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Introduction

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 [7]] for the purpose of specifying
WMN (Wireless Mesh Network) and MANET (Mobile Ad-hoc Network) 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 in been demonstrated by modeling several interpretations of the AODV protocol [[13]], revealing,
for instance, that not all of these interpretations guarantee loop freedom [23]] or packet delivery [7]]. 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.

The graduation project of the author specifically involved the development of an automated translation from AWN
to mCRL2 and to formally determine to which extent this translation is valid so that future users can be confident
about the relation between their input and the results that mCRL2 produces. In this document, it will be shown
that this relation can be developed to be a strong bisimulation.

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 [4]], 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.

Implementing one or more systematic translations from AWN to the input of a third-party model checking
toolset would enable the automatic verification of network protocols, and thus faster protocol development.
Such translations should be reliable, meaning that, at the very least, they should be theoretically valid under
given premises. A manual translation from AWN to the UPPAAL model checker was published in 2012 [8] (this
translation is currently being automated). Proving the validity of the translation resulted in difficulties, however,
due to incomplete UPPAAL semantics.

The graduation project of the author focuses on a translation from AWN to mCRL2, a generic process algebra
with an accompanying modeling and verification toolset [[12]], instead. mCRL2 (milli Common Representation
Language) is the successor of uCRL (micro Common Representation Language), a specification language from
1990 designed using a minimalistic approach to replace a previously constructed common representation language
so ‘monstrous’ that it did not facilitate further theory and tool development [11]]. However, ;CRL lacked features
that were frequently used in specifications of protocols and concurrent systems. Eventually mCRL2 was proposed
to make uCRL more applicable in practice.

The project will involve a formal specification of the AWN-to-mCRL2 translation and a proof of its validity. Because
AWN and mCRL2 are both process algebras, proving the validity of the translation from one to the other is
expected to be more straightforward than the translation from AWN to UPPAAL. It is also likely that an automatic
translation will be implemented in the course of the project, possibly by making use of model-driven engineering
as the main technique. Tasks to fill any remaining time will be determined at a later date (this report describes
several possibilities).



Part 1

Motivation

1 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 [[17] [[18] [24]. 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 all 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.

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

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

2. 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.

3. 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.

4. 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.

Toolset Failed criteria
ECW [
Ivy
Mobility Workbench
PEP
Spot 2.0
TAPAs
TLA+
UCLID 3
UPPAAL (A
ZING

n AWN-to-UPPAAL translation is already in development.)

Table 1.1: Toolsets that were rejected and why.
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Toolset Modelling language(s) Reference

ARC AltaRica [0
CADP LOTOS, FSP, LOTOS NT [9]
FDR CSPM [10]
LTSmin Promela, uCRL, mCRL2 [3]
mCRL2 mCRL2 (6l
nuXmv SMV [I5]]
SPIN Promela [14]

Table 1.2: Selected toolsets.

5. 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.

6. 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 [1| has been used as an initial filter to reduce the number of model checking toolsets. Table|1.1|lists the
toolsets that failed one or more of the other criteria. From the toolsets that remained, listed in Table 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 [[3] back-end for mCRL2,
so translating to mCRL2 yields two supporting tools ‘for the price of one’.

2 Why MDE?

Comparison of MDE and Scala framework.

Since the graduation project will involve a translation with an accompanying validity proof, it is likely that the
implementation of the graduation project will become the definitive framework for future translations. There
is a strong argument to be made to use the existing Scala framework for AWN translations (see Section ??) for
the graduation project by extending it, namely that it already is a work in progress and that using the design in
Figure ?? would mean that part of that work would be wasted.

There are other considerations, as well. The Scala framework only requires knowledge of 1 general-purpose
language (Scala) and 1 syntax language, whereas the MDE approach 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). Due to its multitude of shorthands and features, Scala is more versatile than
Java, although this comes at the cost of a steeper learning curve and reduced readability.

A prominent advantage of MDE is that there exist metametamodel standards that are supported by existing
frameworks — in other words, MDE applications that use the same metametamodel standard can easily be modified
to exchange models, even if their underlying MDE implementations are entirely different. This is particularly
useful for the development of front-ends and back-ends: a metamodel essentially becomes a partial application
programming interface (API). For AWN translations, this means that a single translation file could be sufficient to
develop a translation to a model checking language if there exists a metamodel for that language.

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 [|16]. The Scala framework, on
the other hand, is more prone to situations in which multiple concerns are addressed in one place, reducing code
maintainability.

Because it is unclear how these advantages and disadvantages should be weighed, the design of the AWN
translation framework will be decided in the course of the graduation project itself (see Section ??).
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Part 2

Formal translation

1 AWN semantics

This section will give an overview of the semantics of AWN. The corresponding inference rules can be found in
Tables and The labels that identify the inference rules show a number in between brackets which refers
to the table in [7]] 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”:

* 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.

* 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.

* 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.

* 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.

1.1 Sequential process level

The decision flow of a protocol is determined by a composition of sequential processes. Sequential 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 S.P 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(expy, .., exp,,)

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(exp,,...,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|[1.2).
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BroapcasT (T1)

&, broadcast(ms).p M & p

GrourcasT (T1)

£, groupcast(dests, ms).p —>gmuPcaSt(§(dm) £ (ms) & p

UnicasT (T1-1)

. i dest) ,
&, unicast(dest, ms).p » q w &, p

UnicasT (T1-2)

. —uni dest),
&, unicast(dest, ms).p » q M £, q

SEND (T1)

&, send(ms).p M» & p

DELIVER (T1)

¢, deliver(data).p —erl&la0) o
Tmense RECEIVE (T1)
receive(m)

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

ASSIGNMENT (T1)

&, [var := exp]p RN &[var := &(exp)], p

Qlvar; := N,p S ¢ X(varg,:--,var def
[ver: Syl p ¢p - (g 2 Recursion (T1)
& X(expy, - ew,,) = 6 p

Va € Act

a ’
9 _> 9
VacAc —2 976D ooce (T1-2)

&p+a5¢.d

a ’
PS¢
Vacac —S P CP choce (T1D)

&p+a=>¢p

C(8) = true A {ay. - a,) = F(@) \ pomg) el A o) G gy
& lelp = Cp
Va # receive(m) P+P,— PARALLEL (T2-1) Va # send(m) S e PARALLEL (T2-2)
P(Q5P (Q PUQ5P(Q
receive (m) P’ Q send(m) Q,

PARALLEL (T2-3)

Vm € MSG p— -
PUQ—=P (Q
broadcast(m) ’ groupcast(D,m) ’
-y B
P - P BroapcasT (T3) P - P GroupcasT (T3)
ip:P:Rmip:P’:R ip:P:RMip:P/:R
deliver(d) / T ’
P - - P DELIVER (T3) P—P INTERNAL (T3)
ip:P:R ip:deliver(d) ip:P/:R ip:P:R;ip:P/:R
unicast (dip,m) ’ . —unicast(dip,m) .
P—2 4P dipeR P—M=5 P/ dip ¢ R
UnicasT (T3-1) b ¢ UnicasT (T3-2)

{dip} :*cast(m) ip:P:R 5 ip:P’:R

ip:P:R ———— 2 ip:P’":R

receive(m) % ARRIVE (T3-2)

ARRIVE (T3-1) ip:p iR Lolphamietn) bR

P
{ip} —0:arrive(m) ip .P':R

ip:P:R

Table 2.1: AWN inference rules (1/2)
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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 [Broapcast (T1)| t0 [Guarp (TD)|in Table 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).

Interpretation of guards

Guards in AWN use the syntax [¢] p. The rule in Table that allows guards to be constructed

makes use of the notation £ 2, ¢. 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.

For the correctness proof of the translation, a formal interpretation of § 2, ¢ is needed. To this end, uses
the following side condition:

C(¢) = true N\ {q17 T 7qn} = FV(¢) \DOM(f)

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

1.2 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 [paravrer (T2-D| tO [ParatLei]

in Table[2.7] for the semantics.

1.3 Node level

The rules for the node level, [Broapcast (T3)| tO [Disconnecr (13-3), can be found in Tables and 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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DiscoNNECT (T3-1)
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ip:deliver(d) , T ’
M - - M DELIVER (T4-3) MM INTERNAL (T4-3)
[ M ] ip:deliver(d) [ M ] [ M ] ; [ M
connect(ip,ip’) ’ connect(ip,ip’) ’ disconnect(ip,ip’) , disconnect(ip,ip’) ’
—_— — —_—
M — yN N CoNNECT (T4-1) M d'M - N N DiscoNNECT (T4-1)
M || N connect(ip,ip’) M/ || N’ M H N lisconnect (ip,ip’) M H N
connect(ip,ip’ ) , disconnect(ip,ip’) ,
P ——
M M CONNECT (T4-2) M M DiSCONNECT (T4-2)
[ M ] connect(ip,ip’) [ M ] [ M ] disconnect(ip,ip’) [ M ]
-
M {ip} —K:arrive (newpkt (d,dip)) /
NEwPKT (T4)
[M]

[ M } ip:newpkt(d,dip)
_—

Table 2.2: AWN inference rules (2/2)
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1.4 Network level

A partial network is constructed through parallel composition of nodes (via the || operator):

M:u:u=ip:PP:R | M{M

Parallellized nodes can exchange messages according to rules [cast (T4-1)| to [cast (14-4)| in Table 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 KNR = () 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 [peLver (T4-1)] to [Newekr (T4)| in Table

1.5 AWN examples

Listings to contain simple examples to illustrate how AWN might be used. The example of Listing
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(1) : { 2, 4 } ||

7 2 : Radio(null) : @ |

8 3 : Radio(null) : 0 ||

9 4 : Radio(null) : 0 1;

Listing 2.1: AWN radio tower 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.

