namely Pair [2.12] in Table 2.10] The induction step can therefore be proven for this
particular case by finding a set of derivations in mCRL2 for T(ip: P: R) 5= T(ip: P’ : R)
for all a € Ay = { deliver(U(ip), [Tz (d)]) }.

In mCRL2, the following derivation can be made:

- [AX1oM]
_ [[del(’u(ip)vtu(d))]]
del(tU(,-p),l‘U(d)) — Y B3nQ
— Definition 2.1]
T g o )
u(ip)>'u(d) =— Definition of ¢
_ el(U(ip),
del(ty (i) fu(a) ————— ¥
(tuip)tu(a)) BEa 1]

del(u(ip),u(d))
del(y (i), fu(a))-Gtu(ip)s tu(r)) el U@, G(ty(ip)» tu(r))

— del(u
( del(IU(ip)7msg)'G(tU(ip)7tU(R)) ) [data = t ] M} G(tU(lp) ZU(R))

- del(u(ip),u(d))
Yaatar(DATA) del(d, data).G(ty(ip), fu(r)) ot G(ty(ip)stu(r))

— ‘ 3el(0(ip),0(d)
Ydatar(DATA) €l (fy(ip), data).G(ty(ip)s tu(r)) +S[ 1P := fuy(ip), R := tu(r) | L)),

Substitution

M2

[CHOICE?]
G(lu(ip) ty(r ))

)0 @) Substitution
= Ta . el(U(ip
(Zdata:T(DATA) del(lpvdata)'G(lpaR) +S ) [ ip:= y(ip)s R:= fu({ip}) ] 1—> G(tU<lp)»tU( ))

Definition of G @) [RECURSION 2]
Gty(ip) tur)) — > Gty (ip)>tuw))
where S is an expression equal to all summands of G except for the third one.
. . o del(u(ip),u(d)) / .
From the induction hypothesis, it follows that T (P) ——————== T(P’) because Pair|2.9

in Table 2.10|is the only (B;,B;) € </ . deliver(d) € B;. Combining this with the conclu-
sion of the derivation above gives

Induction hypothesis (see above)

del(u(ip),u(d
=T(P') G(tu(ip)stu(r)) LRI, G(ty(ip)stu(r)) o
[Comm 2]

del(u(ip),u(d))|del(u(ip),u(d)) _ T(P) || Gl (ip)o? (R))
- U(ip)r*u
)
=Tc(T(P) || Glty(p) tur)))
Ul W7 Apply ¥
=Tc(T(P) [ Gltu(ipy tuwy)) N
= VVp{ﬂunicastat}FC(T(Pl) H G(tu(ip)th(R))) ]
=T(ip:P :R)

T(p) S 0@),

T(P) || G(tu(ip), tu(r))

Te(T@) || G(IU([p)7tU(R))) Ye(del(U(ip),u(d))|del(u(ip),u(d))
Le(T(P) || Gltu(ip)tur)))

Vv P{-unicast—t} L (T (P) || G(ty(ip)s tu(r)))

T(ip:P:R)

deliver(U(ip),u(d))
——————y
deliver € VU {7}

deliver(U(ip),u(d))
deliver(u(ip).U(d),
So it is indeed the case that

T(ip:P:R) S=T(ip:P':R)forall a € Ay = { deliver(U(ip),[T¢(d)]) }

which finishes the induction step for the case of the[DELIVER ('I'3)|inference rule.

N\
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7

Internal (T3): AWN defines the inference rule

PSP
ip:P:R5ip:P:R

INTERNAL (T3)]

There exists an (Aj,A») in &7 such that T € A Aip :P: R A ip : P’ : R, namely Pair
in Table 2.10] The induction step can therefore be proven for this particular case by
finding a set of derivations in mCRL2 for T(ip : P: R) = T(ip: P': R) foralla € A, =
{t(u(D),u(R),u(m)) } for some D,R € Set(IP) where R C D and some m € MSG.

From the induction hypothesis, it follows that T (P) HU(P),0®),0m), T(P’) for some

D, R € Set(IP) where R C D and some m € MSG because Pair [2.3]in Table [2.10]is the only
(B1,By) € o/ . T € B). This means that the following derivation can be made in mCRL2:

Induction hypothesis

T(P) t(u(D),u(R),u(m) (P/)
(u(D).u(R),u(m)) » Eard]
T(P) || G(tu(ip) tury) —————=>=T(P') || G(ty(ip): tu(r)) ]
Ye(t(u(D),u(R),U(m))) /
Le(T(P) || Gltu(ip)stu(r)) ————————=Tc(T(P) || Gltu(ip)stu(r))) Apply T
c

t(u(D),U(R),u(m
Te(T(P) || Gty ury)) 22D, — 1 (T () || Gty tuiy)

eV HU(D) U(R) u(m)) , BLLow 7]
VI (T(P) || Gty (i) tu(r))) — == VWwIc(T(P') || G(ty(ip), tu(r))) m
t(u(D),U(R),u(m))

T(ip:P:R) —————5=T(ip:P':R)
So it is indeed the case that

T(ip:P:R) H=T(ip:P :R) foralla € A, = { t(u(D),U(R),u(m)) }

which finishes the induction step for the case of the [INTERNAL ('T3)|inference rule.

Arrive (T3-1): AWN defines the inference rule

receive(m)

P P

{ip}—0:arrive(m) - PR

[ARRIVE (T3-1)|

ip:P:R

There exists an (Aj,A) in o such that {ip}—0 : arrive(m) €A \ip:P: R A ip:P R,
namely Pair 2.13] in Table 2.10] The induction step can therefore be proven for this
particular case by finding a set of derivations in mCRL2 for T(ip: P: R) 5= T(ip: P’ : R)
for all a € A, where

A D,0’ €1 (Set(IP))
Ay = { arrive(D,D’,U(m)) }

Note that {U(ip)} €D’ = [ty € 15:] = true.
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In mCRL2, the following derivation can be made for all D,D’ € T(Set(IP)) such that
D> CDHAu(ip) eb’:

[Ax1oM]

Definition 2211

= [receive (.15, fiy(m))]
receive(tg, fp, ,ty(m)) —————————

] receive(D,5”, [ry(um])
receive(fg, fp, , fy(m) ———————

Definition of ¢

BTl

receive(5,6°,u(m))
Teceive(D,D*,U(m)),

receive(ty, ig:fu(m) v

receive(5.0?,u(m))
e

receive(tg, tg, , ty(m))-G(tu(ip)s tu(r)) Glty(ip) tu(r))

receive(D.0’,u(m))
_

[toip) € t5:] = true

[GUARD 2]

(tu(ip) € t5») — receive(ts, 1, , ty(m))-Glty(ip) tu(r)) Gty (ip) tu(r))

— Substitution
= receive(5,0°,u(m))
((tu(ip) €D?) — receive(D,D,msg).G(ty(jp): fu(r)) ) [D :=15,D’ :=1p,,mSg := fy () | = Gty (ip)stu(r)) BTT] G times)
5 ive(D,0°.u(m))
Lo+ (setP) msg:(MSG) (u(ip) € D) — Teceive(tp, f5,,m8g). Gty (i) u(r)) 2 Glty(ip):Lu(w) aTeTaw

, ) Tecetve(,0’,(m))
Y00 1(Set(1P)) msg:r(MSG) (Tu(ip) € D*) — receive(s, iy, ,msg).Gty(ip) s fu(r)) +S[ 1P 1= tu(ip) R 1= tu(r) | —————— Gltu(ip)»u(r))

Substitution

" 5 . . receive(D,5’,U(m))
» ( Lppo:7(setapy) msg:r(MsG) (1P € D?) — receive(r, 75.,msg).G(ip,R) +8 ) [ p 1= fy(jp), R 1= fu(r) | —————— Glty(ip)fu(r))
Definition of G

8)- 51 [RECURSION 2]
receive(B,8°,U(m))
—e oy

Gty (ip)stu(r)) Gty (ip) tu(r)

where S is an expression equal to all summands of G except for the one containing
receive.
receive(D,D’,u(m))

From the induction hypothesis, it follows that T (P) »= T(P’) because

Pair in Table[2.10|is the only (B;,B;) € < . receive(m) € B;. Combining this with
the conclusion of the derivation above gives

Induction hypothesis 55" 0m) (see above)
receive(D,D’>,U(m
=T(P) Gty(p) tury) —— = Gty (p) tu(r))

ive(D,5°,u(m ive(5,5°,u(m
T(P) || Glty() uqr) oo NNV ORI, (1) || Gty ) o)
Y (receive(D,5? ,u(m))|receive(D,0°,U(m))) 0
Te(T(P) || G(ty(ip),t =Tc(T®) || Gltyip),t
c(T(P) || G(tu(ip) tu(r))) c(T(P') || G(tu(ip)stuir))) Apply 16
Le(T(P) || Glty(ipy:tur))) ) =TLc(T(P) | Gltu(ip) o tuir))) Ao
VyTe(T(P) || Glty(ipy, tu(r))) = WIc(T(P) || G(ty(ip) s tu(r))) -

T(ip:P:R) ))ET(ipZP/IR)

receive(D,D’,U(m))
_—

T(P)

[PART]
[ComM 2]

arrive(D,5°,u(m))
%
arrive € VU {7}

arrive(D,0°,U(m)

arrive(D,0°,u(m
So it is indeed the case that

hHle))

. B g PN B.5? €T (Set(IP))
T(ip:P:R) »=T(ip:P :R)foralla € Ay = { arrive(D,D>,u(m))
{u(ip)}cb?

which finishes the induction step for the case of the [ARRIVE (T3-1)|inference rule.
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s )

Cast (T4-1): AWN defines the inference rule

M R:*cast(m) M N HﬂK:arrive(m)/ N/

M H N R:*cast(m) M || N/

HCRAKNR=0

[CAST (T4-1)|

There exists an (A1,A;) in <7 such that R : *cast(m) € A; AM || N AW || N’, namely
Pair 2.11]in Table 2.10] The induction step can therefore be proven for this particular
case by finding a set of derivations in mCRL2 for T(M || N) %= T(M' || N') for all

a € { starcast(U(D),U(R),U(m)) } for some D with R C D.

From the induction hypothesis, it follows that T (M) stareast(V(D), U(R),v(m)

cause Pair in Table is the only (B;,B) € <7 . R : *cast(m) € Bj.

Similarly, T(N) arrive(®07,0(m)), _ T(N') for all D> C D because Pair [2.13|is the only
(B1,By) € o/ . H-K : arrive(m) € By. This observation about T(M) can be refined as
follows:

»=T(M’) be-

— Induction hypothesis
arrive(D,D?,u(m))

T(M)

arrive(ﬁ,lItU(R)]]~U(m))

T(M) O, — T(NY)

arrive([1y(p) I [ru(r) I,U(m)

T(N')

HCRAKNR=0 Choose t5, = ty(r)

RCD Choose 15 = ty(p)

=T(N')

Definition of ¢ (2 times)
arrive(U(D),U(R),u(m))
—>

T(M) =T(N')

This means that the following derivation can be made in mCRL2:

tarcast(U(D) 0 (R).0(m) Induction hypothesis e D @) 0] (see above)
T(M) s R T(M) T(M) arrive(U(D),U(R).um)), _ T(N')
T(M) H T(N) starcast(U(D),U(R),u(m))|arrive(U(D),U(R),u(m)) — T(M’) H T(N/) m
Fc(T (M) || T(N)) Yc(starcast(U(D),U(R),u(m))|arrive(u(D),U(R),u(m))) - FC(T(M,) H T(N’)) roly

re(t(m) || Ty 22O, _ rrvry | TNY)

Yiarrivearrive—a} (S(U(D),U(R),U(m)))
l—‘{arrive|arriveaa}FC(T(M) H T(N)) = 1—‘{arrive\arriveﬁa}l—‘(f(T(NI/) H T(N/))

[Comm 2]

s(u(D),U(R),u(m)) APPLY Y{arrive|arrive—sa}
seVuU {‘L’} r{al‘rive\arriVeaa}Fc(T (M) H T(N)) e F{arrive\arriveﬁa}rC(T (Ml) H T(N/))
(U(D),U(R),u(m))
VVr{arrive\arriveaa}rC(T (M) H T(N)) u)E VVr{arrive\arrive%a}r‘C(T(Ml) || T(N/))

Re: D),u(R),
pRVVF{arrive\arriveﬂa}FC(T (M) || T(N)) M’”_))_)E pRVVr(arrive\arriveﬂa}FC(T (M’) || T(Nl))

tarcast(U(D),U(R),U(m))
pRVVF{arrive|arriveﬁa}FC(T(M) H T(N)) SMH\S—>E pRVVF{arrive|arriveaa}FC(T(M/) H T(N/))

T(M||N) =T(M'||N)

Apply Re

starcast(U(D),U(R),U(m))
7

Clearly, Pair 2.TT]applies to the conclusion of this derivation, and thus the induction step
of Lemma [4.7] for the case of is established.

Cast (T4-2): Similar to the Lemma . 7}-proof for [Cast (T4-1)]
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N\

Cast (T4-3): AWN defines the inference rule

H-K:arrive(m) H’—K’:arrive(m)
e ——

M M’ N

HUH’)~(KUK):arrive(m

NI

[CAST (T4-3)|

There exist an (A],A») in .o/ such that ( HUH’)—~(KUK’) : arrive(m) € A| AM || N A,
M’ || N/, namely Pair[2.13in Table[2.10] The induction step can therefore be proven for this

particular case by finding a set of derivations in mCRL2 for T(M || N) %= T(M' || N')
for all a € A, where

Ay = < arrive(D,D’,U(m))

arrive(D,0? u(m))

From the induction hypothesis, it follows that T (M) »= T(M’) for all
D> C D because Pair in Table is the only (By,B;) € &/ . H-K : arrive(m) € Bj.

For the same reason, T (N) arrive(®D?,0(m)), _ T(N') for all D> C D. This means that the
following derivation can be made in mCRL2 for R C D:

Induction hypothesis TR Induction hypothesis
T(N) arrive(,6°,u(m)) = T(N/)

arrive(5,5°,u(m))
=,

T(M) =T(M)

Choose b = U(D), B> = U(R)

Choose D = u(D), b’ = U(R)

T(M) arrive(U(D),U(R),u(m)) - T(M’) T(N) arrive(U(D),U(R),u(m)) - T(N’)
T(M) ” T(N) arrive(U(D),U(R),U(m))|arrive(U(D),U(R),U(m)) - T(M/) H T(N')
FC(T(M) H T(N)) Y (arrive(u(D),u(R),u(m))|arrive(u(D),U(R),u(m))) = FC(T(M/) H T(N/)) Ju——
FC(T(M) || T(N)) arrive(U(D),U(R),u(m))|arrive(U(D),U(R),u(m)) - FC(T(M/) H T(N/)) m
Yarrivefarrive—a} (arTive(U(D),U(R),U(m)) arrive(U(D),U(R),U(m))) , ,
r{arrive\arriveﬂa‘yrc(’r(M) || T(N)) = F{arrive\aniveﬁa)FC(T(M ) H T(N ))

a(u(D),U(R),u(m Apply Y{arrive|arrive—a}

(m))
F{arrive\arriveaa}r‘C(T(M> H T(N)) = F{arrive\arriveaa}r‘C(T (M/) H T(N/))
(U(D),U(R),U(m))
VT arvivfarrive-sa Lo(T (M) || T(N)) === = Vv T farivearsive-sal Lo (T(M) [| T(N)

acVU{r}

Rea(u(D),U(R),u(m)) ’ ! T
pRVVr{arrive\arriveﬂa}FC(T(M> H T(N)) =Y VVr{arrive|arrive~m}FC(T(Iv[ ) H T<N >> Apply Re

ive(U(D),U(R),u(m))
e YR, — prVy T (arrivefareive sa Lc(T(M') || T(N'))

arrive(U(D),U(R),u(m)) - T(M/ H N/)

pRVVF{arrive\arriveaa}FC(T(M) || T(N))

T(M||N)

where B> C D, u(H) CD’, u(H') CD’, u(K)ND’ =0 and U(K')ND’ = 0 (according to
the induction hypothesis). The side condition of Pair [2.13] holds for the conclusion of the
derivation above:

This proves that

U(H)UU(H')CB?

TM||N) S=TM ||N)foralla e { arrive(D,0?,u(m))
(U(K)UU(K"))nD? =0

B,57 €T (Set(IP))
b @)

finishing the induction step for the case of the inference rule.
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Cast (T4-4): AWN defines the inference rule

[CAST (T4-4))

There exists an (Aj,A;) in 7 such that T € Aj A[M ] A, [ M ], namely Pair [2.3| in
Table 2.10] The induction step can therefore be proven for this particular case by
finding a set of derivations in mCRL2 for T([M]) %= T([M’]) for all a € Ay =
{t(u(D),u(R),u(m)) } for some D,R € Set(IP) where R C D and some m € MSG.