1 ChatClient(lastMsg: Message, sentMsg: Boolean) =

2 receive(msg) . ChatClient(msg, sentMsg)

3 + unicast (1, Message("Hello everyone!")) .

4 ChatClient (lastMsg, true) P ChatClient(lastMsg, false);
5

6

ChatServer() = receive(msg) . broadcast(msg) . ChatServer();

Listing 2.2: AWN ‘chat client’ example.
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1 Flood(msgSent: Boolean, store: IP +— Text) =

2 receive(msg) . [msg = Message(ip’, text)] (

3 [ip’ + text € store]l . Flood(msgSent, store)

4 + [ip’ +— text ¢ storel .

5 [ store := storel[ip’ > text] |

6 broadcast(msg) . Flood(msgSent, store))

7 + [ msgSent] broadcast(new Message("Hello everyone!")) .
8 Flood(true, store);

Listing 2.3: AWN flooding example.

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.

1 Queue(queue: Sequence(Message)) =

2 receive(msg) . Queue(queue—rappend(msg))

3 + [queue—size() > 0] (

4 receive(msg) . Queue(queue—rappend(msg))

5 + send(queue—at(0)) . Queue(queue—remove(0))
6 );

7

8 FloodWithQueue = Flood(false, @) << Queue(f);

9

10  FloodNetwork = [ 1 : FloodWithQueue() : { 2, 3, 4 } ||
11 2 : FloodWithQueue() : { 1, 3 } ||
12 3 : FloodWithQueue() : { 1, 2 } ||
13 4 : FloodWithQueue() : { 1 } 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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2 mCRL2 semantics

For the translation from AWN to mCRL2, the features of mCRL2 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 [22]]).
Note that only an overview is provided here; refer to the mCRL2 book [TODO] for the full semantics.

2.1 Grammar

Similar to sequential processes in AWN, mCRL2 processes have a signature X (var; : Dy, --,var, : 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 mCRI2 processes is specified by expressions conforming to the following grammar:

pu= 6 | w | pp | p+p | ¢c—=p | c—=pop | D,pP
| pllp | Te) | Vv | 9sMm) | pr) | ) | X(di,---,dn)
wo= 7 | a(d;,---,dn) | ww

In this grammar, 0 represents a deadlocked process, meaning that it cannot make any transitions. To do an action
w, one only has to write it; however, mCRL2 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 w|t = 7|w = w.

Processes can be chained, or choices can be made between them, either by checking a condition ¢ or non-
deterministically — the expression ) p, 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, Vv, 95, pr, and 7; are operators that can influence the behavior of a process in various
ways — their descriptions can be found in

2.2 Inference rules

Table [2.3]lists rules in Plotkin style [[19]] for the structural operational semantics of mCRL2 process expressions. In
these rules, several notations are used that require short explanations:

* The v'-predicate is used to indicate the mCRL2 termination state — a process ‘goes here’ when it has no
more actions to do;

* The [exp]-brackets denotes the semantic value of exp;

* The syntax d : D means that variable d is of type D (although ‘types’ are called ‘sorts’ in mCRL2);

* Mp refers to the set of all possible semantic values of type D; Furthermore, if e € Mp, then there exists t),
a syntactic symbol for e such that [tye)] = e;

¢ w denotes a multi-action from which all data has been removed;

* The expression w € V results to true if and only if an equivalent of multi-action w is in the set of multi-actions
V (for example, aja|b € {a|bla} = true because two multi-actions that differ only in the ordering of their
action labels are equivalent);

* wyy is the set of all single actions that multi-action w contains.

2.3 Special operators
The Vv, 0B, T'c, pr, and 77 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 Vi 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 |aLow 1|and [aiLow 2| in Table

Blocking operator

The blocking operator Op (see [Brock 1] and [Brock 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!
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wlw ’
plla—aq

p— Vv
” CHOICE 1
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Lc(p) Tc(p')
PS5V
01 (w)
AN

HipE 1

71(p) v

p->p
HipE 2

TI(P/)

07 (w)
1 (p) ——

Table 2.3: mCRL2 inference rules

GUARD 3

GUARD 4

GUARD 5

GUARD 6

Page 14 of



Modeling AWN networks with an mCRL2 back end

Communication operator

The communication operator I' (see and 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 (w — a)
where w is a multi-action without data and a an action label. This set is passed to an auxiliary function v, which
is defined as follows:

Yo(e) =«
YC,uC, (OZ) =7 (rycz (Ol))

~Jod)ve(a)\ (ar(d)] ... |an(d))) if (a1 (d)]. .. |an(d)) C a for some vector d
Vaalfan 0} (@) = « otherwise

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

T\a=rT1
a\T=«
a\ (Bly) = (a\B) \~
(ala(dy,---,dp)) \ a(dy,---,d,) =«
(ala(dy,---,dp)) \ bler,---,en) = (a\ bler, - .,en))|a(dy, - sdp) ifa #bVdi #e V.- Vd, #e,

and
TC o =true
a(dy,---,dn) E 7 = false
ala(dy,---,d,) C Bla(dy,---,d,) =a C B

)
a|a(d17 e 7dn) c 5|b(€1, v 7en)

a\bler, -+,en))|aldy, --.d,) CRifa#bVvd #e1V---Vd, #e,

respectively.

Renaming operator

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

Rer =1
Rea(dy, - -,dy)=0b(d,---,dy,) ifa — b€ R for some b
Rea(dy,---,d,) =a(dy, --,d,)ifa—b¢ Rforallb
Re(alf) = (Rea)|(lef)

Hiding operator

The hiding operator 7; replaces all actions in the operand with the name a by 7 for all a € I. Due to the property
that w|T = 7|w = w, the a is simply removed instead if « is part of a multi-action.

The [BLock 1] and [prock 2| inference rules in Table describe the behavior of the hiding operator by using a function
6. This function is defined as follows:

Oi(r)=r1
Or(a(dy,---,dyp))=1ifael
Or(a(dy,---,dy)) =a(dy, --,dy) ifag T

0r(alB) = 0r(a)|0r(8)

Page 15 of



Modeling AWN networks with an mCRL2 back end

2.4 mCRL2 examples

Listings to give an example of a system specification in mCRL2. Listing 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 > 0, 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.

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).

act
mute;

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

+ volume_down . Mute(false)

+ volume_up . Mute(false);

QOO ~NOUIPWN -

[

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

Listing 2.6: Naive extension of the simple mCRL2 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 blocking operator 9, which are discussed
in subsections and respectively. Listing[2.7) 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 blocking operator.

I {volune_up|volune_up—s synced_volune_up,volune_down|volune_down— synced_volune_down}

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

1  act

2 synced_volume_down, synced_volume_up;

3

4 proc

5 Television3 = Channel(1) || Of{volune_up,volune_down}
6

7

Listing 2.7: Intended extension of the simple mCRL2 television example.
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3 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.

3.1 Translating sequential process expressions

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

Tv (&, broadcast(ms).p) = > p.secqp) €aSt(Urp, D, T (Ms)).Tv (€, p) where D ¢ VARS(T¢ (ms)) U vars(Tv (€, p)) T1

Ty (&, groupcast(dests, ms).p) = > p.c.qp) €aSt(Te (dests), D, T¢ (ms)). Ty (€, p) where D ¢ VARS(T¢ (dests)) U vars(T¢ (ms)) U vars(Tv (&, p)) T2
Ty (€, unicast(dest, ms).p » ) = cast({T¢ (dest)}, {T¢ (dest)}, T (ms)).Tv (¢, p) + —uni({r¢ (dest)}, 0, T (ms)).Ty (€, @) T3
Ty (¢, send(t¢ (ms)).p) = send(@, 0, T¢ (ms)).Tv (¢, p) T4

Tv (¢, deliver(data).p) = 3=, .;p del(ip, T¢ (data)).Tv (€, p) where ip ¢ vARs(T¢ (data)) U vaRS(Tv (€, p)) T5

Tv (&, receive(msg).p) = ED_D,:S“(IP)_T(WSE):MSG receive(D,D’, T(msg)). Ty U {msg} (£, P) where D, D? & vars(Ty nsg} (€, P)) T6

Ty (&, [var := exp] P) = X rpisore(r (var)) (0P = T&(XP)) = 3o (varyssore(r (var)) (T (var) = tmp) — (0, 0, msg gymmy)-Tv U {var} (£, P) T7

where T (tmp) ¢ VARS(T¢ (exp)) U VARS(Ty  {var} (£, D))

Tv (&, X(expy, - -, exp,,)) = X(Tg(expy), - - -, Te (exp,,)) T8
where T(X(vary, - - -, var,) & p) = X(7(var1) : sort(Te (exp,))s - -+, T(vary,) : sort(Te(exp,,))) & Tvasy - varn ) (0, )

Tv(&p+a) =Tv(Ep) +Tv (& q) T9

Tv (&, [81P) = T ruay \ v) Te (@) = 10, 0, DSE gummy)- Ty U ru(s) (€. P) T10

T(X(vary, - - -, var,) & p) = X(r(var) : sort(r(var1)), - - -, T(vars) : sort(T(var,))) & Tivaey . vaen} (0, ) T11

Table 2.4: Rules for translating AWN’s sequential process expressions

The translation rules in Table 2.4 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 variables to semantic values), and V is a set
of AWN variables (those that are assigned up to this point, to be precise). Note that £ is read-only: it is carried
around exclusively for the benefit of the T¢(exp) function, which translates data expressions. The definition of
T¢ (exp) is relatively complex:

def

Te (exp) = F(T(exp) [T(x) :=tyqy) | x =y €¢])

where

Fe) def {t[e]] if FV(C).: 0
e otherwise;
where u(y) translates a semantic value of AWN called y to the corresponding 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); and where the function T(exp) translates a syntactic AWN data
expression exp to a syntactic mCRL2 data expression. In order to abstract from the translation of data expressions
as much as possible, 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) Vexp . Fv(t(exp)) = {T(v) | v € Fv(exp)}; and
(iv) exp = v < T(exp) = v’ where v is an AWN variable and v’ is an mCRL2 variable.

The following subsections will elaborate on each of the translation rules in Table
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Rule [r1: Broadcast

Tv (&, broadcast(ms).p) = >_p.seiqp) €aSt(Uip, D, T (Ms)).Tv (€, p) where D ¢ VARS(T¢ (ms)) U vars(Tv (€, p))

This rule defines how a broadcast action is translated to mCRL2. 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 (Up).

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 } _.s..p), 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 [r1]ensures that D is fresh.

The third parameter is the message that is sent translated to an mCRL2 expression by means of the T¢(exp)
function.

Rule[t2: Groupcast

Ty (&, groupcast(dests, ms).p) = Zn;sa([p) cast(T¢ (dests),D, T¢ (ms)). Ty (€, p) where D ¢ VARS(T¢ (dests)) U VARS(T¢ (ms)) U vars(Tv (€, p))

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 [r2 ensuring that D
is fresh), but the first parameter is not: rather than Up the set of destinations specified by the user is inserted.
The first parameter must contain the node addresses of the intended recipients, after all.

Rule[r3: Unicast

Ty (&, unicast(dest, ms).p » q) = cast({T¢ (dest) }, {T¢ (dest) }, Te (ms)).Tv (€, p) + ~uni({Te (dest)}, D, Te (ms)).Tv (&, 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[rat Send

Tv (&, send(t¢ (ms)).p) = send(D, @, T¢ (ms)).Tv (€, 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[rs: Deliver

Ty (§, deliver(data).p) = 3_,  p del(ip, T¢ (data)).Tv (€, p) where ip ¢ vaRs(T¢ (data)) U VARS(Tv (€, p))

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.
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Rule[ts: Receive

TV (Ea receive(msg).p) = ZD,D':Set(IP),T(msg):MSG receive(D, D’, T(msg))'TV U {msg} (‘E p) where D,D’ ¢ VARS(TV U {msg} (51 p)) @

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.

Rule[t7: Assignment

Ty (&, [var := exp] ) = 3= upisore(r (var)) (FP = T (XP)) = 371 (varysore(r (var)) (T (vaT) = tmp) — £(0, B;mSE gy )- T U {var} (€, P)
where T (tmp) ¢ vARS(Tg(exp)) UVARS(Ty U {var} (€ P))

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 3, 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 7 as a
‘regular’ action until the network level has been reached.

Rule[ts: Process recursion

Process ‘calls’ are simply translated by referencing the mCRL2 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(expy, - - ,&Xpn)) = X(Tf(expl)’ <G aTé(expn))

where T(X(vary, -, varn) £ p) = X(r(vary) : sort(te(exp,)), -, T(vary) : sort(Te(exp,,))) © Tiar, . varn ) (0, P)

Rule[re: Choice

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

Tyv(§,p+a) =Tv(§,p) +Tv(§q) [T

Rule[tiot Guard

Tv (&, [8]P) = Xr ey \ vy Te (@) — t(D, 0, mSg gy )- Tv U Fu(s) (&5 P)

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 [r7}
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Rule[r11k Process definition

T(X(vary,---,vary,) def p) = X(t(vary) : sort(t(vary)), - -+, T(var,) : sort(T(var,))) dZEfT{Varlﬁ___yvarn} (0,p)

The translation of an AWN process definition X has the same name in mCRL2. Furthermore, each parameter
of the mCRIL2 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).

3.2 Translating higher-level process expressions

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

T(&,P) = Toom(e) (§;P) T12
T(P { Q) = VvT (15—t} (P{receive—sr} T(P) || p{send—s3 T(Q)) where V' = {t, cast, —uni, send, del, receive} T13
T@p:P:R) = VvIc(T(P) || G(tugp): tuwr))) 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) = 3°;, 1 sertp) msg:msg (R ND = D?) — cast(D,D’, msg).G(ip, R)
+ Zd:IP,msg:MSG(d ¢ R) — —uni({d}, 0, msg).G(ip,R)
+ 3 garamars del(ip, data).G(ip, R)
+ 3 0,07 Set(1p) msg:misG (iP € D7) — receive(D, D?, msg).G(ip, R)
+ 30,0 :setip) msgemis (1P & D?) — arrive(D, D, msg).G(ip, R)
+ 22 pr.p cONnect(ip, ip?).G(ip, R U {ip’})
+ Zip,:lp connect(ip’, ip).G(ip,RU {ip’})
+ 2 i, i (ip € {ip’, ip”’}) — connect(ip’,ip’’).G(ip, R)
+ > 4p.p disconnect(ip, ip’).G(ip, R \ {ip’})
+ >°p».1p disconnect(ip’, ip).G(ip,R \ {ip’})
+ 2 i, spp (ip & {ip?,ip”’}) — disconnect(ip’, ip”).G(ip, R)

T(M || N) = pRvVF{arrive|arrive~>a}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 — c, disconnect|disconnect — d}

T((M]) = va{starcastat}FC(T(M) [| 7) T16
where V' = {t, newpkt, deliver, connect, disconnect}
where C = {newpkt|arrive — newpkt}

where H = 3 p newpkt({ip}, {ip}, newpkt(data, dest)).H

ip:IP,data:DATA,dest:I

Table 2.5: Rules for translating AWN’s higher-level process expressions

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 r12forms 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
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Rule[r12; Sequential process
This rule allows the rules from Table to make use of the rules in Table

T(g, p) = TDOM(&) (51 p)

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[r13} Parallel processes

TP (Q) = VVF{r‘S%t} (p{receive%r}T(P) [l p{sendﬂs}T(Q)) 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.

The resulting processes are put in parallel.

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).

wn

Rule[r14: Node

T(ip: P :R) = VvLo(T(P) || G(tup), tuwry))
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) = 37, 1 ser(ip) msgimsc (R 1D = D?) = cast(D,D’, msg).G(ip, R)
+ 3 a1p msgmsg (4 € R) — —uni({d}, 0, msg).G(ip,R)
+ X gasapars del(ip, data).G(ip, R)
+ 30,0 etp) megemis (3P € D?) — receive(D,D’, msg).C(ip, R)
+ 25 b+ Set(1p) meg:MsG (1P & D?) — arrive(D,D’, msg).G (ip, R)
+ 3 ipap cOnnect(ip, ip’).G(ip,R U {ip’})
+ > 4p.p cOnnect(ip’, ip).G(ip,RU {ip’})
+ > ipraprap(ip € {ip’, ip”’}) — connect(ip’, ip”).G(ip, R)
+ Zip,:IP disconnect(ip, ip’).G(ip,R \ {ip’})
+ 3 p.1p disconnect(ip’, ip).G(ip, R \ {ip’})
+ i spap(ip & {ip7,1p7")) — disconnect(ip’, ip").G (ip, B)

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 mCRL2 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.
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Rule[r15: Parallel nodes

TM || N) = PRVVr‘{arn‘ve\arriveaa}FC(T(NI) [ T(N)) [T15
where R = {a — arrive, ¢ — connect,d — disconnect,s — starcast}
where V = {a, c, d, deliver, s, t}

where C' = {starcast|arrive — s, connect|connect — c, 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:

* One process does starcast action and the other process does a matching arrive action;
* Both processes do the same connect or disconnect action;
* One of the processes does a deliver action and the other process does nothing.

Rule[tist Network

T([ M ]) = va{starcast—»t)FC(T(M) H H)

where V' = {t, newpkt, deliver, connect, disconnect}

where C' = {newpkt|arrive — newpkt}

where H = 37,15 1a.DATA, dest.1p NEWPKE({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 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.

3.3 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[2.4]and [2.5|is total; 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 ¢, 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 [(D)] of T¢(e) with the fact that
Ve € Mgor(ey - 3t . [t] = e (Dermvrion 15.2.17 from the mCRL2 book) where M) is the set of all semantic values of a
sort D, it follows that T, is a total function. O
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3.4 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)) | P is an AWN parallel process expression, node expression, or (partial) network expression } 2.1

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

~  def

T, = { ((M], ¢ T([M])) | [ M]is an AWN network expression } (2.2)

According to Lemma both relations are defined for all valid AWN expressions P.

3.5 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 A and its definition can be found in Table

AEY

{7}, { t(u(D),u(R),u(m)) })7 (2.3)
({ broadcast(¢(ms)) }, { cast([the], [D], [Te(ms)]) | D : Set(IP) }), 2.4
({ groupcast(¢(dests), £(ms)) }, { cast([Te(dests)], [D], [Te(ms)]) | D : Set(P) }), (2.5)
({ unicast(&(dest), E(ms)) }, { cast([Te({dest})], [Te({dest})], [Te(ms)]) }), (2.6)
({ —unicast(¢(dest), £(ms)) }, { —uni([Te({dest})], [Te({dest})], [Te(ms)]) }), @7
({ send(£(ms)) }, { send([0], [0], [e(ms)]) } ), 28)
({ deliver(¢(data)) }, { del([1], [Te(data)]) |2 : 1P }), 2.9
({ receive(m) } , { receive([D], [0°], u(m)) | B,D : Set(IP) } ), (2.10)
({ R:*cast(m) }, { starcast(u(D), u(R), ( )}, (2.11)
({ ip:deliver(d) },{ deliver(u(ip),u(d)) }), (2.12)

5,5°:Set(1P)
({ H-K: arrive(m) }, { arrive([B], [0°], u(m)) | D2SP }), (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 : IP; d,&(data) : DATA; dests,R,D,H,K : Set(IP); RCD }

Table 2.6: Action relation A
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4 Correctness proof

4.1 Overview
TODO

4.2 Relation definitions

Definition 4.1 (Strong simulation) Let LTS; = (S, Act,—) and LTS, = (52, Act, —) be labeled transi-
tion systems where —; C S; x Act x S;. Then R C S; x S5 is called a strong simulation of LTS; by LTS, if
and only if

V(p,q) € RyacAct,p’ €S .pLip =3 €S .q5:d AP,d)eER

Definition 4.2 (Strong bisimulation) Let LTS; = (S;,Act,—1) and LTS, = (S2,Act, —2) be labeled
transition systems where —; C S; x Act x S;. Then R C S; x S5 is called a strong bisimulation between
LTS; and LTS, if and only if

* R is a strong simulation of LTS; by LTS, and
* R’ is a strong simulation of LTS, by LTS;.