From the induction hypothesis, it follows that T (M) StarcaSt(U(D)’U(R)’U(m)), =T (M) for
some D D R because Pair in Table 2.10]is the only (B, B;) € < . R : *cast(m) € B.
This means that the following derivation can be made in mCRL2:

Induction hypothesis

)

T(M) starcast(U(D),U(R),u(m) = T(MI)
starcast(U(D),U(R),u(m)) ’
T(M) || H =TM)|[H
Lo(T(M) || B 22m=CORDD, - o) 1)
starcast(U(D),U(R),U(m)) ppy ¥
Tc(T(M) || H) =

Te(T(M') || H)

(m))

p{starcastat}r‘C(T (M) || G) = p{starcastﬁt}r‘C(T(M,) || G)
t(u(D),U(R),u(m))

p{starcast—»t}FC(T (M) ‘ ‘ G) - = p{starcast—n}rC(T (M/) ‘ ‘ G)

[RENAME 2]
Apply {starcast — t}e

{starcast—t}estarcast(U(D),U(R),

c

tevVu{r}

Hu(D),u(R),u(m))
VVP{starcastﬁt}rC(T(M) H G) — = VVp{starcastﬁt}FC(T(M/) H G)

T([M]) OB, 7))

So it is indeed the case that
T((M]) &=T([M']) forall a € A, = { t(u(D),U(R),u(m)) }

which finishes the induction step for the case of the [CAST (T4-4)|inference rule.
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e Y

Deliver (T4-1): AWN defines the inference rule

ip:deliver(d
() M

M ||N

M
M||N

[DELIVER (T4-1)|

ip:deliver(d)
s

There exists an (A1,A>) in 7 such that ip : deliver(d) € A AM || N AL W || N, namely
Pair 2.12]in Table [2.10] The induction step can therefore be proven for this particular
case by finding a set of derivations in mCRL2 for T(M || N) &= T(M' || N) for all
a € Ay = { deliver(u(ip),u(d)) }.

From the induction hypothesis, it follows that T (M) »= T(M’) because
Pair 2.12]in Table is the only (B},B;) € <7 . ip : deliver(d) € B;. This means that
the following derivation can be made in mCRL2:

deliver(U(ip),u(d))

deliver(u(ip),u(d)) Induction hypothesis
T(M) Geliver(u(ip).0(d),

=T(M)
deli (ip),u(d))
T || T(Y) “EEEED, = Tu) | TN)
(delive i
To(T(M) || T(N)) D, = re(rvr) || TO)
deliver(u(ip),u(d))
Te(T(M) || T(N) =" =Tc(T(M) || T(N))
Yarrivelarrive—sa} (deliver(U(ip),u(d))) ,
1_‘{arrive\arrive—>a}FC(T(M) H T(N)) = Iﬂ{arrive\arrive—»a}FC(T (M ) H T(N))
r{nrrive\arriveAn}rC(T(M) H T(N)) = r{arrive\arrive%a}r‘C(T (Ml) H T(N))
VVr{arrive\arriveaa}r‘C(T(M> [| T(N)) = VVr{arnve\arrlveﬁa}rC( (M/) | T(N))
Redeliver(U(ip),u(d))

pRVVr{arrive|arrive~>a}FC(T (M) H T( )) —> pRVVF{arrlve\arrlveaa}FC( (M,) H T(N))
)

Apply 1c

[Covm2]

Apply Y{arrive|arrive—a}

deliver(U(ip),u(d))
—>
deliver € VU {7}

deliver(U(ip),u(d))
AR () ()

[RENAME 2]
Apply Re

deli
) M} pRVVr{arnve\arrlveaa}FC( (Ml) H T(N))

MHN) deliver(U(ip),u(d)) T(M/HN

pRVVr{arrlve\arnveﬂa}rC ( ) H T(

So it is indeed the case that

TM||N) &= T(M ||N) for all a € A, = { deliver(u(ip),U(d)) }

which finishes the induction step for the case of the DELIVER (T4-1)|inference rule.

Deliver (T4-2): Similar to the Lemma[d.7}-proof for Deliver (T4-1)]
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Deliver (T4-3): AWN defines the inference rule

ip:deliver(d) ;
™ ip:deliver(d) M IDELIVER (T4-3)|
[M] ——— [M']

There exists an (A1,A2) in 7 such that ip : deliver(d) € A} AM || N AW || N, namely
Pair 2.12]in Table [2.10] The induction step can therefore be proven for this particular
case by finding a set of derivations in mCRL2 for T([M]) &= T([M’]) foralla € A, =
{ deliver(U(ip),u(d)) }.

From the induction hypothesis, it follows that T (M) »= T(M’) because

Pair 2.12]in Table is the only (B},B;) € <7 . ip : deliver(d) € B;. This means that
the following derivation can be made in mCRL2:

deliver(U(ip),u(d))

FT—— Induction hypothesis
T(M) eliver(U(ip),U(d) T(M )
deliver(u(ip),u(d)) [PAR 2]
(M) |[H———"—""=T(M) | H

p [CoMm 2]
eliver(U(ip),u(d))) ,

Te(TM) [[H) ——————==Tc(TM) [[H) ,
deliver(u(ip).U(d)) , PP Y

Te(TM) || H) ——————=T(T(M) || H)

{starcast—t}edeliver(u(ip),u(d))
p{starcast—»t}rC(T(M H ) b AL = p{starcastat}FC(T(M/) H H)

Apply {starcast — t}e
[ALLow 2]

deliver(u(ip),u(d))
p{starcastat}rc T(M) H H) elver_p)

VVp{sl‘.arcast—>t)FC T( )H H)

= p{starcastﬁt}rC(T (M,) || H)
= VVp{starcast—n}rb(T (M/) || H)
deliver(U(ip),u(d))

T(M]) —————==T([M])

deliver € VU {7} aeliver (0 () 0@)
SO,

(
)
(
(

So it is indeed the case that

T([M]) L= T([M']) for all a € A, = { deliver(U(ip),u(d)) }

which finishes the induction step for the case of the [DELIVER ('T'4-3)|inference rule.

Internal (T4-1): Similar to the Lemma[d.7}proof for [Deliver (T4-1)]

Internal (T4-2): Similar to the Lemma [.7}-proof for

Internal (T4-3): Similar to the Lemma[d.7}-proof for [Deliver (T4-3)]
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N\

Connect (T4-1): AWN defines the inference rule

connect(ip,ip’) connect(ip,ip’) .
——

M M’ N N’

connect(ip,ip’) M || N/

[CONNECT (T4-1)|

M||N

There exists an (Aj,A3) in 7 such that connect(ip,ip’) € Ay AM || N AL MY || N’, namely
Pair [2.14] in Table [2.10} For this particular case, the induction step can be proven by
finding a set of derivations in mCRL2 for T(M || N) e T(M'||N) foralla € Ay =
{ connect(U(ip),u(ip’)) }.

From the induction hypothesis, it follows that T (M) »= T (M') because
Pair in Table is the only (B1,B;) € </ . connect(ip,ip’) € B;. For the same

reason, T(N) connea(U(ip)M(ip,)%E T(N’). This means that the following derivation can

connect(U(ip),U(ip’))

be made in mCRL2:
T Induction hypothesis Y Induction hypothesis
T(M) connect(U(ip),u(ip’)) - T(M') T(N) connect(U(ip),u(ip’)) = T(N/)
T(M) || T(N connect(U(ip),U(ip’))|connect(u(ip),u(ip’)) =T(M) | T(N'
M) || T(N) (M) || T(N') CoGE

FC(T(M) H T(N)) Yc(connect(U(ip),U(ip’))|connect(U(ip),u(ip’))) = FC(T(MI) || T(N/))

re(T(M) || T(N) <P, - pr ) || TV))

Apply ¥c

Yiarrivelarrive—a} (¢(U(ip),U(ip"))) 0 7
F{arrive\arrive—)a}FC(T(M) H T(N)) = r‘{arrive\arriveﬁa}FC(T (M ) || T(N )) Appl
) 0@) /) 11( ) PPLY Y{arrive|arrive—a}
Iﬂ{arrive\arrive~>a}FC(T(NI) | TEN)) === r{arrive\arriveﬁa}rC(T(M | T(N'))
cevuln @) ), _ , ]
VVr{arrive\arriveaa}rC(T(M) || T(N)) = VVr{arrive\arriveﬁa}FC(T (M ) || T(N ))
Rec(u(ip),u(ip’)
PRVY T fascirive ) Le(TOM) || TON)) S22 = ey v s Ce(TOM) [ TOND)

connect(U(ip),U(ip’))
pRer{arrive\arriveAa}FC(T(M) || T(N)) A

TM|IN)

= pRer{arrive\arriveAa}FC(T(Ml) || T(N/)) =

=TM ||N)

connect(U(ip),U(ip’))
So it is indeed the case that

T(M||N) &= T(M'||N) forall a € A, = { connect(U(ip), U(ip’)) }

which finishes the induction step for the case of the [CONNECT (T4-1)|inference rule.
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7

Connect (T4-2): AWN defines the inference rule

connect(ip,ip')

MI
[M']

[CONNECT (14-2))

connect(ip,ip')

[M]

There exists an (Aj,A;) in <7 such that connect(ip,ip’) € A A | M] L [M'], namely
Pair [2.14] in Table [2.10} For this particular case, the induction step can be proven by
finding a set of derivations in mCRL2 for T([ M ]) Sl T([M']) for all a € A, where
Ay = { connect(U(ip),U(ip’)) }.

From the induction hypothesis, it follows that T (M) = T(M') because

Pair in Table is the only (Bj,B2) € &7 . connect(ip,ip’) € B1. This means that
the following derivation can be made in mCRL2:

connect(U(ip),u(ip’ ))

Induction hypothesis

[PARZ]

connect(U(ip),U(ip’)) __

T (M) O, 7w

connect(U(ip),U(j
T(M) || <D, v | 1

[Comm 2]
Te(T(M) || H) 2meeDAOD, - pecrv) 1),
connect(U(ip),u(ip’)) , PPy e
Te(T(M) || H) =P, - por () | H)
{starcast—t}econnect(U(ip),u(ip’)) , [RENAMEZ]
p{smrcastﬁt}r()( ( ) || H) = p{smrcastﬁt}rC(T(M ) H H)
et U)o ) Apply {starcast — t}e
Te(T(M) || H) et V@), Ie(T(M) || H
connecteVU{r} P{starcast—t} C( ( )H ) el o) P{starcast—t} C( ( )H ) Biiow?l
VVp{starcastﬁt}rC(T(M) H ) +>E VVp{starcastﬁt}FC(T(M/) || H) m

connect(U(ip),u(ip’))
Lonnectiiip),Dp ),

T((M]) =T(M])

So it is indeed the case that

TM||N) S=T(M ||N) for all a € Ay = { connect(U(ip),U(ip’)) }

which finishes the induction step for the case of the [CONNECT (T4-2)|inference rule.

Disconnect (T4-1): Similar to the Lemma [4.7}-proof for [Connect (T4-1)|

Disconnect (T4-2): Similar to the Lemma [4.7}-proof for [Connect (T4-2)|

Newpkt (T4): AWN defines the inference rule
{ip}—K:arrive(newpkt (tu(d) tu(dip) )
[M]

There exists an (Aj,A;) in </ such that ip : newpkt(d,dip) € Ay AN[M | A [M],
namely Pair 2.16] in Table 2.10] This base case can therefore be proven by finding

s M/

[NEWPKT (T4)|

ip:newpkt(d,dip) [ M’ ]
R e e
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a set of derivations in mCRL2 such that T([M ]) %= T([M']) for all a € A; =
{ mewpkt({U(ip)}, {U(ip)},newpkt(U(d), U(dip))) }.
In mCRL2, the following derivation can be made:

_—_, [mewpKe({1y,(;p) }{1u(jp) } mewpit (ty () Lu(aip) )]

newpkt({ty (i)}, {tu(ip) }> newpPKE (ty (), tuaip) ) =v Definition[Z]
J— newpkt({ [ty,(ip) I} { [t (ip) | newpkt ([tu(a) ] [tu(ain) 1)
newpkt({ty(ip) }, {fu(ip) }- 0P (tu(a) fu(aip))) =v Definition of

e e——t newpkt({U(ip)},{U(ip) } newpkt (U(d),u(dip)))
newpkt ({1u(i)}. (o)} nOWPRE (o) P i) S — :

BeWBRE (o }» (i} RSBty ) H 2P (o) momph (D v, _

Substitution

M2l

Substitution

(newpkt({ip}, {ip},newpkt(data,dest)).H) [ip := ty(ip)> data i= ty(g),dest =ty

RewBRH(LU(1)} V() } mwpit(U(@),0(dip))
ain)]

=H

Yip:1(IP).data:T(DATA) dest:1(1p) NeWPkt({ip}, {ip}, newpkt(data,dest)).H A o))

o)

(Lip:r(1P).data:T (DATA) dest:1(1p) NeWPKt({ip}, { ip}, newpkt(data,dest)).H)[ ] R} 0p)) mewp k(U L), gy

T — [RECURSION 2]
H DewpkE({U(ip)} {U(@p)} newpkt (U(d) (i), _ 11

Definition of H

arrive(D,0’ newpkt (1y(4) fu(dip)))

From the induction hypothesis, it follows that T (M) =T(M')

for all D’ C D such that {u(ip)} €D’ AU(K)ND’ = 0 because Pair in Table is

the only (By,B;) € < . arrive(newpkt (fy(4),tu(dip))) € B1- This observation about T (M)
can be refined as follows:

Induction hypothesis

T (M) 2Eive0.0" mewple (U Udip), _ 1 gy

T (M) arrive( [[{tlj(ip) H]vll{’u(ip) }] newpkt (u(d),u(dip)))

{u(ip)} CRAKNR=10

Choose D =B = {u(ip)}

=T (M)
T(M) arrive({[ty(ip) I 1{Trup) I -mewpke (U(d).u(dip)) o)
— - —_— — Definition of # (2 times)
(M) 2EveUUPD (U@} mewpit (U@ 0D, _ 1 (1)

This means that the following derivation can be made in mCRL2:

(see above)

1 PEVPRE((U(p)}.{0(p)) mewpkt (U(d)0cp)) (see above)

—n T(M) arrive({U(ip) } {U(ip) } mewpkt (U(d),U(dip))) —T(M) i
newpkt({u(ip)},{U(ip)} mewpkt (u(d),u(dip))) [arrive({u(ip)},{U(ip)} mewpkt (U(d),U(dip))) _ /
T(M) [[H =T(M) || H o
Te(T(M) || H) Yc(newpkt({u(ip)}, {U(ip) } neupkt(U(d),U(dip))) arrive({u(ip)} {U(ip) } newpkt(U(d) U(dip)))), Te(T(M) || H) Apoly 10
To(T(M) || H) ") et @0 @r), _ - or vy | )
tarcast—t} enewpkt({U(ip) }.{U(ip) } mewpkt (U(d),U(dip)))
p{starcastat}FC(T<M) H H) {starcast st enewp({U1ir)} {0()) mewpe V() Uldip = p{slarcast%t}rC(T(M/) H H)
newpkt({U(ip)},{U(ip)} newpkt (U(d),U(dip))) , Apply {StarcaSt - t}.
p{starcastat}FC(T(M) H H) = p{slarcastat}rC(T (M ) ” H)
newpkt € VU{z} ({0 )} ()L ek (0(d) U () (ALLOW 7]
newpl ip)}.{U(ip)} new ,U(dip
VVp{starcastAt}FC(T(M) H H) 2 = VVp{slarcastat}FC(T (M’> ” H)
newpkt({U(ip)}.{U(ip)}.newpkt (U (d) U(dip))) , o
T([M]) =T((M'])

So it is indeed the case that

T(ip:P:R) S=T(ip: P :R) forall a € Ay = { newpkt({U(ip)}, {U(ip)},newpkt(uU(d), U(dip))) }

which finishes the induction step for the case of the NEWPKT (T4 )|inference rule.




Appendix D

Complete proof of Lemma 4.8

Lemma: For Ty as defined by the rules[ri|to[ri0]in Table [2.8]it holds that

vp,a,Q,& - Tpome)(&,p) LQ=3(A1,A) € &,q,0 .a €A,
A A
/\TDOM(é)(‘:aP) = TDOM(Jg[G])(é [c],9) AE,p =5 ¢lol,qnQ = TDOM(&[G])(&[GLq)

Proof: The proof of Equation [2.19]is by structural induction over the rules|r1|to[rio/in Table[2.8]
This is a sound approach because these rules yield all mCRL?2 expressions that can result from a
translation by Ty. For each translation rule, all representative derivations (see Definition 4.3])
for expressions of the form TDOM(é)(é,p) 2% Q are listed, and for each possible derivation
Lemma [4.§]is proven.

Induction hypothesis: For all recursions Ty (&, p) that are part of a translation rule defining Ty,
it holds that

Va,Q Tpou)(€.p) = Q= 3(A1,A2) € &/7,q,0 .a € Al A

Toom(e)(&,p) A= Toom(elo)) (§[0],9) AE,p 2, £l6],qAQ = Toom(elo]) (§[0],9)
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Base cases

Show for translation rules 1| to and that for all @ and Q such that TDOM (5 p) = Q there
is some (Al,Az) € /" .a €Ay and some 0,q such that Tp,oy(£) (&, p) A= Toome(a])(§[0],9)
and &,p <, &[o],q can be derived for all @’ € Ay and Q = Tow(e[6]) (§[0],9).