Definition 4.3 Let LTS; = (S1,Act;, —1) and LTS, = (S2, Acty, —2) be labeled transition systems where
—; € S; X Act x S; and let f : Act; — Act, be a bijective function. Then R C S; x S, is called a strong
simulation of LT'S; by LTS, modulo renaming by f if and only if

V(p,q) € Rya € Act,p’ € S1.p =1 p = 3¢ €8y .q %, dAN@P.d)eR

Definition 4.4 Let LTS; = (S1,Act;, —1) and LTS, = (52, Act, —2) be labeled transition systems where
—; € S; X Act x S; and let f : Act; — Act, be a bijective function. Then R C S; x S, is called a strong
bisimulation between LTS, and LTS, modulo renaming by f if and only if

* Ris a strong simulation of LTS; by LTS, modulo renaming by f and
* R’ is a strong simulation of LTS, by LTS; modulo renaming by §~*.

Definition 4.5 Let LTS; = (S1,Act;, —1) and LTS, = (S2, Acty, —2) be labeled transition systems where
—; € 5; x Act; x S; and let A C P(Act;) x P(Actz). Then R C Sy x Ss is a strong A-warped simulation of
LTS; by LTS, if and only if

Y(p,q) € R,a € Act1,p’ € S .(p Lp =3(A41,A) A . acAiANT €Sy p i>p'/\q£> dA@,d)e R)

wherep 2 p' & Vac A.p % p'

Definition 4.6 Let LTS; = (S1,Act;, —1) and LTS, = (S2, Acty, —2) be labeled transition systems where
—; € 8; x Act; x S; and let A C P(Act;) x P(Acty). Then R C Sy x Sy is called a strong A-warped
bisimulation between LTS; and LTS, if and only if

* Ris astrong A-warped simulation of LTS; by LTS, and
* Ris a strong A -warped simulation of LTS, by LTS;.

4.3 Auxiliary lemmas

Definition 4.7 In the context of this document, a one-way step is a step in an mCRL2 derivation

* that requires no premises, or
* that has more than one premise, or
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* that has one premise and changes the process expression on the left side of the arrow of its premise to
a process expression that is not semantically equivalent.

The number of one-way steps in an mCRL2 derivation is limited and when their ordering is changed, the
original conclusion of the derivation can no longer be reached. All inference rules in mCRL2 are one-way
steps. (*Rewritten.*)

Definition 4.8 In the context of this document, a rewrite step is a step in an mCRL2 derivation with exactly
one premise that produces a conclusion that is semantically equivalent to its premise.

Rewrite steps can be applied in both directions (starting from the premise or starting from the conclusion)
making every rewrite step reversible. It is therefore impossible to cause the original conclusion of a derivation
to become unreachable by the insertion of rewrite steps. (*Rewritten.*)

Definition 4.9 In the context of this document, a representative derivation is a derivation in mCRL2 that
describes an entire class of derivations in mCRL2 in a generalized manner. A representative derivation
describes all derivations that

* only consist of one-way steps (see Definition [4.7) and rewrite steps (see Definition [4.8]), and
* have the same ordering of one-way steps.

Note that derivations in mCRL2 can only consist of one-way steps (the inference rules) and rewrite steps
(rewriting of syntax based on definitions and lemmas). There therefore exists a representative derivation
for every mCRL2 derivation. As a consequence of the second property, the conclusion of a representative
derivation is semantically equivalent to the conclusions of the derivations that it describes.

Finally, given a representative derivation with conclusion P % Q, this document may state that the derivation
is ‘without alternatives’: this means that there does not exist a derivation with different or differently ordered

one-way steps that results in a conclusion P’ 2= Q' such that P and P’ are semantically equivalent. This is
useful for exhaustively listing the behavior of process expression P.

Several lemmas related to T are used for the correctness proof (see Section which are listed below.

Lemma 4.1 If {(exp) is defined, then T¢(exp) = ty(¢(exp))-

Proof. First note that because £(exp) is defined, it must be the case that exp is closed under ¢; that is, Fv(exp) C
poM(¢). From Property and the definition of T it then follows that Fv(T (exp) [T (x) =ty | x =y €&]) =0
Consequently,
Definition of T
T¢(exp) = - .F(T(exp) [T(X) = ty(y) | X:=Y€ 5})
Definition of F
= lr(en)[rx)i=tug | m=vee]]
Definition of T
=" tre(em)]
Rty e(en)
O
Lemma 4.2 If e is a semantic AWN value and v ¢ poM(&), then T¢(exp) [T(v) := ty(e)] = Te[vime) (€XP).
Proof.
Definition of T
Te(exp) [T(v) ==ty = = T(exp) [T(x) :=tuy) | x =Y € €] [T(V) = ty(e]
v # (e T(exp) [T(x) = ty@y) | x:=y€v:= eH
Deﬁnitio:nof"rg Tg[vzze] (exp)
O
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Lemma 4.3 If e is a semantic AWN value and v ¢ poM(¢), then Ty (&, p) [T(v) := ty)] = Tv(£[v:=e],p) .

Proof. Proof by structural induction:

Base case is[rg, which is trivial (use Lemma [4.2)).

Induction step is divided into cases for translation rules 1| tor7] plus [r9|and These translation rules kinda look
like this:

TV(E? a(eh te aen)'p) = Zb(Tﬁ(el)v Ty Tf(en))'TV’ (Eap)

Using this template, the individual cases would look something like this:

Ty (&, aler, -, en)p)[T(v) := ty(e)]
T (Xb(Te(er), -+, Te(en))- Ty (€, D)) [T(V) = ty(e)]
= 2 b(re(er), -+ Te(en))[T(v) = tye)] - Tv (& p)[T(V) := tye)]
= 2 b(re(en)[T(v) :=ty(e)l - Te(en)[T(v) 1= ty(e))) Ty (£, P)[T(V) = ty(e)]
S B(Temey(€1), - Tepwime] (€n))- Ty (€, D) [T(v) = tuge)]
(

LH.
= X b(Temi=g(e1), - Tepwimel (€n))- Tv (E[v := €], D)
DeﬁnitizonofT TV( [V — 6]7 a(el’ ) p)
O
The following lemma is also used:
Lemma 4.4 If e is a semantic AWN value, then [tye)] = U(e).
Proof. You need a proof for this? Really? O
Lemma 4.5 If e is a semantic AWN value and £(exp) is defined, then u(e) = [T¢(exp)] < e = £(exp).
Proof.
Lemmal£4]
ule) "= Ttuel
Lemmaléi_fe]) } @ €= g(e‘xp)
[re(e@)] =" [tu(senn]
O

Definition 4.10 See Definition 15.2.12 in the mCRL2 book.

4.4 Proof

Lemma 4.6 Take translation relation T from Table ?? and action relation A from Table Then T is a
strong A-warped simulation of AWN expressions P by mCRL2 expressions T (P) for all AWN expressions P.

Proof. Using Lemma for Definition [4.5to apply it is sufficient to prove that
VP, P’ a. (P 5P = (AL, Ay) € A.ae A AP 25 P AT(P) 22 T(P) ) (2.17)
The proof of Equation 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

Ao

(A1, Ar) € A.a€ A AP 2L P AT(P) 22 T(P))

Base cases: Show for each axiomatic inference rule of AWN with conclusion P % P’ that there is some (A, A5) €
A.a€ Ay AP 25 P’ such that T(P) % T(P’) can be derived for all a’ € As,.
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Example: AWN defines the inference rule

IBROADCAST
broadcast(&(ms))
—>

¢, broadcast(ms).p §p

There exists an (A, A2) in A such that broadcast({(ms)) € A; A &, broadcast(ms).p A ¢, 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) for all a € Ay = { cast([Up], [D], [Te(ms)]) | D : Set(1P) }.

In mCRL2, the following derivation can be made for all D:

o [east(Up,D,1¢ (ms))]
cast(Uip, D, T¢ (ms)) #)

Definition [4.10]
R cast([Up], [0, [T¢ (ms)])
cast(lp, D, T¢ (ms)) —————— v
Q

cast([Uyp], [B], [ ¢ (ms)])
— e

cast(Uip, D, Te (ms)). Toom(e) (€, P) Toom(e) (€5 P)

. east([Lp], [8]. [7¢ (ms)]) Substitution
(caSt(uIP’ D, T¢ (ms))'TDom(g) (f, p)) [D = D] - s TDoM(g) (57 p)

cast([Up], [B], [T¢ (ms)])
R A

ZD:Set(IP) CaSt(Z/f[p, D7 Te (ms))~TD0M(5) (57 P) TDOM(&) (57 p)

cast([tp], 18], [rg (ms)1)
Sl P D,

Tnom(s) (5, broadcaSt(ms) .p) TDOM(E) (5’ p)

. T2
cast([Uyp] ., [9], [r¢ (ms)])
Sl b D,

T (&, broadcast(ms).p) T(&, p)

for D : Set(IP) and D ¢ vaRs(T¢(ms)) U VARS(Tpom(e) (&, ))- 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 (4;,45) € A.a € A AP 21, P’ such that T(P) “, T(P’) can be
derived for all a’ € As.