Translation rule t1} The translation function Ty is partially defined by translation rule

Ty (8, broadcast(ms).p) = Yo:r(setap)) cast(%ip, D, T¢ (ms)). Ty (5, p) where D ¢ T(V)

For expressions of the form T,y (g) (&, broadcast(ms).p) < Q, consider the following
derivation:
[AX10M|

Definition 2.1]

Substitution

[cast(%p t5,T¢ (ms))] v

cast([%p].D.[1¢ (ms)]) v

cast(%p, 15, Tg (ms))

cast(%[p 215, Tg (ms))

cast([%1p].5,[75 (m9)])
cast(Zp, t5, Te (m5)). Tpom(g) (§,p) ———————— Tpom(e)(&:p)

cast([%p] .B.[T¢ (ms)])
—_—

(caSt(%Pv D, Te (ms))-TDOM(é) (€, P)) [D:=15] Toom(e) (€,p)

SUM 2|

cast([%4p] B.[1¢ (ms)])
Yo:r (seta)) €ast( %, D, Te (ms)). Toow(e) (§:P) ———————— Toom(g)(§,P)

cast([%p] B.[T¢ (ms)])
—_—

TDOM(&)(§7broadca5t(ms)'p) TDOM(é)(é,P)

This derivation is a representative derivation without alternatives (see Definition .3)). It
follows that a € { cast([%p], D, [T¢ (ms)]) | D € T(Set@P)) } and Q = Tpou(e)(&,p) =
Toom([o])(§[0],p) by choosing 6 = 0. There is exactly one pair (A1,A2) € &/~ .a €

A
A /\TDOM(é)(éabroadcaSt(ms)'P) = Toom(e [O'])(é [o],p):

({ cast([%p],D, [Tz (ms)]) | D € T(Set(IP)) } ,{ broadcast(& (ms)) })

This pair satisfies the condition that &, broadcast(ms).p LN &[o],p can be derived for all
a € A, (via AWN inference rule BROADCAST (T1)), which is sufficient to prove this
particular base case.
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Translation rule|r2; The translation function Ty is partially defined by translation rule

Ty (&, groupcast(dests, ms).p) = Lp.1(setap)) €ast(Te (dests), D, Te (ms)). Ty (§,p) where D ¢ T(V')

For expressions of the form Ty, ¢) (&, groupcast(dests, ms).p) 4 Q, consider the fol-
lowing derivation:

[cast(T¢ (dests).t5,T¢ (ms))] Bxio
cast(T¢ (dests), t5, Tg (ms))
— Definition 2.1]
cast([T¢ (dests)].B, [T¢ (ms)])
cast(T¢ (dests), t5, Tg (ms) v
.
cast([[T¢ (dests)].B, [T (ms)])
caSt(T§ (desm),tﬁ,Té (ms))~TD0M(§)( P TDOM(&)(évp) o
Substitution

cast([T¢ (dests)] 757[T5 (ms)])

(cast(Tg (dests), D, Tg (ms)). Tpom() (§,P)) [D == 5] Tpom(e) (&)

SUM 2|

cast([T¢ (dests)] B, [Tg (ms)])

Yb:1(Set(IP)) cast(Tg (dests), D, Te (ms))TDOM(::) (&,p) Toom(e) (&,p)

-
cast([T¢ (dests)].D, [T (ms)]) T

Tpom(e) (&, groupcast(dests, ms).p) pom(€)(&:P)

This derivation is a representative derivation without alternatives (see Defini-
tion . It follows that a € { cast([T¢ (dests)],D, [T¢ (ms)]) | D € T(Set(IP)) } and
Q = Tpom(&)(&:P) = Tpom(elo)) (§[0],p) by choosing 6 = 0. There is exactly one pair

A
(A1,A2) € . a € Aj ATpoug) (€, groupcast(dests, ms).p) — Tpome(o)) (§[0],D):

({ cast([T¢ (dests)], D, [T¢ (ms)]) | D € T(Set(@P)) },{ groupcast(& (dests), & (ms)) })

This pair satisfies the condition that &, groupcast(dests, ms).p = &[c],p can be derived
for all a’ € A, (via AWN inference rule( GROUPCAST (T1)), which is sufficient to prove
this particular base case.
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7

Translation rule|r3; The translation function Ty is partially defined by translation rule

Ty (&, unicast(dest, ms).p » q) = cast({T¢(dest) },{Tg(dest) }, Te (ms)). Ty (§,p)

~\

+—uni({T¢ (dest)},0,T¢ (ms)). Ty (€, q)

For expressions of the form Ty g) (S, unicast(dest, ms).p » q) < Q, consider the fol-
lowing derivation:

cast(Ty ({dest}), Ty ({dest}), Ty (ms)) S22 E M T M T,

cast[r ({des) g ({des) L rg (),

Definition2:1]

(SEEmI|

cast(T¢ ({dest}), Te ({dest}), Te (ms))
cast(Te ({dest}), Te ({dest}), Te (ms)). Tpome) (§:p)

cast(T¢ ({dest}), Te ({dest}), Te (ms)). Tpoy(e) (6. p) + —uni(Te ({dest}), 0, Te (ms)). Tpome) (§,9)
cast([g ({dest) )], [7g ({dest) ], [15 (ms)])

cast([r; ({desr})].[1¢ ({dest})].[r¢ (ms)])

TDoM(é)(5~,p)

cast(r (des) L g (des L Ing (ms)) HOICE Y

i |

DOM(é)(g:P)

TDOM(&)(& ,unicast(dest, ms).p » q) TDOM(C)(& .p)

This  representative  derivation = has  one  alternative @~ where a €

{ —|uni([[T5 (dest)], [[Tg (ms)]) } :

[Ax1oMm]

Definition2.1]

Sem

—umi(Tg ({de 0,1
—uni(Te ({dest}),0, T¢ (ms)) —)II THEHCEDIORE)

—uni([ g ({dest})],[0], [T (ms)]) v

—uni(T¢ ({dest}),0, T (ms))

i (des L O g m])

nom(@)(i ,q)
—uni([1 ({dest})],[0].[T¢ (ms)]) T

—uni(Tg ({dest}), 0, e (ms)). Toom &) (§:9)

cast(Tg ({dest}), T¢ ({dest}), Te (ms)). Tpom(e) (&, p) + ~uni(Tg ({dest}), 0, T¢ (ms)). Tpom(e) (§,9)
([ ({des 0L (D)

[CHOICE 4]
Dom(é)(é‘Q) i

Toom(e) (& unicast(dest, ms).p » q) pom(£)(6,9)

These derivations are the only representative derivations (see Definition d.3) for an ex-
pression of the form Ty (¢) (&, unicast(dest, ms).p » q) < Q. It follows that there are
exactly two cases that must be distinguished:

o letac { cast([[Té({dest})]], [[Té: ({dest})], [[Tg (ms)]) } and Q = TDOM(g)(ﬁ,q) —
Toom([o])(6[0],q) by choosing ¢ = 0. There is one pair (A1,A2) € &~ . a €

. A
A1 A Tpome) (8, unicast(dest, ms).p » q) - Tohom(lo)) (§[0]:P):
({ cast([z ({dest})], [1¢ ({dest})], [T¢ (ms)]) } ,{ unicast(€ (desr),& (ms)) })
This pair satisfies the condition that £, unicast(dest, ms).p » q LN &[o],p can be
derived for all @’ € A, (via AWN inference rule [UNICAST (T1-1)).

oelet a € { ﬁuni([[Té (dest)]],[[@]],[[Tg (ms)]) and Q = TDOM(é)(ﬁ,q) —
Toom([o])(6[0],q) by choosing 6 = 0. There is one pair (A1,A2) € &~ . a €

. A
A1 A Tpope) (&, unicast(dest,ms).p » q) — Tpome(o)) (§[07,9):

({ ﬂuni([[Tg (dest)], [[Tg (ms)]) }{ —unicast(& (dest), & (ms)) })

This pair satisfies the condition that £, unicast(dest, ms).p » q LN &[o],q can be
derived for all @’ € A, (via AWN inference rule [UNICAST (T1-2)).
By proving both cases this particular base case has been established.
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Translation ruler4 The translation function Ty is partially defined by translation rule

Ty (&,send(T¢ (ms)).p) = send(0,0, T (ms)). Ty (&, p)

For expressions of the form Tpoy(g)(S,send(Tg (ms)).p) % Q, consider the following
derivation:

[AXioml

nd(0.0,
send (0,0, T¢ (dest)) —>[[Se SR

da([o],[e].
send([0],[0].[Te (ms)]) v

Definition 2.1]

send (0,0, T¢ (dest))

send([0]. [0]. [T (ms)])
send (0,0, T¢ (desr)). Tpoy(e) (€,q) ————————»

d([o],[e],
send([0],[0].[T¢ (ms)]) T

Toom(e) (&,p)

TDOM(&)(‘:usend(ms)-p) DOM(E)(évp)

This derivation is a representative derivation without alternatives (see Defini-
tion 4.3). It follows that a € { send([0], [0],[T¢(ms)]) } and Q = Tpoue)(§,p) =
Thom(e[o])(§[0],p) by choosing ¢ = 0. There is one pair (A,Az) € &~ . a € A| A

Toom(z) (&, 5end(Te (ms)).p) = Tpomelo)) (E[0],D):

({ send([0], [0], [Tz (ms)]) }.{ send(§(ms)) })

This pair satisfies the condition that &, send(T¢ (ms)).p L5 E[o],p can be derived for all
a' € A, (via AWN inference rule[SEND (T1))), which is sufficient to prove this particular
base case.
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Translation rule[rs; The translation function Ty is partially defined by translation rule

Ty (&, deliver(data).p) = ¥;p.r(1p) del(ip, T¢ (data)). Ty (&, p) where ip ¢ T(V)

For expressions of the form Ty (g) (&, deliver(data).p) % Q, consider the following
derivation:

[AX10M]

del(r;,Tx (d
del(ti,T5 (dam)) M

Definition 2.1]

del(3, data
del(ts, ¢ (data)) @D,

del(1,[1¢ (data)])
del(t3, T¢ (data)). Toow(e) (§,9) —————— Toom(e)(&.p)

Substitution
del(s, [T (data)])

del(ip, T¢ (data)). Tpoy(e)(§,9) [ip == t:] —————— Toom(&)(&.P)

i del (i, [ ¢ (data)])
Yipr(1p) del(ip, Tg (dam))'TDOM(é) &,q9 ———— TDOM(g)@’P)

del(2,[¢ (data)])
—_

ISUM 2|

Toom(e) (€, deliver(ms).p) Toom(e) (&,p)

This derivation is a representative derivation without alternatives (see Definition [4.3).
It follows that a € { del(%,[T¢(data)]) |2e€T(P)} and Q = Toom(e)(&,p) =
Toom([o])(§[0],p) by choosing 6 = 0. There is one pair (Aj,A2) € &~ . a € Aj A

q A
Toom(e) (&, deliver(data).p) — Tromeo) ([o],p):

({ del(3, [T¢ (data)]) | 1 e T(IP) },{ deliver(& (data)) })

This pair satisfies the condition that &, deliver(dara).p LN &[o],p can be derived for
all ' € A, (via AWN inference rule [DELIVER (T1)), which is sufficient to prove this
particular base case.
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Translation rule[ré; The translation function Ty is partially defined by translation rule

Ty (é ) receive(msg).p) = ZD,D’:T(Sel(IP)),T(msg):T(MSG) receive(D, D?, T(msg))'TVU{msg} (é\msgd)) where D, D’ ¢ T (V)

For expressions of the form T,y (g) (&, receive(nsg).p) % Q, consider the following
derivation:

[AXiom]

Definition2:1]

- [receive(ig. g .1y (m)]
receive(t, 55 ,fy(m)) e ——

receive(5.5”, [y () ])
s el

receive(fs, 15 , ty(m))

— Definition of 7
" receive(D,0?,u(m))
receive(fg, 15, , fy(m)) ———————

i receive(D.57,U(m)) BET]
receive(fs, 15, , uy(m))- Toom(¢)Umsg) (& [m8g := m],p) —————= Tpom(&)Unsg} (§ msg := m],p)
i ms ive(D,D7,u(m))
receive(iy, g () Toow(&)ufasg) (§ ""Emsg = m],p) """ Toou(e).(nag) (§ [msg := m],p)
nsg ¢ DOM(E \"=8) - LemmalZ6]
i \ms receive(D,5°,U(m))
receive(i5, 5. , T(sg)). Toow(&)ufmsg) (5 gsP)) [T(msg) 5= tU(m)} ——————— Toom(&)ufnsg} (§msg := m],p)
Substitution

(l‘ecei"e(DD’~T(msg))~Tm>M(g)u{msg}(5\’“3,?)) [D:=15,D7 :=ty,, T(mSE) := fy(m)) UL

T (€ [msg :=m],p)
)U{ms;
- POM(E) tnee) BUM2(3 times)
K , \msg_ ) Feceive®0.uGm) N
Y. :7(Sel(IP)).T (msg):T (MSG) eceive(D, D, T(msg)). Tpon(&)Ufmsg} (& ™8 P) —————— Toom(&)unsg} (€ msg := m],p) —
) ive(.5",U(m))
Toou(z) (€, receive(msg).p) "2 Tpou(e)uiusg) (£ [msg := m1],p)

receive(5,5°,U(m))

Toom(e) (&, receive(msg).p) ————— Tpom(emsg:=m]) (& [msg := m]. p)

This derivation is a representative derivation without alternatives (see Definition [4.3).
It follows that a = receive(D,0’,U(m)) and Q = Tpo(&nsg—m))(§ [msg := m],p) =

Toom([a])(§[0],p) by choosing ¢ = [msg := m|. There is only one candidate for
(A1,A42) € 7. a € Ay ATpop(e) (S, receive(msg).p) A, Q, namely

({ receive(D,D’,u(m)) | D,B’ € T(Set(P)) } ,{ receive(m) })

This candidate satisfies the condition that &, receive(msg).p — £[6],p can be derived for

all d € A, (via AWN inference rule RECEIVE (T1)), which is sufficient to prove this
particular base case.




146 Part D. Complete proof of Lemmal4.8

Translation rule[r7 The translation function Ty is partially defined by translation rule

Tv (5 [[Vﬁr = exp]] P) = Ztmp:sort(T(var))(tmp =T¢ (exp)) —Xr (var):sort(T (var)) (T (Var) = tmp) -
t(07@7msg dummy)'TVU{var} (é \var’p) where tmp i T(V)

Let #. and 7; be two mCRL2 expressions such that [z, = 7] = true.
For expressions of the form Ty (&, [var := exp] p) = Q, consider the following derivation:

[Ax10M]

Definition 1]

1£0.0.258 4unny)]
4(0,0,m88 gumy) ———

0,058 ) B ]

(101,101 [258 gunny]) Eeoll
4(0,0,m58 dunmy)- Toom(&)ufvar} (6 [var := b, p) ————— Tpom(g)u(var} (§[var :=b],p)

([0].[0]. [mSg gmmy 1)}
(0,0, iy Toow(&)u{var) (& " [Var = b],p) ————"" Tpou(¢)var) (€ [var := b],p)

t([0].[0]. [msg dummy])
- o

[te = ta] = true

[GUarp 2]

_ \Varfyap
(te = ta) = t(0,0,m88 ymy)- Toom (&) Ufvar) (&\"**[var :=b],p) LemmafEgl

T var} (€ [var :=b],
var ¢ Dom(E \var) pom(g)uvar (5[ 1.p)

t([0].[0]. [msg gmmy])
(te = 14) = t(0,0,1S8 my)-Toom(e)uvar} (§ 725, p) [T(var) := ty ()] ————"" Tpom(e)uivar} (& [var :=b],p)

([01,[0]. [5€ gy 1)
(te = ta) = t(0,0,1S8 pmy)-Toom(£)ugvar} (€725, p) [T (var) := 1] UL S Toowm(€)uvar} (§[var :=b],p)

[01. 100, [5& iy ])
(te = 14) — £(0,0,msg dm,,my)~Tmm(§)u(w.r}(5\"“~P)) [T(var) ==t SOl Toom(&)Ufvar) (& [var :=b],p)

t([0].[0].[msg dunny])
e,

Choose ¢ = U(b)

T(var) ¢ Fv(t. =14)

((r(war) = ta) = £0,0,188 ) Toow(e)rar) (€ '7%.P)) [T (var) i=1] Toon(e)uvar) (Elvar i=b],p)

OL L7 aum]) Save
i s [MSE dummy
Lr(var)sort(1(vaz)) (T(var) = 1a) = (0, 0058 gummy)- Toow(g)ugwar} (& ™*7p) =" Toou(&)ufvar) (§[var := b],p)

1, (exp)] = true
bra = T (exp)] = true (IOL 101558 )

(ta = T¢(exp)) = Lr(var):son(r(var)) (T(VAT) = ta) = t(0,0,mS smmy)- Toow(&)ufvar} (€ \V,P) Toowm(&)ufvar) (€ [var := b],p)

= IO 191 558 )
((th = Te(exp)) = Lrvar)sort(r (var)) (T(var) = tmp) — (0, 0,188 nmy)-Toom(e)ufvar) (& ‘P)> [tmp := 1g] —————"— Tpom(¢)u(var} (§[var := b, p)

t([0].[0]. [ dummy])
L empisort(r(var)) (1P = Tz (€x)) = Er(var):son(r (var)) (T(var) = tmp) = t(0, 0,158 ummy)- Toom(e)ufvar} (€ "2:D) ——— = Toom(&)u(var} (E[var := b],p)

£([0],[0].[m5€ mmy])
Tooue) (& [var 1= explp) —— """ Ty, e gvary (Elvar = b].p)

([0].[0], [ms )
Toou(e(& [var i— explp) om0 e (Elvar = b],p)

SUM 2|

This derivation is a representative derivation without alternatives (see Definition [4.3).
Furthermore, [t. = t4] = true A [typ) = Te(exp)] = true = [ty)] = [Te(exp)] — note
that the derivation is impossible without these premises! — which means that b =
& (exp) according to Lemma It follows that a = t([0], [0], [msg mmmy]) and Q =

Toom(Evar:=& (exp))) (6 [Var := & (exp)],p) = Tpom(g[o]) (6 [O], ) by choosing 6 = [var :=
&(exp)]. There is only one candidate for (A;,A2) € &7 . a € A1 A Tpome) (S, [var :=

exp] p) — = Q, namely
(

{t(u(D),u(R),u(m)) },{T})

This candidate satisfies the condition that &, [var := exp] p <, &[o],p can be derived for
all a’ € A, (via AWN inference rule |[ASSIGNMENT (T 1)), which is sufficient to prove this
particular base case.
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Translation rule The translation function Ty is partially defined by translation rule

TV(& [¢] ) ZT Fv(¢)\V) Té(d’) _>t(®707msgdummy)‘TVUFV(q))(‘s?p) T10

Now consider the following derivation for expressions of the form TDOM (& [9]p) 4Q,
where 0 = [q; :=ey,---,q, := €,] such that { = &[o]| and DOM(0) = ((Z)) \DOM(&)

£(0,0,m58 gy
([0],[0]. [m5g dummy]) v
(00mms - ) ([0],[0]. [msg dummy]) T (¢.p)

.0, dummy)- Loom(&)ufay e, } 65 P) = Toom(&)u{a,~a} (5> [CUarD 21

Y([01.[0]. IS8 dinmy])
T7(9) = 4(0,0,158 fmy)- Toom(@){ara) (§:P) == Toom(e)u{as.-an) (§:P)

£(([0].[0]: [m= nmy])

Definition Z-T]
t(0,0.m58 guyuny)

|[T;(¢)]] = true

Definition of { (3 times)

LemmalZ3]

Telq =t aui=en] (9) = U0, 0,158 gummy)- Toom(&)Ufa,.q,) (E1a1 := €1,7+,q, = enl,p) Toom(¢)(£:p)

{ai.+.q,} noom(§) =0
£([0].10]. [m5g gy 3]
A om(@)(6P)

Te(9)[T(a1) = tyge)), - T(An) = ty(e,)] = 400,058 gummy)- Toom(€)U{a, .} (§1a1 == €1, 0, == €al.p)

{ar, 0, NpoM(E) =0 A e ) I
T OIT@) = ot ) 1= ] > 00958 ) Toonteots ) G PIT) = ot Tan) 1= ] 5 Toon ) e
([0] 0L 1958 ) B
Te(O)[T(@r) =ty T(@n) = 1a,] — 10,0158 umny) Toow(&)ufarc b EPT@) =ty T(@) 1= fa,] =" Tooug)(§-)
£([0].[0]. [mSE dunny])
(76() = 100858 ) Toowota -4 (6P [1(@0) i= -+ 7(@) = ta] =25 Toon ) §op)
m(numes)

([0],[0], [msg gumny])

L (r(a))c-1(a)) T&(9) = 10,0158 i) Toom (€)1t -} (§: D) =" Toou()(¢.p)

; ([0].[0].[msg gunny])
Lr(faya,)) Te (@) = t(0,0.158 summy)- Toom(&)ufay.--a,} (§:P) == Toom(g)($:P)
£(10],[0], [mSg gummy])
Tr(rv(g)\ pom(&) Tz () = 10,0,058 ) Toom(@)u(Fv(e)\ pom(e))(E:P) —— = Toou(z)($,P)

([0],[0]. [m58 dummy)

Lr(ev(9)\ pow(&)) Te (9) = H(0,0,m58 ymmy)- Toom(e)urv(9)(§:P) ——— Thow(¢ CP)

(101,101 [mSg duommy])
Toom(@)(:19]P) == Tpou(z)($,P)

Definition of DOM(0) (2 times)

This derivation is a representative derivation without alternatives (see Deﬁnition@ It

follows that a = t([[@]], H(D]L [[msg dummy]]) and Q = TDOM(C)(Cap) = DOM(8§ (5[61 P)
because { = £[o]. There is only one candidate for (Aj,A;) € &/~ . a € AN

DOM (é [0]p )A_1>Q’ namely

({ t([[@]]7 [[(D]]7 [[msg dummy]]) } 7{ T })

Note that [T¢(¢)] = true if and only if {(¢) = true according to Lemma This

candidate therefore satisfies the condition that &, [¢]p <+ £[c],p can be derived for all
d' € A, (via AWN inference rule (GUARD (T 1)), which is sufficient to prove this particular
base case.
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Induction step

Given only its side conditions and the induction hypothesis, show for translation rules [rs and 9]
that for all @ and Q such that Tp,oye)(S,P) %, Q there is some (A1,As) € &/ . a € A; and some

0,q such that Tpoy£) (&, p) A Toom([o]) (DOM(E[0]),q) and p LN q can be derived for all
d' € Ay and Q = Ty (e[o]) (DOM(E[0]),q).

Translation rule rsf The translation function Ty is partially defined by translation rule

Ty (‘::X(expl" o 7expn)) = X(T§ (expl)7 o Te (expn))

where T(X(vary,---,var,) & p) = X(T(var)) : sort(Tg (exp;)), -, T (var,) : sort(Te (x7,))) S Tyvar, . vaz,} (0:)

The induction hypothesis states that recursions Ty occurring in X(T¢ (exp ), -+, Te (exp,))
are related. In particular, the induction hypothesis is used here to relate arbitrary instantia-
tions of process calls:

Va,Q . Tia, ...a,) (0[d1 == E(exp)), -+, dy == E(exp,)],p) > Q= I(A1,A2) € 77,q,6 .a € A
AT (a0, (0141 = E(expy), -+, dy = E(exp,)],p) =
T (a4, jupom(o) (O[d1 := & (expy),- -+, dy, := & (exp,)][0],q)
Oy =& (expy), o dn 1= E(exp,)],p 22 0[ds ==& (exp) ), dy == E(exp,)][0],

ANQ= T{d1,~-~,dn}UDOM(6)(m[dl =& (expy), -+, dn := & (exp,)][0],q)

The following derivation in AWN can be based on the fourth line of the instantiated
induction hypothesis:

- Induction hypothesis
e e = a o= e o= iti
0[d; :=&(expy), -+, dn :=E(exp,)],p — 0[d; : 5(,exp1), ,d, := & (exp,)][o],q Definition of X RECORSION (TT]
a
&, X(expy, -+ exp,) = 0[d; :=E(exp,), -+, dn := & (exp,)][0],q

This derivation holds for all @’ € A;. Similarly, in mCRL2, it happens to be the case that
= Induction hypothesis
Tia,.,a,}(0[d1 :=E(expy), -, dy := E(exp,)],p) == T(q, ..q,)unom(o) (O[d1 := E(expy), -+, dy = & (exp,)][0],q)
a Lemmal£6]

T{dh..v_d"}(@,p)[T(dl) = ly(E(expy)) T ,T(dn) := tu(é(exp,,))] —= T{d.,‘--.d”)UDOM(o')w[dl = 5(”‘171)7 oo,y = 5<ex[7n)] [o],q) TheorenE
Tiay-ag O D)T(@1) == Te(exp)), -, T(dn) 1= Te(ep)] D= Tyay ceanjuvonio)(Olds 1= E(exp)), -, dn i= E(ewp,)][0],0) o

)
)

Definition of X [RECURSION 2]
X(Te(expy), -, Te(exp,)) = Tq, .a,juom(o) Od1 := & (expy), -+, dy = & (exp,)][0],q)

Tv(&, X(expy,- -+ exp,)) 5= T, ...a,jupom(o) (Od1 := & (expy), -+, dy := & (exp,,)][0],q)

for all @ € A;. This derivation is a representative derivation without alternatives (see
Definition 4.3).

Because the induction hypothesis is used to express the relationship between arbitrary
instantiations of process calls, the first line of this derivation plus the inference rules
of mCRL2 are sufficient to generate all possible behavior of an mCRL2 process call.
The actions available to Ty (&, X(expy,---,exp,)) in mCRL?2 can therefore be mimicked
by AWN, and so both derivations can be combined into an new equation matching the
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induction hypothesis:

Va,Q . Ty (&, X(expy,---,exp,)) LQ= 3(A1,4;7) € &,q,0 .a € Ay

A
ATV('é,X(expl,~~~,expn)) _1>E

T{d],-",d,,}UDOM(G)(@[dl =& (expy), -+, dyn 1= & (exp,)][0],q)

ANQ= T{dl,~~~,d,,}UDOM(G)(0[d1 =& (expy), -+, dn := & (exp,)][o],q)

This confirms the induction step of the proof of Lemma [4.8|

/\(D[dl = é(expl),---,dn = é(expn)]up A_z> 0[(11 = é(expl)v"Vdn = é(expn)][O'Lq

rule

Tv(&,p+4q) =Tv(E,p) +Tv(§,q)

if TDOM(&)(évp) 5P or TDOM(&)(qu) < P’ or both:

TDOM(f)(gvp) 5P

- - @, pr (CHOICE 2
DOM(&)(&:P) + DOM(&)(&?q) - -
TDOM(&)(éﬂp—i_q) = P
TDOM(&)(é,q) = P
(CHOICE 4!

Toom(é) (§,p) + TDOM(&) (,9) =P
TDOM(&)(ivp—i_q) = P’

(19

That is,

Translation rule The translation function Ty, () is partially defined by translation

Suppose that Tpoy ) (&,p+q) % P/ for some a and P’. According to the semantics of
mCRL2 (in particular inference rules (CHOICE 2|and [CHOICE 4) this can only be the case

TDOM(&)(§7p+q) SP = TDOM(&)(gvp) 5P \/TDOM(é)(gaq) =P

(D.1)
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According to the induction hypothesis, Tpom(e)(&,P) % P implies that there
must exist some (Aj,Az) € & and o,p’ such that a € Aj A Tpope)(E5p) A, —

A .
Toom(efo]) (§[01:0") A E.p = E[o],p AP = Tpoy(e) (&), which makes exactly the
following derivations possible (in mCRL2 and AWN, respectively):

" Induction hypothesis

Toom(e) (&,p) —= Toom(&[o]) (lo],p")

A
TDOM(&) (&,p)+ TDOM(&)(éaq) —= TDOM(&[G])(& [o],p")

A
Tpom(g)(§:p+9) == Tpome[o]) (§[0],0)

(CHOICE 2

19

7 Induction hypothesis
§,p > Elo].p’

E,p+q 2 E[o],p/

[CHOICE (T1-1)|

and therefore
Toom(e)(§,p) 2=P = 3(A1,A2) € &"p .a €A
A
ATDOM(&)(‘SaP+q) —= TDOM(é[G])(é [o],p")

NEP+q 2 E0],p AP = Toomelo) (E[0],P)

Similar reasoning can be applied to Tpye)(S,p) L =P/, resulting in

TDOM(g)(é,q) L=P =3A,A)cap .acA
A
A Tpom(e) (6.2 +a) == Tpomeeo) (lo],p)
A
NE,p+q = &[o],p AP = Tpoueio) (§l0],P')

Combining both of those results via Equation [D.1] it then becomes clear that

TDOM(g)(é,p—i—q) L=P = A(A1,Ay) € M,p/ .a€A
A
ATDOM(&)(&?P‘H]) = TDOM(ﬁ[o])(é [G]vpl)
A
ANE,p+q = 6[6]:P//\P/ = TDOM(&[G])(&[GLP/)

which is sufficient to prove this particular base case.




Appendix E
Complete proof of Lemma 4.9

Lemma: Let T be the converse of translation relation T from Equation and let <7” be the
converse of relation .2/ from Table Then T is a strong .«7~-warped simulation of mCRL2
expressions T (P) by AWN expressions P for all AWN expressions P.

Proof: For all actions that T (P) can do, it must be shown that the resulting state is data congruent
with T(P’). A depiction of the requirements for the proof in this direction is given below:

itranslation
irelation

{translation
irelation

{inverted action relation

e -
— ~
[ ~
- ==
e
— — —
—
—
-
-
-

Note that data congruence is implied by the assumption that P’ = P’. In combination with
Lemma 3.1} this means that for Definition @.11]to apply it is sufficient to prove that

7
/
/
Q.
/2
QD
(o]
(=]
=}
Q

VP,a,Q .T(P) % Q= J(A1,A)) € &P .ac A|AT(P) 2= T(P)AP 2P AQ=T(P)

The proof of Equation [2.20|is provided by structural induction over the translation rules of
mCRL2, which is possible because these yield all possible mCRL2 expressions that can result
from a translation by T.

Induction hypothesis: For all recursions T (P) that are part of a translation rule defining T, it
holds that

Va,Q.T(P) % Q= 3(A,A2) € " P .ac A\ AT(P) 25=T(P)AP 2 P AQ=T(P)
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Base cases
Show for translation rules and that for all a and Q such that T(P) N Q there is some

(A1,Ay) € &7 .a € Ay and some P’ such that T (P) A= T(P’) and P % P can be derived for all
ad €Ayand Q=T(P).

Translation rule [r1if This translation rule is an exceptional case because a process
definition by itself cannot do any transitions, and providing a proof for Lemma [4.9] is
therefore nonsensical. Related to[r11]is process recursion, for which a proof does make
sense; see the Lemma 4.8} proof for [Translation rule|rs|

Translation rule The translation function T is partially defined by translation rule
T2

T(E,p) = TDOM(&)(éap)

Suppose that TDOM(g)(é,p) % Q. Then, according to Lemma there exists some
A
(A1,A2) € &7 . a € Ay and some o,p’ such that Ty e)(€,p) L= Toom(e[o]) (§[0], D)

and £,p % E[o],p forall @’ € Ay and Q = Toom(e[o]) (§[0], D)
Define { = §[o]. Q is also data congruent with Ty ¢) (&, p’) which, as stated by rule
equals T(,p’). As aresult, there must exist some (A},A;) € &~.a € Aj and some p’

so that T(&,p) A T(S,p') and &,p <, g,p/ foralld’ € Ay and Q=T({,p’), proving
this particular base case.
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Induction step

Given only their side conditions and the induction hypothesis, show for translation rules 13/ to
that for all @ and Q such that T(P) % Q there is some (Aj,As) € &7 . a € A| and some P’

such that T (P) A T(P') and P <, P/ can be derived for all @’ € Ay and Q=T (P).

Translation rule The translation function T is partially defined by translation rule

T(P << Q) = VVF{r\s%t} (p{receive%r}T(P) H p{send%s}T(Q)) s
where V = {t, cast, —uni, send, del, receive }

Consider Pairs and [2.8] from Table
({ receive(m) },{ receive(d,0’,u(m)) | D,0’ € T(Set(P)) })
({ send(& (ms)) }, { send([0], [0], [T¢ (ms)]) })

Let Ry and S| be defined as the second members of these pairs; that is, let
R = { receive(D,0”,u(m)) | B,0* € T(Set(IP)) }

S1 = { send([0],[0]. [te (ms)]) }

for some m, &(ms) € MSG.
The following cases are distinguished:
1: T(P) does a transition a € Ry, T(Q) does a transition b € Sy, and U(m) = [Tg (ms)].
2: T(P) does a transition a € Ry, T(Q) does a transition b € Sy, and U(m) # [T¢ (ms)].
3: T(P) does a transition a, T(Q) does a transition b, and a # receive or b # send or
both.
T(P) does a transition a where a = receive and T (Q) does not do a transition.
T(P) does a transition a where a # receive and T(Q) does not do a transition.
T(P) does not do a transition and T(Q) does a transition b where b = send.
7: T(P) does not do a transition and T(Q) does a transition b where b # send.
Note that these cases cover all combinations of behavior of T (P) and T(Q).
The proof is provided below for each of the cases:
1: Suppose that T(P) does a transition a € Ry, T(Q) does a transition b € S, and
U(m) = [T¢ (ms)]. Following the induction hypothesis and eliminating pairs from
the action relation .27 in Table that do not match the transition labels from R
or S, it can first be concluded that

CAN A

S

R, = P'AT(Q) 5= T(Q)AQ

T(P) ~»=T(P')AP

receive(im) send (& (ms))

Q/
Because U(m) = [T¢ (ms)] e & (ms) this becomes

d
T(P) 2= T(P) AP PATQ) 2= T(Q)AQ =M™, ¢y
The mCRL2 derivation in the Lemma 4. 7}proof for [Parallel (T2-3)] shows how the
first and third conjunct are sufficient to prove that T(P (( Q) %= T(P' (( Q') for all
a€{t(u(D),u(R),u(m)) } for some D, R where R C D.
On the AWN side, the second and fourth conjunct can be used as premises in

receive(im)
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receive(m) _, send(m) _,
Vm e MSG P P . Q Q [PARALLEL (T2-3)]
P{(Q=P (Q

This case is proven if there exists a pair (A],A;) € &/ that satisfies
t(U(D), U(R), U(m)) € AL AT(P ( Q) ZH=T(P' { Q) AP (Q P ( Q. and
the converse of Pair [2.3]satisfies this requirement.