Example: AWN defines the inference rule

broadcast(m
P (m) P’

R BroADCAST (T3)|
o :*cast o
ip:P:R L("% ip:P":R

There exists an (A;, A2) in A such that R : *cast(m) € A; Aip: P: R A ip : P’ : R, namely Pairm
in Table (note that it is possible to choose D = Uip). 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([Up], U(R),u(m)) }.
In mCRL2, the following derivation can be made:

Ezu M,
[cast(Uip ty(ry stu(m))]
cast(Urp, ty(w) tum) —————————— .
L Definition [4.10]
cast([Urp], [tuw) ] [toem 1)
cast(Urp, tyr): tum) ——————————— ¥
Lemma [£4]

cast([thp] ,u(R),u(m))
SR IR

v

— ([the] u(R),u(m))
Cast(Urp, tugr) tugm))-G(tup)» tur)) el MBI, iy ot
ltum e = togo] = true (Ui, tow), tum)-Gltu(i), tow)) (to(@), tow)) —

_ Cast([Up],U(R),
(tur) NUip = tywr)) — €astUip, tu(r), tuim))-G(tu(p), tuwr)) Sstte] V) ),

cast(Urp, ty(r), tu(m))

)
G(tu(ip)a tU(R))

- — ) — o — S TR Substitution
( (tu(R) ND=D ) - cast(D,D vmsg>-G(tu(rp)7tU(R)) ) [D = Up,D’ := tu(R)ymSg = tU(m) ] Gav(ip)-,tu(R)) E (3 times)
Sum
- @ast([Urp],u(R),u(m))
0,00 setap) msgvisc (fu(r) 1D = D) — €ast(D, D, msg).Gtu(p), tor) — > Gltu(ip)s towy)

cast([Lp] ,u(R),u(m)) Ctugp) tomy)

— . . u(m))
( > b0 set(tp) meg:MsG (R ND =D?) — cast(D,D’, msg).G(ip,R) + S ) [ ip = tu(ip), R = tu) | 2 G(ty(ip), tur))
Definition of G S T
], 0(R),
G(tu(ip)s tor)) — > G(tu(ip): tu(r))

> 0,07 set(1p) msg:msc (fu®) ND =D?) — €ast(D, D’ msg).G (tu(p), tuw)) + S[ 1P = ty(p). R = tu) |
B 13

— Substitution
@asi([Le] v(R)

where S[ ip := ty(p), R := ty) | is an expression equal to all summands of G except for the first one.

From the induction hypothesis, it follows that T(P) cast(ltel,v(R) v(m), 6 cause Pair [2.4|in Table is the
only (B, B2) € A . broadcast(m) € B,. Combining this with the conclusion of the derivation above gives
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Induction hypothesis (see above)

Gt [t ],0 (R),5(m)
————— Gltup) tur)
P31

cast([[Lhp],U(R),u(m)) T(PI) G(fu(lp), tU(R))

T(P) || Gltugp): tum) st{fe], VR0 o)) Al 0B ), oy oy ) G(tu(p), tur))
Lo(T(P) || Gltugp): tum))) o (oo ear] @) 0(m) Bl VB S, 1 (7 p) | G(tu(ip): tur)))
To(T(P) || Gltugipy, o)) O, 1o (1) | Gty turwy))
pi-unicast st} e (T(P) || G(tu(ip), tur))) e e ) p(-unicast sty L (T(P) || G(to(ip) s tury))
starcastey U {r) __Pwias Lo(TP) | Gleui ) % premiess g To(T®) || Gltsp o)
Vv pi-uicast—ty o (T(P) || G(tu(p)s tuw)) ————————— Vv p-unicast— Lc (T(P') || G(tugip), tuw)))

T(ip p ZR) starcast([Urp] ,u(R),u(m)) T(ip P/ IR)

T(P)

ICovm 2]

Apply o

[RENAME 2.

Apply {—unicast — t}e

ivci
So it is indeed the case that
T(ip:P:R) & T(ip: P :R) forall a € Ay = { starcast([Up], u(R), u(m)) }

which finishes the induction step for the case of the inference rule.

Similar proofs must be done for all other inference rules of AWN. These proofs can be found in Appendix [Al Given

all of the proofs, Equation holds.

O

Lemma 4.7 For Ty as defined by the rules ri|to fri0]in Table ?? it holds that

a v} A
vp7a’7Q7§ N TDOM({)(£7 p) — Q = 3(A17A2) E A 7q70 - a e Al ATDOM(ﬁ)(§7p) _1> Q

NED 22 €lo],d A Q = Toom(eo) (€l0], @) (2.18)

Proof. The proof of Equation is by structural induction over the rules|ri|to [ridin Table ??. This is a sound
approach because these rules yield all mCRL2 expressions that can result from a translation by Ty . For each
translation rule, all representative derivations (see Deﬁnition for expressions of the form Tyoy¢) (€, P) 5Q

are listed, and for each possible derivation Lemma is proven.
Induction hypothesis: For all recursions Ty (€, p) that are part of a translation rule defining Ty, it holds that

Va, Q Toou(e) (&,D) = Q = (A1, As) € A q,0 . a € Ay A Tooue) (€,0) =5 Q

A £7p A—2> 5[0]7 qn Q = TDOM({[U])(&[U}7q)

Base cases: Show for translation rules|rif to [r7| and that for all a and Q such that Tpoy) (€, p) 2 Q there is
some (Ay, Az) € A" a € A; ATpoue) (€, D) LA, Q and some ¢ such that &, p a, &[o], q can be derived for all

a € A2 and Q =4 TDOM(E[U])(g[U]ﬂ q)

Example: The translation function Ty is partially defined by translation rule

Tv (&, broadcast(ms).p) = ;. seiqp) €aSt(Uip, D, Te (Ms)). Ty (€, p) where D ¢ VARS(T¢ (ms)) U vars(Tv (€, p))

Consider the following derivation for expressions of the form Ty (¢) (€, broadcast(ms).p) % Q:

R [east(Uyp ,D,T¢ (ms))]
cast(Up, D, T¢ (ms)) S

R — Definition|4.10
cast ,[ID], [Te (ms
cast(Up, D, T¢ (ms)) ——il e e

t([Up], [0], [re (ms)]) -
. casf 1p], [B], [T¢ (ms
cast(Uip, D, T¢ (ms)) . Toom(e) (€5 P) e Toom(e) (€, P)
e —, Substitution
. cast([Uyp], [B], [Tg (ms
(cast(Lip, D, Te (115)). Toou(e) (€, p)) [D := B] ———————5""5 Too(e) (£, )
([t4p], [0, [re (ms)]) i
cast pl,[D], TE ms
ZD:Se[(IP) CaSt(Z/{[p, D, T¢ (ms))~TDoM(§) ({a p) I TDoM(&) (51 p)
cast([Uyp], [B], [T¢ (ms)])
Toou(e) (€, broadeast(ms).p) P VIETID, o (€p) ‘
Define o := 0

cast([tp], [0], [Tg (ms)])
TDOM({) (&1 broadcaSt(mS)-p) —€> TDOM({[U]) (5[‘7]7 p)

This derivation is a representative derivation without alternatives (see Definition [4.9). It follows that
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a € { cast([Up], [D], [Te(ms)]) | D: Set(P) } and Q = Tpom(e(o])(£[0], p). There is exactly one pair
(Alv A2) €A .a€ Al A TDOM(E) (§7 broadcaSt(mS)-p) i> TDOM(§[G’])(§[U]? p):

({ cast([thp], [O], [¢(ms)]) | D : Set(IP) }, { broadcast(¢(ms)) })

This pair satisfies the condition that ¢, broadcast(ms).p — &[o], p can be derived for all a’ € Ay (via AWN
inference rule [Broancast (TD))), which is sufficient to prove this particular base case.

Induction step: Given only its side conditions and the induction hypothesis, show for translation rulesrs|and
that for all @ and Q such that Tyey(e) (€, P) 2, Q there is some (A1, Ay) € A”.a € Ay A Toom(e) (€, P) A Q and
some o such that p a, q can be derived for all o’ € A; and Q = Tpow(e[o) (DOM(E[0]), q).

-

Example: The translation function Ty is partially defined by translation rule

TV(g’ X(expl’ T 1€Xpn)) = X(T{’(axpl)’ T 7T5(€xpn))

where T(X(vary, - - -, varn) & p) = X(t(var1) : sort(Te (exp,)), - - -, T(varn) : sort(Te (exp,,))) % Tpvary . varn ) (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 instantiations of process calls:

Va, Q. Tiay, 4,y (B[d1 := &(expy), - -+, dn := &(exp,,)], p) — Q = (A1, A2) € A”,q,0 . a € A
AT(ay a0y (B[d1 := E(expy), -+, dn = E(exp,,)], D) =5 Q
AOdr = E(exp,),,dn == £(exp,)],p 2 Od1 == £(exp,), -, dn = £(exp,)][0], q
A Q= Tqay, .4, }ubom(o) (B[d1 := &(expy), - - -, dn := &(exp,,)][0], q)

The following derivation in AWN can be based on the third line of the instantiated induction hypothesis:

Induction hypothesis

!
Bldy = E(epy), -+, dn = £(0Py)], P > Ody = E(ep1), -+, dn = E(emy)][o], a Definition of X

RECURSION (T1

’
£, X(expy, -+, epy) > Bldy = £(epy), -, dp = E(ewy,)][o), a

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

Induction hypothesis

Tldy, - dp } (Pld1 = &(@p1), - - -, dn := &(epy)], P) =5 T{dy, -+ dp JUbom(o) (Pld1 := &(@P1), - - -, dn := &(epy)]lo], a) o
Lemmaj
Tldy, -dp } (@ P)T(d1) := ty(g(expy)) " ,T(dp) i= tu(g(ap"))] 25 Tidy, - dp yUpom(o) (Pld1 := &(ep1), - - -, dn = E(epp)][o], a)
LemmalZd]
Tiay, - ndp } (@ PIT(AL) := Te(ep1), - - -, T(dn) := T¢ (expy )] = T{dy, - dn }Ubom(c) (Pld1 := &(@p1), - - -, dn := &(e@y)][o], )
Definition of X - R RSION 2]
X(rg(expy), - -, Te(Pp)) — Trq) ... 4, JUbom(o) (Pld1 := &(@P1), - - -, dn = &(ewy)]lo], )
Ty (& X(@p1, - oPn)) = Tra) .. 4, Yubou(o) (0141 := §(@p1), - - -, dn = &(epy)][o], @)

for all @ € A;. This derivation is a representative derivation without alternatives (see Deﬁnition.
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 must be sufficient to
generate all possible behavior of an mCRL2 process call. The actions available to Ty (£, X(exp,,- -, exp,,))
in mCRL2 can therefore clearly be mimicked by AWN, and so both derivations can be combined into an
new equation matching the induction hypothesis:

Va,Q . Ty (¢, X(exp,,---,exp,)) = Q= 3(A1,42) € A'yq,0 . a € Ay
A
/\Tv(f,X(CXpD- o 7expn)) _1> Q

A (Z)[dl = 5(63(171)» sy dp = §(expn)}7p i Q)[dl = f(expl)v ceeydp = §(€Xpn)][a]’ q
ANQ = T{dhuwdn}UDOM(g) (@[Ch = g(expl), s dy = {(expn)][a], q)

This confirms the induction step of the proof of Lemma [4.7}
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Given the proofs for translation rules [r1] to [r1d (see Appendix [B), Equation holds. O

Lemma 4.8 Let T be the converse of translation relation T from Table ?? and let .A” be the converse of
relation A from Table Then T" is a strong A”-warped simulation of mCRL2 expressions T(P) by AWN
expressions P for all AWN expressions P.

Proof. Using Lemma for Definition [4.5|to apply it is sufficient to prove that
VP, a,Q . (T(P) 4 Q = 3(A, A) EALQ.ae A AT(P) 25 QAP 22 QAQ =T(Q) ) (2.19)

The proof of Equation 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) 5 Q = (A, As) € A, Q. a € A AT(P) i>Q’AP£>QAQ’:T(Q))

Base cases: Show for translation rules and that for all ¢ and Q' such that T(P) % Q' there is some
(A1, A3) e A”.ae Ay AT(P) A Q' such that P LIN Q can be derived for all a" € A, and Q' = T(Q).

Example: The translation function T is partially defined by translation rule [r12}

T(£7 p) = TDOM({) (57 p)

Suppose that Tpoy(e) (€, P) % Q. Then, according to Lemma there exists some (A;,43) € A”.a €

A A TDoM({)(§7 p) i> Q such that 57 p ﬁ/_) 5[0—]7 p/ forall o’ € Az and Q = TDoM({ o (5[0—]3 p/)'
Define ¢ = {[o]. Q can then be rewritten to Tyou(c) (¢, p’) Which, as stated by rule equals T(¢,p’). As a

result, there must exist some (A1, A3) € A”.a € A} AT(E,p) N Q such that &, p LN (,p'forallad’ € A
and Q = T(¢, p’), proving this particular base case.

\ J

Induction step: Given only their side conditions and the induction hypothesis, show for translation rules [r13|to

that for all « and Q’ such that T(P) % Q' there is some (A1, A3) € A” . a € A; AT(P) A Q' such that P LN Q
can be derived for all ¢’ € A; and Q' = T(Q).

r

Example: The translation function T is partially defined by translation rule

T([ M ]) = va{starcastﬁt}FC(T(M) H H)
where V' = {t, newpkt, deliver, connect, disconnect}

where C' = {newpkt|arrive — newpkt}

where H = 37,1 4aa:pATA dest.1p NEWPKE({ip}, {ip}, newpkt(data, dest)).H

Consider two pairs from Table

D,5°:Set(IP)
B> CH )
HCDH? B

Knb>=0
({ ip:newpkt(d, dip) }, { newpkt({u(ip)}, {u(ip) }, newpkt (u(d), u(dip))) })

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

p,5?:Set(IP)
B>CH

({ H-K:arrive(m) }, { arrive([D], [D°], u(m))

HCDH>
Knb>=0

N, £ { newpkt({u(ip)}, {u(ip)}, newpkt (u(d), u(dip))) }

A { arrive([D], [D°], u(m))

and let
N1 # { newpke({u(ip)}, {u(ip)}, newpkt(u(d), u(dip))) }
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for some d : DATA, ip : IP, H,K : Set(IP), and m : MSG.
The following cases are distinguished:

T(M) does a transition a € A; and H does a transition b € N;.

(M) does a transition a ¢ A; and H does a transition b € N;.

(M) does nothing and H does a transition b € N;.

(M) does a transition a where g = starcast and H does nothing.

(M) does a transition a where a € {t, newpkt, deliver, connect, disconnect} and H does nothing.
T(M) does a transition a where a ¢ {t, starcast, newpkt, deliver, connect, disconnect} and H does

nothing.

T
T
T
T

PP PR

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 [4.6}proof for 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 .4 in Table that do not match the transition labels
from A, it can first be concluded that

Lu Ty AM

H-K:arrive(

T(M) ™y M

The mCRL2 derivation in the Lemma [4.6}proof for Newpkt (T4)| shows how the first conjunct is

sufficient to prove that T([ M ]) RN 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

{ip} —K:arrive (newpkt(d,dip)) ,

M

NEWPKT (T
ip:newpkt(d,dip) / rwer (T4)
(M] ———— [M']

This case is proven if there exists a pair (4;,A2) € A" that satisfies a € A3 AT([ M |) A,

T((M DA[M] SN [ M’ ], and the converse of Pair 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 [4.6}proof for [Newpkt (T4)|is possible:

T(M) i>T(M’) H newpkt({u(ip) },{u(ip) } newpkt (u(d),u(dip))) H

EE3]

T(M) || H a|newpkt({u(ip)},{u(ip) } newpkt (u(d),u(dip))) T || H

OMM

T (T(M) || H) 2Cmewpl{u()} {u()} mowpee (@) @) 1 pnpr) || H)

Apply vo

Lo (T(M) || H) 2PV (o)} mempt 0 D), 1oy ar) | H)
P{starcastﬁt}FC(T(l\’l) H H) P{starcastﬁt}FC(T(l\’lq H H)

al kt({u(ip)},{u(ip) } newpkt(u(d),u(dip)))
p{starcast—»t}FC(T(l\'l) H H) Ry il ﬂ(starcast—»t}rC/‘(T(l\’I/) H H)

— [RENAME 2]
{starcast—t}ea|newpkt({u(ip)},{u(ip)} newpkt(u(d),u(dip)))

Apply {starcast — t}e

The operator cannot be applied next because a/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.

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

Lemma [4.6}proof for Newpkt (T4)|is possible:
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H newpkt({u(ip)},{u(ip)},newpkt (u(d),u(dip))) H

T(M) || H ZSPRU0)). (50} aewpet (0@ vdo)), gy | g

[EART]

- - - [Conn 2]
To(T(M) || H) o (newpke({u(ip) },{u(ip) } ,newpkt (u(d),u(dip)))) To(T(M) || H)

Apply ¢

kt({u(ip)},{u(ip) } newpkt (u(d),u(di }
To(T(M) || H) newpkt({u(ip)},{u(ip) } newpkt (u(d),u(dip))) To(T(M) || H)

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

IRENAME 2]

p{starcastﬂt}FC(T(l\'I) H H)
(T(M) || H) newpkt({u(ip)},{u(ip) } ,newpkt (u(d),u(dip)))

/’{starcast%t}rc (T(l\I) || H)

P{starcast—t} L' (T(M) || H)

Apply {starcast — t}e

P{starcast—t}1'C

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.

: T(M) does a transition a where g = starcast and H does nothing.

Following the induction hypothesis and eliminating pairs from the action relation .4 in Table that
do not match the transition label starcast, it can first be concluded that

T(M) starcast(u(D),u(R),u(m)) T(M,) AM R¥*cast(m) M

for all D, R : Set(IP) and m : MSG where R C D.

The mCRL2 derivation in the Lemma proof for |Cast (T4-4)| shows how the first conjunct is
sufficient to prove that T([ M ]) GRS EN 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 e ra
[M] = [M]

This case is proven if there exists a pair (4;, A3) € A" that satisfies a € A3 AT([ M ]) A,

T((M HA[M] SN [ M’ ], and the converse of Pair satisfies this requirement.
: T(M) does a transition a where a € {t, newpkt, deliver, connect, disconnect} and H does nothing.
The induction hypothesis states that

(A1, Ay) € A a € AL AT(P) 25 T(P) AP 22 P/

Define A’ as a subset of A" that contains the possible values of (A;, A3) € 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:

A (A, 4) | (Ar, o) € &, TR (Q) 25 TP (Q )

The following derivation is possible in mCRL2 for all a € A; such that (A;, A3) € A”:

—————————— Induction hypothesis
TM) % T(M)
)

T(M) ||HS T(M) || H
@ ICovm 21
Te(TM) || H) 222 Do (T(M) || H)
(T(M) || H) ) ] Apply 70

To(T(M) || H) % To(T(M) || H)
pistarcast s To(T(M) || H) 155220, e sg To(TQM) | H)
P{starcast—»t}rG(T(l\’I) [| H) 5 P{starcastat}FO(T(l\’I/) [| )

Vv pstarcaststy Lo (T(M) || H) 5 Vv p(starcast—ey Do (T(M') || H) -
T((M]) = T((M])

IRENAME.