2: Suppose that T(P) does a transition a € Ry, T(Q) does a transition b € S, and
U(m) # [T¢ (ms)]. Following the induction hypothesis and eliminating pairs from

the action relation 27 in Table that do not match the transition labels from R;
or Sy, it can first be concluded that

receive(im) send (& (ms))

T(P) 2=T((P)AP PAT(Q) 25=T(Q)AQ

Q/
where U(m) # [z (ms)] 22284 ) £ & (ms).

The mCRL?2 derivation below shows where the attempt to generate behavior for
T(P (( Q) fails:

— Induction hypothesis
T(P) receive(D,0?,u(m)) = T(P/) o
receive([0],[0],U(m)) ChooseD =D’ =0
(p) e LN, _ 7 pry
{receive—r}ereceive([0],[0],u(m)) , RENAME 2]
p{receiveﬁr}T (P) = P{receive—r} T (P )

Apply {receive — r}e

r([o],[@],u(m))

P{receive—r} T (P) — = P{receive—r} T (Pl)

Induction hypothesis

send([0][0], [ (ms)]) }
T(Q) ™~ 7(Q) i
{send>s}esend([0], [0], [z (m5)]) SENAME 2
p{sendﬁs}T(Q) = p{sendas}T(Ql)
Apply {send — s}e
S(IO1.00].[1¢ (ms)]) )
P{send—s} T (Q) "= P{send—s} T (Q )
(see above) (see above)
r([0].[0].u(m s([0].[0]. [ (ms)])
p{receiveﬂr}T (P) ME p{receive%r}T (P/) p(sendﬁs}T (Q) % = P{send—s} T (Q/)
r([o].[0].u(m))|s([0].[0].[T¢ (ms)]) y p B
P{receivear}T(p) H p{send%s}T(Q) = p{receiveﬂr}T(P) ” p{sendas}T(Q ) m
Yirls—e) (r([0],[0],0(m))Is([0],[0]. [Te (ms)])) p 0
st (Pfreceive—sr T(P) || Pisend—sy T(Q)) = Trjs—t) (Pfreceive—sr} T(P') [ Pisend—sy T(Q')) Apply 7

r([0].[0].u(m))[s([0]. [0].[T¢ (ms)])

F{r\sat} (P{rcccivcar)T(P> H p{sendﬂs}T<Q>> = F{r\sat} (p{mccivcﬁr}T(P/) H P{scnd%s}T(Q/»

The operator cannot be applied next (like in the previous case) because
rls ¢ VU{t}. Since this means that T(M (( N) cannot do a transition in mCRL2
under the circumstances specified in this particular case, there is no behavior for
AWN to mimic.
3: Suppose that T (P) does a transition a, T(Q) does a transition b, and a # receive or
b # send or both.
This situation fails to generate behavior for T (P (( Q) because no derivation similar
to the one in the Lemma .7} proof for [Parallel (T2-3)|is possible:
a. The a action may be able to be converted to an r action and the b action may
be able to be converted to an s action, but never both at the same time;
b. The a|b action produced by preceive—r} T(P) || Pysend—s} T(Q) is (without
arguments) never equal to r|s (that is, a|b # r|s);
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c. Because there is never an r|s action, the communication operator D'fpjs sty does
not generate an t action but leaves a|b intact;
d. Among others, the allow operator Vy blocks all multi-actions, and so a|b is
blocked.
Since T(P) ({ T(Q) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, there is no behavior for AWN to mimic.
4: Suppose that T(P) does a transition a with a = receive and T(Q) does not do a
transition.
This situation fails to generate behavior for T (P (( Q) because no derivation similar
to the one in the Lemma .7} proof for [Parallel (T2-3)|is possible:
a. The a action of T(P) is renamed to an r action by the renaming operator

P{receive—r}>
b. Because r # r|s, the communication operator I'(rjs—s¢) does not generate an t

action but leaves the r action intact;
c. The allow operator Vy cannot be applied because r ¢ V U {7}.
Since T(P) (( T(Q) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, there is no behavior for AWN to mimic.
5: Suppose that T(P) does a transition a with a # receive and T(Q) does not do a
transition. The induction hypothesis states that

J(A1,42) € . a € A AT(P) 25 =T(P)AP 2>

P/

Define </ as a subset of <7 that contains the possible values of (Aj,A;) € &7~
where A are actions that T(P (( Q) can perform in mCRL?2 and where A; are the
actions that AWN should use to mimic the actions in A; in order for this case to be
proven:

- { (A1,42) ‘ (A1,A7) € &, T(P((Q) ZH=T(P (Q) }

The following derivation is possible in mCRL2 for all a € A| such that (A},A;) €
'

Induction hypothesis
[RENAME 2]

Apply {receive — r}e

T(P) L=T(P)

{receive—r}ea
T

p(receiveﬂr}T(P) = p(receiveﬂr}T(Pl)
P{receive—r} T (P) 5= p{receive%r}T <P/>

p{receiveﬂr}T(P) H p{sendﬁs)T(Q> = p{receiveﬁr)T(P” || p{sendﬁs}T<Q)

s @) , [Comm2]
= r{r\sat} (P{receiveﬁr}T(P ) ” p{sendﬁs}T(Q)) Apply ¥
) L= r{r\sat} (P{rcccnvcﬁr}T< ) II P{scndﬁs}T(Q)) m

)
VVp{tat}F(r\sﬁl} (P(receive%r}T( H P{sendﬂs}T Q)) 5= VVp{tat}r{r\sat} (p{recelvear}T( ) ” p{sendas}T(Q)) )
T(P(Q “=T(P (Q

F{r\sﬂl}(p{receivear}T( ) H p{sendas}T )

aeVu{r}

) ——
F{r\sﬁt} (p{rcccivc%r}T( H p{scndﬂs}T(Q
(

The derivation above is valid only for a € A such that @ € VU {7}. Under the
constraints of this case, the derivation is also a representative derivation without
alternatives (see Definition 4.3)). Consequently, <7’ is as follows:
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({t( (D),u(R),u(m)) },{7}),
({ cast([2p].D, [T¢ (ms)]) | D € T(Set(IP)) },{ broadcast(& (ms)) }

)

) ),
{cast [[T;; (dests)],D, [[Tg ms)] ’ € T(Set(IP)) } { groupcast(& (dests), & (ms)) }),
{ cast([T¢ ({dest})], [Te ({dest})], [T (ms)]) } { unicast(& (dest), & (ms)) }),
) )
)
(IP)

e e

({ —uni([r ({dest})], [v¢ ({dest})], [ (ms)]) } , { ~umieast(& (dest), E(ms)) }),
({ send([0], [0], [T¢ (ms)]) }.{ send (& (ms)) }),
({ del(1, [T¢ (data)]) | £ }.{ deliver (& (data)) })

| m,&(ms) e MSG; dest € IP; &(data) € DATA; dests,R,D € Set(IP); RCD }

For all (A1,A,) € &/ the actions A in mCRL?2 can be mimicked by the actions A,
in AWN by means of the inference rule

Vd' + receive(m) — 2 =P PARATLEL (TZ-T)

P{Q=P(Q

which is valid for all ' € A,. Therefore the induction hypothesis holds for this case.

6: Suppose that T(P) does not do a transition and T(Q) does a transition b with
b = send.

This situation fails to generate behavior for T (P (( Q) because no derivation similar

to the one in the Lemma .7} proof for [Parallel (T2-3)]is possible:
a. The a action of T(P) is renamed to an s action by the renaming operator

P{send—s}>

b.

action but leaves the s action intact;
c. The allow operator Vy cannot be applied because s ¢ V U {7}.
Since T(P) (( T(Q) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, there is no behavior for AWN to mimic.
7: Suppose that T(P) does not do a transition and T(Q) does a transition b with
b # send. The induction hypothesis states that

3(B),By) € °. be B AT(Q) Z5=T(Q)AQ 2

Define <7’ as a subset of <7~ that contains the possible values of (By,B;) € </~
where B are actions that T (P (( Q) can perform in mCRL2 and where B, are the
actions that AWN should use to mimic the actions in B; in order for this case to be
proven:

o 2 (B1.B:) | (B1.B) € o, TR(QZHT(R(Q) |
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The following derivation is possible in mCRL2 for all b € By such that (B;,B;) €
"

Induction hypothesis
[RENAMEZ]
Apply {send — s}e

T(Q 2=T(Q)
Plsendrs) T(Q) M, = 5t T(Q)
Pisend—s} T(Q) 8= Pysend—ss} T(Q')
Preceive—sr) T(P) || Pfsend—ss)T(Q) 2= pireceivesr) T(P) || Pisend—s) T(Q)

[Comm2]
Apply ¥
[ATLow 2]

Virs—
F{r\sﬂl}(p{rcceivcar}T( )Hp{scndas}T( ) A{—l)‘_> F{r\sat}(P{mcclvcﬁr}T( )”p{scndﬁs} (Q))

)
r{r\sﬁt} (p{receivear}T( H p(send%s}T(Q» _> F{r\iﬂt} (P{recelve%r}Ta) ) ” p{send%s}T(Q))
VVp{lHt}F{r\s%t}(p(receiveﬂr}T( ) H p{sendﬂs}T(Q» H va{tﬂl}r(r‘:ﬂt} (p{retelveﬂr)T( ) || p{sendﬂs}T(Q))
T(P(Q) H=T(P (Q)

beVu{r}

The derivation above is valid only for b € By such that b € V U {7}. Under the
constraints of this case, the derivation is also a representative derivation without

alternatives (see Definition . Consequently, 27 is as follows:
{

({H(U(D),u(R),u(m) }.{7}),

({ cast([%p],D, [T¢ (ms)]) | D € T(Set(IP)) }, { broadeast(& (ms)) }),
({ cast([T¢ (dests)], D, [Tz (ms)]) | D € T(Set(IP)) },{ groupcast(& (dests), & (ms)) }),
({ cast([Tz ({dest})], [T ({dest})], [Tz (ms)]) },{ unicast(& (dest),& (ms)) }),
) )
)
)

e e

({ —uni([Tg ({dest})], [[Tg ({dest})], [T (ms)] } { —unicast(& (dest), & (ms)) }),
({ receive(D,D’,u(m)) | D,B’ € T(Set(IP)) } ,{ receive(m) }),
({ del(1,[T¢ (data)]) | 1 € T(IP) } ,{ deliver((data)) })

| m,&(ms) € MSG;dest € IP;  &(data) € DATA;  dests,R,D € Set(IP); RCD }

For all (By,B,) € &' the actions By in mCRL2 can be mimicked by the actions B;
in AWN by means of the inference rule

: Q5 Q
Vb’ # send(m) = [PARALLEL (12-2)|
P{(Q—P({Q

which is valid for all 4’ € B,. Therefore the induction hypothesis holds for this case.
The derivations in mCRL2 from the cases listed above are representative derivations
that collectively have no alternatives (see Definitiond.3)): there are no other derivations
with different or differently ordered one-way steps that yield different behavior of pro-

cess expression T (P (( Q). Therefore the induction hypothesis generally holds for this
expression.
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r )

Translation rule The translation function T is partially defined by translation rule

T(ip:P:R) = VyTc(T(P) || Glty(ip) tur)) [T14
where V = {t, starcast, arrive, deliver, connect, disconnect }
where C = {cast|cast — starcast, ~uni|—uni — t, del|del — deliver, receive|receive — arrive}
where G(ip,R) = Y ps:1 (Set(P)) msg:r (MsG) (RND = D?) — cast(D,D?,msg).G(ip,R)

+ Ya:1(1P) msg:r (Mis) ( ¢ R) — —uni({d},0,msg).G(ip,R)
+ Yaatapata del(ip,data).G(ip,R)
+ L. 1 (Set(1P)) msg: (MsG) (P € D?) — receive(D,D’,msg).G(ip,R)
+ Y00 1(Set(P)) msg:r (MsG) (i ¢ D?) — arrive(D,D’, msg).G(ip,R)
- Eapoer ) conmect(ip, ip?). G(ip,RU {ip’})
+ Xips:r(ip) connect(ip?,ip).G(ip,RU{ip’})
+Yipr sprrap) (1P ¢ {ip?,ip”’}) — connect(ip’, ip”).G(ip,R)
+ Xip:r(ip) disconnect(ip,ip?).G(ip,R\ {ip’})
+Xips:r(ip) disconnect(ip’, ip).G(ip,R\ {ip’})
+Xips aperap) (1P € {ip?,ip™}) — disconnect(ip’, ip).G(ip,R)

Process expressions T (ip : P : R) produced by this translation rule have by design a Vy
operator on the outside. As a consequence of mCRL? inference rule[ALLOW 2} if T(ip : P :
R) &= Qthen a € VU {1} = {1,t,starcast, arrive, deliver, connect, disconnect}. The
induction hypothesis must be proven for each of these actions:
1: Proof for 7 actions.
There is no scenario in which 7 actions can be produced by a T (ip : P : R) expression,
and therefore the induction hypothesis is established automatically.
2: Proof for t actions.
There are exactly two possible sources for t actions in synchronizing a —uni
action and —uni action into a t action or leaving a t action performed by T (P)
unchanged and unblocked. Pair [2.3]is the only pair in .27 that matches the t, and
therefore it must be proven that AWN can always mimic a t with a 7.
A case distinction is made based on the source:
e The first source corresponds with the derivation found in the Lemma.7}proof
for|Unicast (T3-2), which is a representative derivation without alternatives
(see Definition 4.3)): there are no other derivations that produce a conclu-
sion of the form T(ip : P : R) in which a a —uni action and —uni action are
synchronized into a t action.
The induction hypothesis states that under these circumstances there must
be some (Aj,Ay) € &/~ .t€ A; ANT(P) A= T(P’) such that P <P for all
a € A. Clearly,

(A1,A7) = ({ —uni([[T¢ (dest)], [Te (ms)]) },{ —unicast(& (dest), & (ms)) })

—unicast(dip,m)

and therefore P P’. Additionally, from the assumption that
[tu(aip) & tu(r)] = true in the derivation follows that dip ¢ R. It then becomes
clear that inference rule [UNICAST (T?3-2)|can be used to reach the conclusion
thatip:P:R 5 ip: P : R.
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e The second source for t corresponds with the derivation found in the
Lemma #.7}proof for which is a representative derivation with-
out alternatives (see Definition 4.3): there are no other derivations that produce
a conclusion of the form T (ip : P : R) in which a t action performed by T (P)
is left unchanged and unblocked.

The induction hypothesis states that under these circumstances there must
be some (Aj,Ay) € &7~ . t€ A; ANT(P) 4, T(P’) such that P < P for all
a € A,. Clearly,

({ t(u(D),u(R),u(m)) },{7})

and therefore P < P'. Inference rule |INTERNAL (T3)| can then be used to
reach the conclusion that ip : P : R 5 ip:P :R.
Having covered all possibilities for T(ip : P : R) to do a t action, Lemmahas
been proven for this particular case.

3: Proof for starcast actions.
In order for T(ip : P : R) to produce a starcast action, T (P) must produce a cast

action that synchronizes with a cast action of G. The induction hypothesis states that
— if that is the case — there must be some (A1,A4;) € &7~ . cast(U(D),U(R),U(m)) €

Al ANT(P) A T(P') such that P % P’ for all @’ € A,. These are the candidates
for (Al,Az)Z

({ cast([2p].D, [Te (ms)]) | D € T(Set(IP)) },{ broadcast(& (ms)) })
({ cast([T¢ (dests)], D, [Te (ms)]) | D € T(Set(IP)) },{ groupcast(& (dests), & (ms)) })
({ cast([tz ({dest})], [T ({dest})], [Tz (ms)]) },{ unicast(& (dest), & (ms)) })

In other words, one of the following premises must hold:

p broadcast(& (ms)) P or P groupcast(& (dests),& (ms)) P or P unicast (& (dest),& (ms)) P

A case distinction is made for these premises:

broad ) .
e Suppose that P roadeast(s (ms)), P’. This leads to a derivation that can be

found in the Lemma .7} proof for Broadcast (T3)} Since no other derivations
that are based on the premise and that lead to a conclusion of the form
T(ip : P : R) %= Q are possible (the derivation is a representative derivation
without alternatives, see Definition[4.3), AWN must be able to do the transition

R:*
ip:p: R X2tCE) PR
for some ip in order to mimic mCRL2. Indeed, applying inference rule

IBROADCAST (T3)|produces the required conclusion.

d: 6 (m . . .
e Suppose that P groupeast(¢ (dests) & (ms)) P’. This leads to a derivation that can be

found in the Lemma 4. 7}proof for[Groupcast (T3)] Since no other derivations
that are based on the premise and that lead to a conclusion of the form
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: Proof for arrive actions.

T(ip : P: R) %= Q are possible (the derivation is a representative derivation
without alternatives, see Definition @ AWN must be able to do the transition

ip:P:R RND:*cast(E (ms)) or PR

for some ip in order to mimic mCRL2. Indeed, applying inference rule

IGROUPCAST ('I'3)|produces the required conclusion.
unicast(& (dest),& (ms))

e Suppose that P s P’. This leads to a derivation that can be
found in the Lemma 4. 7}proof for [Unicast (T3-1)| Since no other derivations
that are based on the premise and that lead to a conclusion of the form
T(ip : P : R) %= Q are possible (the derivation is a representative derivation
without alternatives, see Definition[4.3), AWN must be able to do the transition

{dip}:*cast(& (ms))

ip:P:R sip: P :R

for some ip in order to mimic mCRL2. Indeed, applying inference rule
[CAST (T3-1)| produces the required conclusion, but only under the condition
that dip € R. This follows from [tyz) Nty({aip}) = tu({dip})] = true, an assump-
tion that is necessary for the derivation in the Lemma 4.7}-proof for
(I3-1)
Having covered all possibilities for T (ip : P : R) to do a starcast action, Lemma
has been proven for this particular case.

There are exactly two possible sources for arrive actions in letting G generate
an arrive action on its own or converting a receive action performed by T (P)
through synchronization with G.

A case distinction is made based on the source:

e The first source corresponds with the derivation found in the Lemma[.7}proof
for|Arrive (T3-2)f which is a representative derivation without alternatives (see
Definition [4.3)): there are no other derivations that produce a conclusion of the
form T(ip : P : R) in which G generates an arrive action on its own.

AWN can copy the behavior via inference rule ARRIVE (T3-2); Lemma.9]
applies because

D,0’ €T (Set(IP))
({ arrive(D,D>,u(m)) U(DI;)%DB, ,{ H-K : arrive(m) })
U(K)ND? =0

can be chosen as (A,A;) € o/~ . arrive(D,D’,U(m)) € A| AT(P) A= T(P)

such that P % P/ for all &’ € As.

e The second source for arrive corresponds with the derivation found in the
Lemma [4.7}proof for which is a representative derivation with-
out alternatives (see Definition4.3): there are no other derivations that produce
a conclusion of the form T (ip : P : R) in which a receive action is converted
through synchronization with G.
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In this particular case, the induction hypothesis states that there must be some
(A1,As) € & . receive([D], [D°],u(m)) € Ay AT(P) A, T(P’) such that
P 5 P/ for all d € A,. Clearly,

({ receive(D,D’,u(m)) | D,D> € T(Set(IP)) },{ receive(m) })

and therefore P M P’. Inference rule /ARRIVE (T3-1)|can then be used

to reach the conclusion that ip : P : R w ip:P :R.

Having covered all possibilities for T (ip : P : R) to do an arrive action, Lemma
has been proven for this particular case.

5: Proof for deliver actions.
In order for T (ip : P : R) to produce a deliver action, T (P) must produce a del action
that synchronizes with a del action of G. This corresponds with the derivation found
in the Lemma 4.7} proof for which is a representative derivation
without alternatives (see Definition[4.3): there are no other derivations that produce
a conclusion of the form T (ip : P : R) in which del and del are synchronized.
The induction hypothesis states that under these circumstances there must be some
(A1,A2) € o . del(U(ip),u(d)) € Ay AT(P) 2= T(P') such that P % P/ for all
d' € Aj,. There is only one candidate for (Aj,A;), namely

({ del(1, [tz (data)]) | 1 € T(IP) } ,{ deliver(&(data)) })

deliver (& (data))

It follows that P P’, which can serve as the premise for inference rule

ip:deli d
DELIVER (T3)|to prove thatip : P : R i deliver(s ata))) ip : P’ : R. This covers all

possibilities for T (ip : P : R) to do a deliver action, thus proving Lemma for
this particular case.

6: Proof for connect actions.
Process expressions T(ip : P : R) can only produce connect actions if they are
generated by G such as in the derivation found in the Lemma 4. 7}-proof for [Connect]
(T3-1)] This derivation as well as the comparable derivations from the proofs for
ICONNECT ('13-2)|and [CONNECT (T3-3)|are representative derivations without
alternatives (see Definition .3)): there are no other derivations that produce a
conclusion of the form T (ip : P : R) in which G generates a connect action.
AWN can copy the behavior of mCRL?2 via inference rules [CONNECT (13-1)}
[CONNECT (T3-2)| and [CONNECT (T3-3)} Lemma.9]applies because

({ connect(u(ip’),u(ip”)) },{ connect(ip’,ip”) })

can be chosen as (A[,A;) € o/~ . connect(U(ip),U(ip’)) € A AT(P) A T(P)
such that P a—/> P/ forall ' € A,.
This covers all possibilities for T(ip : P : R) to do a connect action, thus proving
Lemma 4.9 for this particular case.

7: Proof for disconnect actions.
This proof is analogous to the proof for connect actions.
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~

Translation rule The translation function T is partially defined by translation rule

TM H N) = pRVVF{arrive|arrive—>a}FC(T (M) H T(N>) T15
where R = {a — arrive,c — connect,d — disconnect,s — starcast}
where V = {a,c,d,deliver,s, t}

where C = {starcast|arrive — s, connect|connect — ¢, disconnect|disconnect — d}

Consider several pairs from Table 2.10}

({7} {t(v(D),u(R),u(m)) })
({ R : *cast(m) },{ starcast(u(D),U(R),u(m)) })

({ ip : deliver(d) },{ deliver(u(ip),u(d)) })

D,0° €T (Set(IP))
f) »CDH )
U(H)CbH?

U(K)ND*=0

({ H-K : arrive(m) }, { arrive(D,D?,U(m))

({ connect(ip’,ip”) },{ connect(U(ip’),u(ip”)) })
({ disconnect(ip’,ip”) },{ disconnect(U(ip’),u(ip”)) })
Let 71, Sy, L1, A1, C1, and D be defined as the second members of these pairs; that is, let

Ty £{ t(u(D),U(R),U(m)) })
& { starcast(u(D),U(R),u(m)) }

L o { deliver(u(ip),u(d)) }
b,5’ T (Set(IP))
H>Ch )
U(H)CD?

U(K)nb’=0

AE { arrive(D,D? U(m))

aE { connect(u(ip’),u(ip”)) }
D £ { disconnect(U(ip’),u(ip”)) }

for some d € DATA, ip,ip’,ip” € IP, D,R,H,K < Set(IP), and m € MSG.
The following cases are distinguished:
1: T(M) or T(N) does a transition a € T7; the other process does not do a transition.
2: T(M) or T(N) does a transition a € L;; the other process does not do a transition.
3: T(M) or T(N) does a transition @ where a ¢ {t,deliver}; the other process does
not do a transition.
4: T(M) and T(N) both do the same transition a € A;.
5: T(M) and T(N) both do the same transition a € C;.
6: T(M) and T(N) both do the same transition a € D.
7: T(M) and T (N) both do the same transition @ where a must satisfy the requirement
that a ¢ {arrive, connect, disconnect}.
8: T(M) does a transition a € S| and T(N) does a transition b € Ay, or vice versa.
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9: T(M) does a transition a € S; and T(N) does a transition b ¢ A where b = arrive,

or vice versa.
10: T(M) does a transition a and T(N) does a transition b # a where a and b must
satisfy the requirement that {a,b} # {starcast,arrive}.
Note that these cases cover all combinations of behavior of T(M) and T(N).
The proof is provided below for each of the cases:

1: Suppose that T(M) or T(N) does a transition a € Tj; the other process does not
do a transition. Following the induction hypothesis and eliminating pairs from the
action relation . in Table [2.10] that do not match the transition labels from 77, it
can first be concluded that

T1

TM) LH=TM)AM S M

The mCRL2 derivation below shows how the first conjunct is sufficient to prove
that T(M || N) 2= T(M' || N):

DR Induction hypothesis
T(M) (U(D),U(R),U(m)) =T(M)

t(U(D),u(R),u(m))
T(M) || T(N) ————=""%=T(M) || T(N)

7e(H(U(D),U(R),U(m)))
Te(T(M) || T(N)) === —5 = Te(T(M) | T(N)) ,
1(U(D),U(R).U(m)) ) PPy e
Ie(TM) [| T(N)) ——————=Tc(T(M) || T(N)) m
Yarrivelarrive—a} (((U(D),U(R),U(m)))
1—‘(arrlve\arrlveﬁa}FC H T 7r{arrlve\arr|ve~>a}rc H APP]Y Yiarrivelarri \
®.00m) arrive|arrive—a
{arrivc\arrivcaa}r‘C ) H T<N ) —> F{arnvc\arnvcaa}r‘C( (M/) H T )

TEVU{T} t(U(D),U(R),u(m)) y
VVF{arrive\arriveﬁa}FC(T (M) H T<N>) — = VVr{arrlve\arrlveﬂa}rC( (M ) Il T(N))

Ret(U(D),U(R),U(m))

pRVVr{arrive\arriveAa}rC(T(M) ” T( ) —"’> pRVVF{arrlve\arrlveAa)FC( (M/> H T(N))

pRVVF{arrive\arriveaa}FC(T(M) H T< )) —> pRVVF{arnve\arnveaa}FC( (M/) H T(N))
N

H(U(D),(R),u(m))
) H(u(D),u(R),u(m))

Apply Re

o=

TM|| =T(M'[|N)

On the AWN side, the second conjunct can be used as premise in

M5 M/
M|INSM ||N

TNTERNAL (T4-1)|

This case is proven if there exists a pair (A],Ay) € &/ that satisfies
t(U(D),U(R),U(m)) € A, AT(M || N) 2= T(M || N)AM || N 2 M’ || N, and
the converse of Pair 2.3]satisfies this requirement.
The proof for when N does the t action is similar.

2: Suppose that T(M) or T(N) does a transition a € L;; the other process does not
do a transition. Following the induction hypothesis and eliminating pairs from the
action relation .7 in Table [2.10] that do not match the transition labels from Ly, it
can first be concluded that

ip:deliver(d)
T

T(M) 5= T(M)AM M

The mCRL2 derivation in the Lemma [@.7}proof for shows how the
first conjunct is sufficient to prove that T(M || N) L, T(M || N).
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On the AWN side, the second conjunct can be used as premise in

ip:deliver(d
M (d)

M||IN

[DELIVER (T4-1)|

M/
ip:deliver(d) M H N

This case is proven if there exists a pair (A],A;) € o/ that satisfies a € A} A

T(M || N) 25=T(M’ || N)AM || N 2% M’ || N, and the converse of Pair [2.12
satisfies this requirement.
The proof for when N does the deliver action is similar.

3: Suppose that T(M) or T(N) does a transition a where a ¢ {t,deliver}; the other
process does not do a transition.
This situation fails to generate behavior for T(M || N) because no derivation similar

to the one in the Lemma .7} proof for Deliver (T4-1)]is possible:

a. The condition a ¢ {t,deliver} implies that

a € {cast, —uni, receive,send, del, starcast, arrive, connect, disconnect, newpkt }

because these are all action labels from the right-hand side of the action
relation .&7;

b. T(M) || T(N) does not produce multi-actions because only one of T (M) and
T(N) does a transition;

c¢. The communication operator I'c has no effect because T(M) || T(N) does not
produce multi-actions, and therefore no ¢, d, or s actions are generated;

d. The communication operator I'ryirive|arrive—sa) has no effect because
Tc(T(M) || T(N)) does not produce multi-actions, and therefore no a action
is generated;

e. The allow operator Vy blocks all actions except a, ¢, d, deliver, s, or t, none
of which can be produced by I'farrive|arrive—a} [ c(T(M) || T(N)).

Since T(M) || T(N) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, there is no behavior for AWN to mimic.

4: Suppose that T(M) and T(N) both do the same transition a € A;. Following the
induction hypothesis and eliminating pairs from the action relation .7 in Tablezm
that do not match the transition labels from A, it can first be concluded that

TM) 2= TM)AM

H-K:arrive(m) Aq

M AT(N) —-=T(N')AN

H’-K:arrive(m)

N/

The mCRL2 derivation in the Lemma 4. 7}proof for shows how the first

and third conjunct are sufficient to prove that T(M || N) N T(M' || N).
On the AWN side, the second and fourth conjunct can be used as premise in

H-K:arrive(m) M’ N H’—K:arrive(m) N/

HUH’)—(KUK’):arrive(m

CAST (14-3)

M|IN 5M |

This case is proven if there exists a pair (A],A;) € &/” that satisfies a € A} A

TM || N) A= TM ||[N)AM || N LNV || N, and the converse of Pair [2.13
satisfies this requirement.
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5: Suppose that T(M) and T(N) both do the same transition a € C;. Following the
induction hypothesis and eliminating pairs from the action relation .27 in Table
that do not match the transition labels from Cj, it can first be concluded that

TM) S=T(M) AM 2P \p AT(N) Sy = T(N) AN S22,

The mCRL2 derivation in the Lemma . 7}-proof for[Connect (T4-T)| shows how the

first and third conjunct are sufficient to prove that T(M || N) G- T(M [|N).
On the AWN side, the second and fourth conjunct can be used as premise in

connect(ip’,ip”) M N connect(ip’ip”) N

connect(ip’,ip”

[CONNECT (14-1)|

M| N M || N

This case is proven if there exists a pair (A],A;) € &7/” that satisfies a € A} A

T(M || N) A, TM ||[N)AM || N LM || N, and the converse of Pair [2.14
satisfies this requirement.

6: Suppose that T(M) and T (N) both do the same transition a € D;. Following the
induction hypothesis and eliminating pairs from the action relation .27 in Table
that do not match the transition labels from Dy, it can first be concluded that

T(M) 2= T(M') A ZODT, ppr p(N) 2= () AN S,

The mCRL2 derivation below shows how the first and third conjunct are sufficient
to prove that T(M || N) 2% T(M' || N):

p T Induction hypothesis p T Induction hypothesis
T(M) isconnect(U(ip),u(ip’)) = T(M/> T(N) lisconnect(U(ip),U(ip’)) = T(N/)
T(M i (u(ip).u(ip’))|di (u(ip).ulip’) _ , / [P 3]
M) [ T(N) =T(M) [| T(N')
Te(T(M) || T(N)) Ye( (u(ip).u(ip’))| (u(ip),u(ip’))) =Te(T(M) || T(N) Apoly 10
d(u(ip),u(ip’
Ce(T(M) || TON) S22, — (T (v) || T(N)) —

Yarrivelarrive—a} (A(U(ip),U(ip")))
1—‘{xlrrive\xu‘n've~>a} 1—‘C(T (M) | ‘ T (N))

= Clarrivelarrivesat Lo (T (M) || T(N/
. — {arrive|arrive—a} ( ( ) H ( )) Apply Yiarrivelarrive sa}
d(u(ip),u(ip’))

devu {T} F{arrive\arriveaa}FC(T (M) H T(N)) - = r{arrive\arriveﬁa}rC(T<M/> H T(N/))

d(u(ip),u(ip’))
VVr{arn've\arn'veAa}rC(T(M) H T(N)) e = VVr{arrive\arriveAa}rC(T(M/) H T(N/))
Red(u(ip),u(ip’))
pRVVr{arrive\arriveﬂa}rC(T(M) H T(N>) i r= pRVVr{arrive\arriveaa}FC<T(M/) Il T(N/))

di t(U(ip),U(ip’))
pRer{arﬁve\arn’veﬁa}rC(T (M> H T(N)) wz pRVVF{arrive\arriveﬂa}FC(T (M,) H T(NI>)
T(M||N)

disconnect(U(ip),U(ip’))
— v

Apply Re

=T(M||N)
On the AWN side, the second and fourth conjunct can be used as premise in

disconnect(ip’,ip”)

disconnect(ip’,ip”) M N N’
—_—

disconnect(ip’,ip”

M

[DISCONNECT (T4-1)|

M||N LM || N
This case is proven if there exists a pair (A],A;) € o/ that satisfies a € Aj A
T(M || N) A= TM ||[N)AM || N A\ || N, and the converse of Pair [2.15
satisfies this requirement.
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9: Suppose that T(M) does a transition a € Sy and T (N) does a transition b ¢ A; where

7: Suppose that T(M) and T(N) both do the same transition a where a ¢
{arrive, connect, disconnect}. The mCRL2 derivation below shows where the
attempt to generate behavior for T (P (( Q) under these circumstances fails:

Induction hypothesis =

_— ——— Induction hypothesis
T(M) >=T(M') T(N) >=T(N)

ala 0 /
T(M) || T(N) ;‘:):T(M) [| T(N)
To(TM) || T(N)) 299 = ro(T(M) || T(N)) Apply 1

ala

Tc(T(M) || T(N)) —=T(T(M') || T(N'))
1—‘{arrive\arrive—m}r‘C(T (M) H T = 1q{arrive\arrive—»a}FC(T(I\/I/) H T(N,))
ala

1_‘{arrive\arriveﬁa}l—‘c(T(NI) H T(N)) == Iﬂ{arrive\arriveﬁa}rC(T(NI/) H T(N,))

The [ALLOW 2| operator cannot be applied next (like in Case [6) because ala ¢

Vu{rt F gmoe this means that T(M || N) cannot do a transition in mCRL2 under
the circumstances specified in this particular case, there is no behavior for AWN to
mimic.