Apply {starcast — t}e
agV U {r}

The derivation above 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 (see Definition [4.9). 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, A’ is as follows:
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{ t(u(D),u(R),u(m)) },{7})
({ deliver(u(ip), u(d)) }, { ip:deliver(d) } ),
({ connect(u(ip’), u(ip”)) }, { connect(ip’,ip”) }),
({ disconnect(u(ip’), u(ip”)) }, { disconnect(ip’,ip”) })

| m:MSG; ip,ip’,ip”:1P; d:DATA; dests,R,D:Set(IP); RCD }
For all (A;, A3) € A’ the actions A; in mCRL2 can be mimicked by the actions A, in AWN by means
of the inference rules

T !
—MoM e
[M] = [M']
ip:deliver(d) ’
M - — (d; M o)
ip:deliver 7
[M] ———= [M']
connect(ip,ip’) 7
il — il
t(ip,ip 7
[ M ] connect [ M ]

disconnect(ip,ip’) ’
M [DISCONNECT (14-2)]

disconnect(ip,ip’)
_

[M] [M]

respectively. Therefore the induction hypothesis holds for this case.

6: T(M) does a transition a where 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 [4.6}proof for Newpkt (T4)|is possible:

T(M) & T(M

)
)

TM) [|HS TM) || H
@ [Comm 2]
To(T(M) || H) 22 Do (T(MY) || H
(T(M) || H) (TM') || )Apply%

To(T(M) || H) % To(T(M) || H)
p{starcast—»t}FC (T(I\/I) || H) p{starcastet}FC(T(lw/) 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.

IRENAME 2]

{starcast—t}ea
%

Similar proofs must be done for all other translation rules defining T. These proofs can be found in Appendix|[C|
Given all of the proofs, Equation holds. O

Theorem 4.9 Take translation relation T from Table ?? and action relation A from Table Then T is
a strong A-warped bisimulation between AWN expressions P and mCRL2 expressions T(P) for all AWN
expressions P.

Proof. T is a strong A-warped bisimulation of P by T(P) for all P if and only if Definition applies. This
definition consists of two conditions, the first of which is established by the proof for Lemma[4.6/and the second
of which is established by the proof for Lemma 4.8 O

Theorem 4.10 Let
T, = { ((M],7(¢T([M])) | [M]is an AWN network expression } (2.20)

Then there exists a bijective function f : Actawn — Actmcrr2 SO that T, is a strong bisimulation between
AWN expressions [ M | and mCRL2 expressions T([ M |) modulo renaming by f for all AWN expressions
[ M].
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Proof. The inference rules of AWN (see Tables[2.1]and clearly show that
YM,Q,a.[M]5Q = 3IM.Q=[M]
which means that Equation implies that

VM7M',a.([M]i>[M']ﬁEI(Al,Az)E.A.aEAl/\[M]il—)[M/]/\T([M])f—%T([M/])) (2.21)

Similarly, the Lemma proof for|Translation rule[r1¢l shows that

VM,Q,a.[T(M)]&Q = IM.Q=T(M])
which means that Equation [2.19]implies that

VM, M, d’ . (T([M]) oM )) = I(AL ) e A d € AL AT(M]) 2L T M ) A[M] 22, [M’]) (2.22)

Equations and only require a subset A’ of A in order to be valid, namely the subset containing the
pairs in A with the actions that [ M ] and T([ M ]) can actually perform. To determine the contents of A’, the
inference rules of AWN and the Lemma [4.8}proof for Translation rule [ri6l can be used once again because they list
all possible behavior of [ M ] and T([ M ]). This results in the following value of A’

A=

{7}, {t(uD),uR),u(m)) }),
({ 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))) })

| m:MSG; ip,ip’,ip”,dip : IP; d:DATA; R,D:Set(P); RCD }
Furthermore, the different manifestations of the t action are not visible at the network level, and therefore they
can be hidden in mCRL2 using a 7 operation:

T([M]) < T(M'])

rgTM ) 20 T M)

\HIDE 2l

(*Is this step sufficiently straightforward?*)
This changes Equations and and the value of A’ to the following:

VM,M’7a.<[M]L[M’1:>3(A1,A2)e,4;.aeAlA[M]i)[M/]AT“}T([M])ﬂ)rmT([M’])> (2.23)

VM, M, a’ . (T{t}T([ M) <, g TIM ) = 3(A1, A2) € AL . a' € Ay AT T((M ) A T T(M ) A[M] Az, [M] ) (2.24)

where A% & ¢
{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 : IP; d:DATA }
Note that A/ can be replaced by the bijective function §:

YM, M, a. ( [M] S [M ] = rgT(M]) 22 (M) ) (2.25)

VM, M, o (T{t}T([ M) % rg TM ) = [M] 1 awr] ) (2.26)
T ifa=r
deliver(u(ip), u(d) if a = ip:deliver(d)

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

is a strong bisimulation modulo renaming by §. O

Theorem 4.11 F does not matter with regard to strong bisimulation. Why? Because. TODO

Proof. TODO O
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Part 3

Implementation

1 Design principles

As stated in the Introduction, one of the ambitions for AWN is to automatically model and verify AWN specifications
with one or more existing model checking toolsets. Supporting multiple toolsets means that building a translation
framework rather than a situational solution will yield the most long-term benefits. For the project, such a
framework has been developed based on the principle of model-driven engineering [[15]] [20] or MDE.

The MDE principle — an overview of which is depicted in Figure — can be summarized with the phrase
“Everything is a model”, which is remarkably similar to the “Everything is an object” phrase that was used in
the 1980s to describe the essence of object-oriented techniques [2]]. Models express structure, behavior, and
other properties in a relevant domain. The permitted syntax of a model is expressed by a metamodel, which in
turn conforms to the syntax expressed by a metametamodel (the syntax of a metametamodel can be expressed
by the metametamodel itself). Sharing a metametamodel, such as the one introduced in 2000 by the Object
Management Group [21]], makes metamodels compatible.

Another important component of model-driven engineering is the application of (model) transformations. These
transformation are defined in terms of the metamodels of the input and output model. Model transformations
are typically defined in a domain-specific language (DSL) for transformations and executed on a transformation
engine.

Metametamodel  [<}—

Metamodel A [<< — -  Transformation |ll — —> Metamodel B
AN

|
| «executes»
|

Transformation
engine

Figure 3.1: How to transform some model A to some model B using the MDE principle.

Model A —>(  Model B

MDE also allows tools to be developed that can handle input that is not model-specific or even metamodel-specific.
Instead, the input must consist of a model conforming to a metamodel and a definition of that metamodel
(conforming to a predefined metametamodel). This has given rise to frameworks such as Xtext (used for this
project), which can generate compilers and editors from given metamodels.
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The implementation of the AWN-to-mCRL2 translation has been built using existing MDE frameworks and
techniques. This should bring the following advantages:

* The standard is set high for the degree at which the different aspects of an implementation are separated,
similar to aspect-oriented techniques [|16]]. This improves code maintainability.

* Itis easy to benefit from existing frameworks such as Xtext, which have been developed with the compatibility
of metametamodels in mind.

* The implementation can be more easily combined with other MDE projects (assuming a shared metameta-
model), reducing efforts to reuse code.

2 Implementation overview

Unsurprisingly, the implementation of the AWN-to-mCRL2 translation is given an AWN specification and, if the
AWN specification is valid, returns an mCRL2 specification. The conversion occurs via a chain of transformations,
similar to a pipeline (see Figure3.2)).

The following four transformations are executed in order. First, the AWN specification is parsed and validated,
resulting in a ‘raw’ AWN model (similar to an abstract syntax tree) if successful. This model is then reorganized
and decorated with more information, which gives a more usable AWN model. The third transformation constructs
an mCRL2 model based on the ingoing AWN model, and this transformation therefore represents the essence of
the AWN-to-mCRL2 translation. The fourth step involves exporting the mCRL2 model as one or more text files.

__ «references»
’ AWN specification ﬁ AWN language definition < -=
,,,,,,,,,,,, 4
«partially generates» | |
I I
I I
| I
enerates i
AWN compiler |< - <9ZEEE2__ Compiler |
generator 1 :
1
L v
I
,,,,,, V_ ___ N
i LN
I AWN model I > AWN metamodel
o __ |
I
I
B ge}elcgtes»> Raw-AWN-to-AWN - <<r§fgrgn5e§>i _ J |
translation }
|
I
PR 4 N ——— -I |
: i N I
Transfor.matlon | Raw-AWN model 1 I Ecore metametamodel
engine ___ ey | |
I
| ‘
«references» J‘
_______ > AWN-to-mCRL2 - =
«executes» translation @~ = |-———————————— \
«references» |
Jz |
,,,,,, _—— AN
I AN
| mCRL2 model I > mCRL2 metamodel
. __ |

|

|

Model-to-text | . 5| mMCRL2modelto-text | _ __«references»
tool «executes» specification

’ mCRL2 specification lﬁ

Figure 3.2: Chain of transformations used by the implementation of the AWN-to-mCRL2 translation.

Other translations (a translation from AWN to UPPAAL, for example) may require additional intermediate steps
or not intermediate steps at all. In order to facilitate a multi-target translation framework, a domain-specific
language called TCL (Transformation Chain Language) has been developed in which transformation chains are
specified. TCL specification consist of a single plain-text file with a .chain extension. Typically, each type of
translation has one corresponding .chain file.
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3 AWN-to-mCRL2 transformation chain

This section will discuss the steps that form the AWN-to-mCRL2 transformation chain in greater detail. Figure
gives an even more simplified overview of this transformation chain than Figure|3.2}

AWN specification Ill

o T T T LN
mCRL2 model |
|

‘[% mCRL2 specification Iﬁ

Figure 3.3: Simplified transformation chain for the AWN-to-mCRL2 translation.

3.1 Compilation of AWN specifications

The first transformation in the transformation chain is ‘simply’ a compilation of text: 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 the
validator. The transformation chain is aborted if problems are found.

Xtext-generated AWN compiler

% [ LN
AWN specification Lexer Parser Validator > Raw-AWN model |
| I

Figure 3.4: Compiling an AWN specification with Xtext-generated components.