8: Suppose that T(M) does a transition a € S; and T(N) does a transition b € A}, or
vice versa. Following the induction hypothesis and eliminating pairs from the action
relation .7 in Table @ that do not match the transition labels from S or Ay, it can
first be concluded that

[Comm 2]

Y{arrive|arrivesa} (@|a)
(N)) ———
Apply Y{arrive|arrive—a}

R:*cast(m) H-K:arrive(m)

TM) 2= T(M)AM M AT(N) 5= T(N') AN N’

The mCRL2 derivation in the Lemma [4.7}proof for shows how the first

and third conjunct are sufficient to prove that T(M || N) LIRS T(M || N).
On the AWN side, the second and fourth conjunct can be used as premise in

R:*cast(m) H-K:arrive(m)

M N
R:*cast(m) M H N/

M N’

HCRAKNR=0 CAST (T4-1)

M||IN
This case is proven if there exists a pair (Aj,Az) € o~ that satisfies a € A} A
TM || N) A, — TM || N)AM || N LNV || N, and the converse of Pair [2.11
satisfies this requirement.

The proof for when T (M) does the arrive action and T (N) does the starcast action
is similar.

b = arrive, or vice versa. The mCRL2 derivation below shows where the attempt
to generate behavior for T (P (( Q) under these circumstances fails:

ﬁ Induction hypothesis ﬁ Induction hypothesis
TM) -=T(M T(N) = T(N
T(M) || TON) “5=T(M) || T(N)
elb)
Te(TM) || T(N)) 2242 = To(T(M) || T(N
c(T(M) || T(N)) co(T(M') || T(N')) Ay 7

Ce(T(M) [| T(N)) 2% = Te(T(W) || T(N)

Y{arrivelarrive—a} (@lb)
1—‘{arrive\a\rriveﬂa}l—‘c(T(NI) H T(N)) e 1—‘{arrive\arriveﬁa\}FC(T(I\/I/) H T(N,))
alb

F{arrive\arriveﬂa}FC(T(M) H T(N)) —= 1—‘{arrive\arriveﬁa}l—‘c(T(NI/) H T(N,))

[Comm2]

Apply Y{arrive|arrive—a}
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The operator cannot be applied next (like in Case@ because alb ¢ VU{1}.
Note that the communication operator I'c has no effect because a and b have
different arguments.

In conclusion, T([M ]) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, and therefore there is no behavior for AWN to
mimic.

10: Suppose that T(M) does a transition a and T(N) does a transition b # a where
{a,b} # {starcast,arrive}. Generating behavior for T (P (( Q) under these circum-
stances fails for a similar reason as in Case [9} the communication operator I'c has
no effect because a # b (rather than that just their arguments are different) and
therefore it is not possible to eventually apply the operator.

The derivations in mCRL2 from the cases listed above are representative derivations

that collectively have no alternatives (see Definition d.3)): there are no other derivations

with different or differently ordered one-way steps that yield different behavior of pro-

cess expression T(M || N). Therefore the induction hypothesis generally holds for this
expression.
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N\

Translation rule The translation function T is partially defined by translation rule

T([ M D = VVp{sta\rcast—n}l—‘c(T(N[) H H) T16
where V = {t,newpkt, deliver, connect, disconnect}

where C = {newpkt|arrive — newpkt}

where H = Zip:T(IP)7data:T(DATA),dest:T(IP) nekat({ip}7 {ip},newpkt (data’ deSt))'H

Consider two pairs from Table 2.10}

U(H)CD>?
U(K)ND > =0

({ ip : newpkt(d,dip) },{ newpkt({U(ip)},{U(ip) },newpkt(u(d),U(dip))) })

({ H-K : arrive(m) }, { arrive(D,0?, u(m))

B,5° €T (Set(IP))
@) )
bl

Let A; and N; be defined as the second members of these pairs; that is, let

D,0’ €T (Set(IP))
i)

A1 = { arrive(D,D’,u(m))
U(K)ND>=0

Ny £ { newpkt({U(ip)}, {U(ip) },newpke (u(d), U(dip))) }

and let

N1 = { newpkt({u(ip)}, {u(ip)},newpkt (u(d), u(dip))) }

for some d € DATA, ip € IP, H,K € Set(IP), and m € MSG.
The following cases are distinguished:
1: T(M) does a transition a € A; and H does a transition b € Nj.
T(M) does a transition a ¢ A; and H does a transition b € Nj.
T(M) does nothing and H does a transition b € N;.
T (M) does a transition a . a = starcast and H does nothing.
T(M) does a transition a . a € {t,newpkt,deliver, connect,disconnect} and H
does nothing.
6: T(M) does a transition a . a ¢ {t, starcast,newpkt, deliver, connect, disconnect }
and H does nothing.
Note that these cases cover all combinations of behavior of T(M) and H (H can only do
newpkt actions; see the first part of the derivation in the Lemma proof for
((T4)] which is a representative derivation without alternatives).
The proof is provided below for each of the cases:
1: T(M) does a transition a € A; and H does a transition b € Nj. Following the
induction hypothesis and eliminating pairs from the action relation .7 in Table [2.10]
that do not match the transition labels from A, it can first be concluded that

H-K:arrive(m)

M/
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The mCRL2 derivation in the Lemma 4.7} proof for shows how the first

conjunct is sufficient to prove that T ([ M ]) = T([M']). Under the constraints

of this case, the derivation is a representative derivation without alternatives (see
Definition [4.3) and so all related behavior of T([M ]) is covered.
On the AWN side, the second conjunct can be used as premise in

{ip}—K:arrive(newpkt (d,dip))

M M’

NEWPKT (T4)]

] ip:newpkt(d,dip) [
_—

(M M|

This case is proven if there exists a pair (A],A;) € o/ that satisfies a € A} A
T([M]) 4, T((M'])A[M] 2, [ M’ ], and the converse of Pair[2.16|satisfies this
requirement.

2: T(M) does a transition a ¢ A; and H does a transition b € N. This situation fails
to generate behavior for T ([ M ]) because no derivation similar to the one in the

Lemma 4. 7}proof for is possible:

T(M) a_ T(M) H newpkt({U(ip)} {U(ip)} mewpkt (U(d),U(dip))) H

[PART]
[Comm2]

Apply 1o

T(M) ||H a[newpkt({u(ip)},{U(ip) } mewpkt(u(d),u(dip))) =T(M)||H

Yo (alnewpkt({U(ip) },{u(ip) } newpkt (U(d),U(dip))))

Te(T(M) || H)
To(T(M) || H) 2R}, (00p)) mewpis(0(d) 0cip))

=Tc(TM) || H)

=Te(TM) || H)
t: t—t}ea|newpkti ip)},{U(ip)} newpk d),u(dip
{starcast—t} ea[newpkt({U(ip) } {U(ip) } newpkt (u(d),u(dip))) = Plstarcast g [e(T(M') || H)

= p{starcast%t}rC(T(M/) H H)

The operator cannot be applied next because a|newpkt ¢ V U {7}. Since
this means that T ([ M |) cannot do a transition in mCRL?2 under the circumstances

specified in this particular case, there is no behavior for AWN to mimic.
3: T(M) does nothing and H does a transition

[RENAME 2]

Apply {starcast — t}e

p{starcastﬂt}FC<T(M) ” H)

p{starcastﬁt}rC(T(M) H H)

a[newpkt({u(ip)},{U(ip) } mewpkt(U(d),u(dip)))

newpki({U(ip)}, {U(ip)}, newpkt (U(d), U(dip))) € Ny

This situation fails to generate behavior for T (| M |) because no derivation similar

to the one in the Lemma .7} proof for [Newpkt (T4)|is possible:

H newpkt({U(ip)} {U(ip) } newpkt (U(d),U(dip)))

TM) || H

) Yc(newpkt({U(ip)}.{(ip)} newpkt (U(d),U(dip))))

H
RERPRE((U (i)}, (V) mewpke (0@ Ueip)), gy (1 Paxs
[Comp 2]

Apply Yo

Te(TM) [ H
Te(T(M) || H) 2P0} (3(i) nowpit (0(d) 0(ép))

Te(TM) || H)

Tc(T(M) || H)
{starcast—t}enewpkt({U(ip)},{U(ip) } mewpkt (U(d),u(dip))) P{smmastat}FC(T(M) H H)

P{starcastat}rC(T (M) H H)

[RENAME 2]

arcs I'c(T(M) || H
P{starcast—t} C( ( )H ) Apply {starcastﬁt}-

p{starcastﬂt}rC(T (M) H H)

The operator cannot be applied next because newpkt ¢ V U {t}. Since
this means that T ([ M |) cannot do a transition in mCRL?2 under the circumstances

specified in this particular case, there is no behavior for AWN to mimic.
4: T(M) does a transition a . a = starcast and H does nothing.

newpkt({U(ip)} {U(ip)} newpkt (U(d),U(dip)))
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Part E. Complete proof of Lemma 4.9

Following the induction hypothesis and eliminating pairs from the action relation .o/
in Table[2.10|that do not match the transition label starcast, it can first be concluded
that

starcast(U(D),U(R),U(m))

T(M) o= T(M') AM Z8t),

M/

for all D,R € Set(IP) and m € MSG where R C D.
The mCRL2 derivation in the Lemma [4.7}proof for shows how the

first conjunct is sufficient to prove that T([M ]) HoP).0®),0m), T([M']). Under
the constraints of this case, the derivation is a representative derivation without
alternatives (see Definition and so all related behavior of T([ M ]) is covered.
On the AWN side, the second conjunct can be used as premise in

R:*cast(m) M

[M] = [M']

CAST (14-4)

This case is proven if there exists a pair (A],A;) € /7 that satisfies a € A} A
T([M]) =1 T((M'])A[M] 22 [ M’ ], and the converse of Pair|2.11|satisfies this
requirement.

5: T(M) does a transition a . a € {t,newpkt,deliver, connect,disconnect} and H
does nothing. The induction hypothesis states that

I(A1,A2) € . a € A|AT(P) 2= T(P)AP 25 P/

Define /" as a subset of «7” that contains the possible values of (A},A;) € &~
where A; are actions that T (P (( Q) can perform in mCRL2 and where A are the
actions that AWN should use to mimic the actions in A in order for this case to be
proven:

o { (A1,A2) ‘ (A1,A2) € 7, T(P{(Q) ZH=T(P (Q) }

The following derivation is possible in mCRL2 for all a € A; such that (A},A;) €
'

Induction hypothesis

T(M) 5=T(M) Bl

T(M) [|[HS=T(M) ||H

ICOMM 2|
Ce(TM) | B) 2 =re(r) 1)
TOM) [ H) S=TeT M) [[H) TP

I'c

(
p{starcastat}rC(T (M) H H) = p{starcastﬁt}rC(T(Ml) || H)
p{starcastﬁt}rC(T (M) || H) S= p{starcastﬁt}r‘C(T(M/) || H)
VVp{starcastﬁt}FC(T(M) || H) 5= VVp{starcastﬁt}rC(T(M/) || H) ot

a

T([M]) >=T((M'])

[RENAME 2]
Apply {starcast — t}e

{starcast—t}ea
LR

acVu{r}

This derivation is valid only for a € A; such that @ € V U{7}. Under the constraints
of this case, the derivation is also a representative derivation without alternatives
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(see Definition [4.3). Finally it must be observed that it is impossible for T(M) to
produce a newpkt action independent of H, meaning that a #* newpkt.
Consequently, <7’ is as follows:

{
({ t(u(D),u(R),u(m)

({ deliver(u(ip),u(d)

({ connect(u(ip’),u(ip”)

({ disconnect(U(ip’),u(ip”)

pATh)

}.{ip: deliver(d) }),

},{ connect(ip’,ip”) }),
},{ disconnect(ip’,ip”) })

)

)
,U(ip”))
u(ip”))
| meMSG; ip,ip,ip” €1P; de€DATA; dests,R,D € SetIP); RCD }
For all (A1,A,) € /' the actions A; in mCRL2 can be mimicked by the actions A,
in AWN by means of the inference rules

M5 M
[M] 5 [M]

[INTERNAL (T4-3)|

ip:deliver(d)

M
[M]

MI
[M']

IDELIVER (T4-3)|

ip:deliver(d)
R

connect(ip,ip')

M/

[ M ] connect(ip,ip') [ M ]

[CONNECT (T'4-2)|

disconnect(ip,ip’)

M M’

disconnect(ip,ip’)
[M] ———— [M']

IDISCONNECT (T4-2)|

respectively. Therefore the induction hypothesis holds for this case.
6: T(M) does a transition a . a ¢ {t, starcast,newpkt, deliver, connect, disconnect }
and H does nothing. This situation fails to generate behavior for T ([ M |) because

no derivation similar to the one in the Lemma .7} proof for[Newpkt (T4)|is possible:

T(M) S=TM')
T(M) |[HS=T(M) |[H
re(t(M) || H) X% = re(tow) || H)
Te(T(M) || H) S=Te(T(M) || H)

p{starcastﬁt}rC(T (M) H H) = p{starcastﬁt}rC(T (Ml) H H)
The operator cannot be applied next because a ¢ V U {t}. Since this

means that T([ M |) cannot do a transition in mCRL2 under the circumstances
specified in this particular case, there is no behavior for AWN to mimic.

Apply Y

[RENAME 21

{starcast—t}ea







Appendix F
Operators of the AWN input language

The AWN input language has the following unary and binary operators:

Signature Operator description

+ Number Returns the operand.

! Boolean Returns the logical negation of the operand.

! Set Returns the complement of the operand.

- Number Returns the arithmetic negation of the operand.
Number + Number Returns the sum of two numbers.

List + List Returns the concatenation of two lists.

Set + Set Returns the union of two sets.

Number - Number Returns the second operand subtracted from the first.
Set - Set Returns the first operand without the members of the first.
Number * Number Returns the product of two numbers.

Number / Number Returns the quotient of two numbers.

Number div Number

Returns the quotient of two numbers, rounded down.

Number mod Number

Returns the remainder after calculating the quotient.

Number =~ Number

Calculates the exponentiation of two numbers.

Boolean && Boolean

Returns true if both of the operands are true.

Boolean | | Boolean

Returns frue if one of the operands is true.

Boolean =~ Boolean

Returns true if exactly one of the operands is frue.

Type in Set Returns frue if both the first operand is a member of the second.
Type in List Returns true if both the first operand is a member of the second.
Set cap Set Returns the intersection of two sets.

Set cup Set Returns the union of two sets.

Set oplus Set Returns the symmetric difference of two sets.

Type == Type Returns true if the operands are equal (requires the same type).

Type <> Type

Returns frue if the operands are not equal (requires the same type).

Number > Number

Returns true if the the first operand is greater than the second one.

Number < Number

Returns true if the the second operand is greater than the first one.

Number >= Number

Returns frue if the the first operand is greater than or equal to the second one.

Number <= Number

Returns true if the the second operand is greater than or equal to the first one.

Set subset Set

Returns frue if the the first operand is a proper subset of the second operand.

Set supset Set

Returns true if the the second operand is a proper subset of the first operand.

Set subseteq Set

Returns true if the the first operand is a subset of the second operand.

Set supseteq Set

Returns true if the the second operand is a subset of the first operand.







Appendix G

Source files for leader election protocol

1 leader.awn

©O© 00 N U WN -
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34
35
36
37
38
39

protocol LeaderProtocol;

type IP = struct(ip : Integer) extends $IP;
type B = struct(sip: IP, sn: Integer) extends $MSG;
type Trace = struct(ip: IP, lip: IP, lno: Integer) extends $TRACE;

//Main process
process Voting(lip: IP, lno: Integer, voted: Boolean, ip: IP, no: Integer)
uses m: $MSG, sip: IP, sn: Integer

= receive(m) . [B(m) == new B(sip, sn)]
Eval(sip, sn, lip, lno, voted, ip, no) /* receive ballot */
+ ['voted] (
broadcast (new B(ip, no))
Eval(ip, no, lip, lno, true, ip, no) /* cast a ballot */
+ receive(m) . [B(m) == new B(sip, sn)]
Eval(sip, sn, lip, lno, voted, ip, no) /* receive ballot */
)
+ trace(new Trace(ip, lip, lno)) . Voting(lip, lno, voted, ip, no)

s

//Helper process
process Eval(sip: IP, sn: Integer, lip: IP,
lno: Integer, voted: Boolean, ip: IP, no: Integer)
= [sn >= 1lno] Voting(sip, sn, voted, ip, no) /* vote better */
+ [sn < 1lno] Voting(lip, lno, voted, ip, no) /* vote worse */

const ALL_NODES: set of IP = {
new IP(1), new IP(2), new IP(3), new IP(4), new IP(5)
};

network

NETWORK =
new IP(1) : Voting(new IP(1), 8, false, new IP(1), 8) : ALL_NODES
new IP(2) : Voting(new IP(2), 2, false, new IP(2), 2) : ALL_NODES
new IP(3) : Voting(new IP(3), 5, false, new IP(3), 5) : ALL_NODES
new IP(4) : Voting(new IP(4), 4, false, new IP(4), 4) : ALL_NODES
new IP(5) : Voting(new IP(5), 8, false, new IP(5), 8) : ALL_NODES






Appendix H

Source files for AODYV protocol

Here are some (partial) files that give an impression of the implementation of the AODV protocol:

1 main.awn

© 00 ~NO O WN =

=
B W N = O

protocol MAIN;

import data;
import aodvProcess;
import qmsg;

network NETWORK =
new IP(1):A0DV(new IP(1), 1, [] of Route, [] of
<< QMSG([new NewPkt(new Data(10), new IP(3))]
| | new IP(2):A0DV(new IP(2), 1, [1 of Route, [] of
<< QMSG([new NewPkt(new Data(20), new IP(3))]
|| new IP(3):A0DV(new IP(3), 1, [] of Route, [] of
<< QMSG([] of $MSG):{new IP(2)}

s

2 aodv.awn

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

library aodvProcess;

import data;

import newpktProcess;
import pktProcess;
import rreqProcess;
import rrepProcess;
import rrerProcess;

sequential process AODV(ip: IP, sn: SQN, routeTable:
rreqs: RouteRequests, store:
uses msg: $MSG, dip: IP, data: Data, dests: Dests,
pre, pre2: set of IP, rreqid: RouteRequestID
= receive(msg) . (
[ msg is NewPkt ]
trace(new Trace(ip, msg))

RouteRequest, [] of StoreEntry)
of $MSG) :{new IP(2)}

RouteRequest, [] of StoreEntry)
of $MSG) :{new IP(1), new IP(3)}
RouteRequest, [] of StoreEntry)

RouteTable,
Store)

NEWPKT (NewPkt (msg), ip, sn, routeTable, rreqs, store)
+ [ msg is Pkt ] PKT(Pkt(msg), ip, sn, routeTable, rreqs, store)

+ [ msg is RouteRequestMsg ]!
[[routeTable := update(routeTable,

new Route(RouteRequestMsg(msg) .sip, 0, K::unknown,
F::valid, 1, RouteRequestMsg(msg).sip, {} of IP))]1]
RREQ (RouteRequestMsg(msg), ip, sn, routeTable, rreqs, store)

+ [ msg is RouteReplyMsg ]
[[routeTable := update(routeTable,
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26 new Route(RouteReplyMsg(msg).sip, O, K::unknown,

27 F::valid, 1, RouteReplyMsg(msg).sip, {} of IP))]]

28 RREP (RouteReplyMsg(msg), ip, sn, routeTable, rreqgs, store)

29 + [ msg is RouteErrorMsg ]

30 [[routeTable := update(routeTable,

31 new Route(RouteErrorMsg(msg).sip, O, K::unknown,

32 F::valid, 1, RouteErrorMsg(msg).sip, {} of IP))]]

33 RERR (RouteErrorMsg(msg), ip, sn, routeTable, rreqs, store)

34 ) + [dip in (gD(store) cap vD(routeTable))] (

35 [[data := head(getQueue(store, dip))]]

36 unicast(nextHop(routeTable, dip), new Pkt(data, dip, ip)) . (

37 [[store := drop(dip, store)]]

38 AODV(ip, sn, routeTable, rreqs, store)

39 ) > (

40 [[dests := [new Dest(rip, inc(getSN(routeTable, rip)))

41 | rip in vD(routeTable)

42 @ nextHop(routeTable, rip) == nextHop(routeTable, dip)] 1]

43 [[routeTable := invalidate(routeTable, dests)]]

44 [[store := setRRF(store, dests)]]

45 [[ pre := with init x := {} of IP, dest in dests do

46 x + precs(routeTable, dest.ip)

47 end 1]

48 [[dests := [d | 4 in dests @ precs(routeTable, d.ip) != {} of IP] ]]
49 groupcast (pre, new RouteErrorMsg(dests, ip))

50 AODV(ip, sn, routeTable, rreqs, store)

51 )

52 ) + [dip in (gD(store) - vD(routeTable)) && getP(store, dip) == P::req] (
53 [[store := unsetRRF(store, dip)]]

54 [[sn := inc(sn)]]

55 [[rreqid := nrreqid(rreqgs, ip)]]

56 [[rreqs := rreqgs + [new RouteRequest(ip, rreqid)] 1]

57 broadcast (new RouteRequestMsg(0, rreqid, dip, getSN(routeTable, dip),
58 getK(routeTable, dip), ip, sn, ip))
59 AODV(ip, sn, routeTable, rreqs, store)

60 );

3 qgmsg.awn

1 sequential process QMSG(msgs: list of $MSG) uses msg: $MSG
2 = receive(msg) . QMSG(msgs + [msg])

3 + [ msgs '= [] of $MSG] (

4 send (head(msgs)) . QMSG(tail(msgs))

5 + receive(msg) . QMSG(msgs + [msgl)

6 )

7
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4 data.awn

© 00N U WN +~-

=
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

library data;

//Basic data types:

type SQN = Integer;

type Nat = Integer;

type RouteRequestID = Integer;

type K = enum(known, unknown);

type F = enum(valid, invalid);

type P = enum(req, no_req, undef);

type Data = struct(d: Integer) extends $DATA;

//More complicated data types:

type IP = struct(address: Integer) extends $IP;

type Route = struct(ip: IP, sqn: SQN, k: K, f: F,
hopCount: Nat, nip: IP, precursors: set of IP);

type RouteTable = list of Route;

type Queue = list of Data;

type StoreEntry = struct(ip: IP, p: P, queue: Queue);

type Store = list of StoreEntry;

type RouteRequest = struct(ip: IP, id: RouteRequestID);

type RouteRequests = list of RouteRequest;

type Dest = struct(ip: IP, sqn: SQN);

type Dests = list of Dest;

//Traces:
type Trace = struct(ip: IP, msg: $MSG) extends $TRACE;

//Messages:

type NewPkt = struct(data: Data, dip: IP) extends $MSG;

type Pkt = struct(data: Data, dip, sip: IP) extends $MSG;

type RouteRequestMsg = struct(hopCount: Integer, id: RouteRequestID, dip: IP,
dsn: SQN, dsk: K, oip: IP, osn: SQN, sip: IP) extends $MSG;

type RouteReplyMsg = struct(hopCount: Integer, dip: IP,
dsn: SQN, oip: IP, sip: IP) extends $MSG;

type RouteErrorMsg = struct(dests: Dests, sip: IP) extends $MSG;

type Msg = struct() extends $MSG;

function drop(dst: IP, store: Store): Store

= with q := getQueue(store, dst) do

if |ql <= 1 then [ s | s in store @ s.ip != dst ] else

[ if s.ip == dst then s else
new StoreEntry(s.ip, s.p, tail(s.queue))
end | s in store ]

end

end;

//adds a packet to the queued data packets
function add(data: Data, dst: IP, store: Store): Store

= ifexists s in store @ s.ip == dst then
store - [s] + [new StoreEntry(dst, P::no_req, s.queue)]
else
store + [new StoreEntry(dst, P::req, [data])]
end;
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55 //set the request-required flag to no-req
56 function unsetRRF(store: Store, dst: IP): Store

57 = ifexists s in store @ s.ip == dst then

58 store - [s] + [new StoreEntry(dst, P::no_req, s.queue)]
59 else

60 store

61 end;

62

63 //set the request-required flag to req
64 function setRRF(store: Store, dsts: Dests): Store

65 = [if exists(dst in dsts @ dst.ip == s.ip) then
66 new StoreEntry(s.ip, P::req, s.queue)

67 else s end | s in store];

68

69 //selects the data queue for a particular destination

70 function getQueue(store: Store, dst: IP): Queue

71 = ifexists s in store @ s.ip == dst then s.queue else [] of Data end;
72

73 //selects the flag for a destination from the store

74 function getP(store: Store, dst: IP): P

75 = ifexists s in store @ s.ip == dst then s.p else P::undef end;

76

77 //selects the route for a particular destination

78 partial function getRoute(routeTable: RouteTable, dst: IP): Route

79 = ifexists r in routeTable @ r.ip == dst then r else undefined Route end;
80

81 //increments the sequence number

82 function inc(sqn: SQN): SQN

83 = if sgn != O then sqn + 1 else sqn end;

84

85 //returns the larger sequence number

86 function max(sqnl, sqn2: SQN): SQN

87 = if sqnl > sqn2 then sqnl else sqn2 end;

88

89 //returns the sequence number of a particular route

90 function getSN(routeTable: RouteTable, dst: IP): SQN

91 = ifexists r in routeTable @ r.ip == dst then r.sqn else 0 end;

92

93 //determines whether the sequence number is known

94 function getK(routeTable: RouteTable, dst: IP): K

95 = ifexists r in routeTable @ r.ip == dst then r.k else K::unknown end;
96

97



Appendix I

TxtGen language

Files

In the translation framework, models are translated to text by means of a custom-built model-
to-text converter. This converter is driven by the .txtgen files, plain-text files written in the
TxtGen language.

Model-to-text conversions must be specified in files that have the . txtgen extension. Files
must start with a header that specifies their identifier, as in

1 1library mCRL22text;

Files can import other files with the import syntax:

1 import "mCRL22text.txtgen";

Metamodels

TxtGen files work with models and must be given information about those models, which is
contained in their metamodel. The code snippet below gives an example of how a metamodel in
a given file is imported and linked to an identifier:

1 metamodel "mCRL2.ecore" as mCRL2;

Classes and other types contained within the metamodel are referenced by writing the identifier
of the metamodel followed by : : followed by the name of the type.

Rules

TxtGen files contains a number of rules, at least one of which must be a main rule — the TxtGen
converter will look for one of these rules as a starting point for exporting a given model to text.
TxtGen rules follow this grammar:

rule ::= (& | main) ruleName (ruleParam, --- , ruleParam) = ruleExpr;
ruleParam ::= paramName : (primitiveType | importedType)
primitiveType ::= Boolean | Integer | String
importedType ::= metamodelName : : typeName

Each rule has a name (which does not have to be unique) and a number of typed parameters.
Main rules must have exactly one parameter, namely one with the model type that it converts to
text. How rules are referenced, is discussed in Section 4.2

The body of a rule consists of an expression from which a text can be constructed. The following
section describes the different expression types.
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4 Rule expressions

The body of rules consists of a rule expression. Such expressions adhere to the following

grammar:
ruleExpr ::= seqExpr | --- | seqExpr
seqExpr ::= multExpr seqExpr | €
multExpr ::= operand | operand 7 | operand * | operand +
operand ::= literal
| out (dataExpr)
| ruleName (dataExpr, --- ,dataExpr)

| newline | indent | unindent

| newdir (string) | newfile (string)

| equal (dataExpr, dataExpr) | lequal(dataExpr, dataExpr)
| enum (dataExpr, dataExpr))

| error (string, dataExpr, ---, dataExpr))

| CruleExpr))

4.1 Lliterals
The simplest scenario is where the expression generates literal text. For example, the rule

1 Sort(sort: mCRL2::IntSort) = "Int";

does not do anything with the contents of its parameter sort, but simply writes the text "Int"
to the current file (without the quotes).

4.2  Primitive types

The contents of fields that have a primitive type can be written to the current file with the out
function (the default Java toString() method is used for this purpose; more sophisticated
value-to-text conversion is not supported). For example, let map be an object with the String
field name and let that field contain the value Hello world!. The expression out (map.name)
then writes "Hello world!" to the current file (without the quotes).

If the field provided as parameter of the out function has been assigned the value null, the
expression fails and the TxtGen converter moves on to the next alternative. The concept of
alternatives is discussed in Section
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Non-primitive types
If the field has a class — or any other non-primitive type — as type, it is typically exported to text

by referencing another rule. Suppose, for example, that one uses the following rule to write
mCRL2 mappings to the current file:

1 Map(m: mCRL2::Mapping) = "map " out(m.name) ": " Sort(m.sort) ";";

This expression depends on the existence of some rule named Sort that takes an mCRL?2 sort
as input.

If there are multiple rules that match the reference to a rule, TxtGen selects the one with
parameter types that are as close to the types of the input values as possible. This means that it is
possible to overload methods:

1 Sort(sort : M::Sort) = error("Missing support for sort ", type(sort));

2 Sort(sort : M::BoolSort) = "Bool";
3 Sort(sort : M::IntSort) = "Int";

In the code snippet above, M: :BoolSort and M: : IntSort are subclasses of M: :Sort. If
a reference to the Sort rule is made, the TxtGen converter selects the closest match: if the
parameter is of type M: :BoolSort, the second definition of the rule is chosen; if the parameter
is of type M: : IntSort, the third definition is chosen; and if the parameter is not a subtype of
M: :BoolSort or M: : IntSort and there are no other matching definitions, the first definition is
chosen, which generates an error (see Section {.6)).

Whitespace

TxtGen provides special expressions for inserting whitespace characters: the indent and unin-
dent expressions set the current level of indentation, and the newline expression writes a newline
character to the current file. A new line will be indented automatically as soon as more text is
generated; before that, indent and unindent can be used to change the indentation of the line.

Directories and files

There are two expressions that allow the user to create directories and files, namely newdir
and newfile. They both require a path string as input. Note that files can only be created in an
existing directory.

The most recently created file is the file to where text is written. This means that a file must be
created before any text is generated!
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Alternatives

There are several situations in which a TxtGen expression ‘fails’, which means that it did not
correctly generate text. One of these situations is when the contents of a field is converted to
text with the out function and the contents is null (see Section4.2] Another example involves
guards:

e The equal function takes two parameters. Both parameters must be null or both param-
eters must have the same value as determined by the default Java equals () method in
order for the current expression to succeed. The !equal function behaves opposite to the
equal function.

e The enum function takes two parameters, the first of which must be the field of an object
with an enumerable as its type, and the second must be one of the enumerable values. The
function succeeds if and only if the field has been assigned the given value. The !enum
function behaves opposite to the enum function.

e The error function always fails. It is useful for assisting the user by providing more
information on what part of the model-to-text conversion failed with a message and the
values of a number of objects.

It is important to note that the algorithm that checks whether an expression fails is nof recursive.
In other words, references to rules only fail if one of their parameters cannot be evaluated; they
do not fail if the body of the rules to which they refer fail!

Expressions in TxtGen of the form seqExpr | --- | seqExpr denote lists of expressions that are
explored from left to right, and the first sub-expression that does not fail is applied. The entire
expression fails if there is all sub-expressions fail. The different sub-expressions are called
alternatives.

Kleene operators

Expressions can be used as the parameter of the Kleene star operator or a related unary operator:
e The Kleene star denotes that its operand can occur zero or more times. For TxtGen, this
means that the operand is repeated until it fails after which the converter continues with
the subsequent expression. The operand with the Kleene star can therefore never fail (see
Section[4.6), because the converter will simply continue with the subsequent expression

even if the operand already fails at its first evaluation.

e The + operator behaves the same as the Kleene star operator, except that it requires the
operator to be applied at least once: if the operator was not applied successfully at least
one time, the expression fails.

e The ? operator means that its operand is optional. Just like the Kleene star operator, it
cannot fail.
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Data expressions

Data expressions are used in the parameters of the functions of rule expressions. They follow the
grammar

dataExpr ::= dataOperand selectFieldExpr
selectFieldExpr ::= € | dataExpr.fieldName selectFieldExpr
dataOperand ::= paramName
| boolLiteral | intLiteral | stringLiteral
| type (dataExpr)
| first (dataExpr)
| next (dataExpr)

First, the parameters and their fields can be used directly as a data expression; literal values of
booleans, integers, and strings are also valid data expressions; and the type function converts the
type of its parameter to a string (this is primarily used for debugging).

Second, each list in a model is given its own iterator that can be manipulated with the first
and next functions: the first function selects the first element of the list, and the next function
selects the next element of the list. These functions can fail — for example when a list is empty or
when a list contains no more elements — which makes the rule expression that contains them fail
(see Section[4.6). This means that the functions can be used in combination with the Kleene star
operator * (see Section in order to export the elements of a list:

1 NamedProcess(p: M::NamedProcess)

2 = "proc" out(p.name) ("(" Variable(first(p.parameters))

3 (", " Variable(next(p.parameters)))* ")")?
4 " = " Process(p.rootProcess) ";";

5

Variable(v: M::Variable) = ...
6 Process(p: M::Process) = ...

The code snippet above shows how a rule traverses all parameters of a named process and
exports each one. If there are no parameters, no brackets are exported either.
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