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

Of the validator only a skeleton can be generated by Xtext because the language specification capable of defining
only a small number of model restrictions. The validator has therefore been implemented almost entirely by hand.
The implemented validator contains up to one method per type of element of an AWN model, and the body of
such a method is used to validate the contents of a particular instance of that element type. Several (Java) helper
classes have been written to assist with the validation.

Xtext automatically links the lexer, parser, and validator to the compiler. Besides these bare necessities, Xtext also
provides some essential 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). Several of these components have been implemented in order to
make the Xtext-generated IDE for AWN usable.
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3.2 Transformation from Raw-AWN to AWN

The ‘raw’ AWN model produced by the AWN compiler contains more than likely certain shortcomings. For example,
the model contains elements of a type called NamedDefinitionObjectRef, which could in actuality represent a
typecast, a variable reference, a function call, or one of the values of an enumerable type. The AWN compiler is
unable to differentiate between these situations until the model is already constructed, and because each of these
situations requires a different type of translation, differentiation must occur at some later time.

These sort of tasks are performed as much as possible during the transformation from Raw-AWN to AWN. Such
tasks include:

* Introducing actual objects that represent primitive types, and changing references to primitive types to
references to those objects.

* Giving each variable a unique name in order to preempt naming conflicts.

* Replacing elements in the model by more specialized elements so that differentiation is easier at later stages
of the translation. The prime example of this has already been mentioned at the start of this section, namely
NamedDefinitionObjectRef.

* Flattening declarations of variables, quantifiers, and parameters.

* Resolving syntactic sugar. Several AWN language constructs can be rewritten to a more generic language
construct: an ifexists expression is a strengthened version of a with-init expression, for example.

* Choosing the actual operator type of an operation based on the type of the operands. The ‘+’ symbol, for
example, can be used to add to integers or to concatenate two lists. The compiler always assumes the
former, relying on the fact that the operator type will be corrected later.

* Converting the linear process structure used by the ‘raw’” AWN model to a tree structure.

3.3 Transformation from AWN to mCRL2

This part of the implementation has been, of course, the focus of the entire project: it is the code where AWN is
the input and mCRL2 is the output, and where the model conversion actually takes place.

The AWN-to-mCRL2 translation is contained entirely in the file awn2mcr12.qvto. The translation consists of
several other tasks besides the application of the translation function defined in Table ??. These other tasks
include translating data expressions, generating data types, and generating mappings and equations in order to
manipulate data objects. It should be noted that the translation produces one mCRL2 models for each network
topology that has been specified. The workflow that awn2mcr12.qvto follows for each network topology is
depicted in Figure ??.

First, the translation generates declarations of all primitive types. This does not really matter for booleans, integers,
and strings, but TODO. The other primitive types are struct types, and declaring them is probably unavoidable.
The struct types are not yet given any fields, this occurs later. The translation also generates a declaration of
Set(IP) because this type is used a large number of times by action declarations.

Second, the translation declares the actions that are needed. Third, the translation determines which struct fields
a struct should have (TODO is there a problem with the code there?). Enumerables are assigned enum values.
Function types are constructed even when not explicitly defined (partial functions can be constructed in the AWN
code). When all types have been declared, types can start referring to each other.

Then the translation goes through the following, in order:

Constants (can add equations).

Functions (can add equations).

Equations (only if there actually are equations).

Sequential processes and parallel processes. The translation rules are applied for this.
Network glue process and node glue process, based on the translation rules.

Network topology, based on the translation rules.

kLN =

3.4 mCRL2 to text

The model-to-text part of the translation was implemented with the following features:
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* Model-to-text specifications are compiled at runtime. This has the advantage that users can add or modify a
translation without having to rebuild the AWN plug-in for Eclipse.

* 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. Not making use of an existing tool deviates from the MDE principle to reuse
previous work as much as possible; however, available tools such as Xpand and Acceleo required more effort
than expected to implement the features mentioned above. In the future, it may be preferable to replace the
mCRL2-to-text translation.

4 Unit testing

Not even been implemented...
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Appendix A

Complete proof of Lemma

1

Base cases

Broadcast (T1): AWN defines the inference rule

rond
t
&, broadcast(ms).p Lot C N

&p

There exists an (A1, A2) in A such that broadcast(£(ms)) € A; A &, broadcast(ms).p A ¢, 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) for all a € Ay = { cast([Up], [D], [Te(ms)]) | D : Set(IP) }.

In mCRL2, the following derivation can be made for all D:

[cast(Upp ,D,T¢ (ms))] .
cast D, (ms
cast(Up, D, T¢ (ms)) i Sin L N
Definition [4.10]

. cast([Up], [B], [Te (ms)])
cast(Uip, D, T¢ (ms)) oty

BeQ 1]
~ cast([Uyp], [0], [T¢ (ms)])
cast(Up, D, Te (Ms)) . Toom(e) (§, P) ———————————— Toom(e) (&, P)

TN Substitution
~p cast([Up], [B], [T¢ (ms
(cast(Uip, D, Te (ms)) . Toou(e) (€, P)) [D := D] ——————— Toom(e) (£, D)

(Itkp], 191, Ir¢ (ms) D) e
cast el [D], TE ms
ZD:Set(lP) caSt(Z’{IPv D, T¢ (ms))~TDoM(§) (57 P) e —_ TDOM(&) (Es p)

cast([Uyp], [0, [T¢ (ms)])
e,

Toom(e) (&, broadcast(ms).p) Toom(e) (&, p)

- T2
cast([tp], [8], [rg (ms)1)
S P PR EN D,

T (&, broadcast(ms).p) T(&,p)

for D : Set(IP) and D ¢ VARS(T¢(ms)) U VARS(Tpou(e) (&, ). In conclusion, the induction hypothesis holds
for this base case.

Groupcast (T1): AWN defines the inference rule

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

§p

There exists an (A4, As) in A such that groupcast({(dests),£(ms)) € A; A &, groupcast(ms).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(¢,groupcast(ms).p) <= T(¢,p) for all a € Ay =

{ cast([T¢(dests)], [B], [t¢(ms)]) | D : Set(@P) }.
In mCRL2, the following derivation can be made for all D:
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[east(Tg (dests) B, 7¢ (ms))] AXI0
cast(T, ests) ,D,T¢ (ms
cast(T¢ (dests), D, T¢ (ms)) 5 5

— Definition [4.10]
cast( [[Tg (dests)], [B], HT£ (ms)])

cast(T¢ (dests), D, T¢ (ms))

~ ISEQ 1]
cast([r¢ (dests)], [8], [r¢ (ms)])

CaSt(Té (desm)a ﬁa T¢ (ms))'TDOM(g) (5 p) TDOM(&) (fv p)

cast( HT{ (dests)], [B], [[Tg (ms)])

Substitution

(cast(t¢ (dests), D, T¢ (ms)). Toom(e) (£, p)) [D := D] Toom(e) (€5 P)

cast( IIT§ (dests)] , [B], [[TE (ms)])

> p:setap) €aSt(Te (dests), D, Te (ms)).Toom(e) (€, P)
cast( [ (dests) ], [6], [ (ms)])

TDOM(E) (51 p)

TDOM({) (57 groupcaSt(deStsv mS)Ap) TDOM({) (&v p)

([rg (dests)], [B], [¢ (ms)]) —
cast( [T, ests) ], [D] , [Tg (ms
T (&, groupcast(dests, ms).p) g <

T(¢, p)

for D : Set(IP) and D ¢ VARS(T(dests)) U VARS(T¢(ms)) U VARS(Tpom(¢) (€, p)). In conclusion, the induction
hypothesis holds for this base case.

Unicast (T1-1): AWN defines the inference rule

; y [Unicast (T1-1)]
&, unicast(dest, ms).p » q = ED ),

§p

There exists an (A;, A2) in A such that unicast(¢(dest),&(ms)) € A; A &, unicast(dest, ms).p A,
&,p, namely Pair [2.6] in Table This base case can therefore be proven by finding a set
of derivations in mCRL2 such that T(¢, unicast(dest,ms).p) — T(&p) for all a € Ay, =

{ cast([¢({dest})], [Te({dest})], [Te(ms)]) } -

In mCRL2, the following derivation can be made:

IOM.

cast(re ({dest}), e ({dest}), me (ms)) L= Cre et re(desh e @)l

) cast([re ({dest})], [re ({dest})], [re (ms)]) v

Definition

cast(T¢({dest}), T¢({dest}), T¢(ms
cast(re({dest}), Te({dest}), Te (ms))- Toom(e) (€ P

cast(Te ({dest}), Te({dest}), Te(ms)). Toowe) (€, ) + —uni(Te ({dest}), 0, Te (ms)). Toow(e) (€, @)
cast([re ({dest})], [r ({dest} ] [re (ms)])

t([e ({dest})], [Te ({dest ], [Te (ms)])
) cast([T¢ ({des T¢ ({dest Te (ms TD0M<§)(£,I))

cast([r¢ ({dest})], [T ({dest})]. [e (ms)])

ICHOICE 2]

Toom(e) (€, P)

Toou(e) (€, unicast(dest, ms).p » q) Toou(e) (€, P)

T(¢p)

cast([r¢ ({dest})],[re ({dest})];[Te (ms)]) e

T(&, unicast(dest, ms).p » q)

In conclusion, the induction hypothesis holds for this base case.

Unicast (T1-2): AWN defines the inference rule

= P UNIcAsT (T1-2
. - t t),
¢, unicast(dest, ms).p » q aa )

¢,q

There exists an (A1, A2) in A such that —unicast({(dest),£(ms)) € A; A £, unicast(dest, ms).p A ¢, p,
namely Pair[2.7]in Table[2.6] This base case can therefore be proven by finding a set of derivations in mCRL2
such that T (¢, unicast(dest, ms).p) < T(&,p) for all a € Ay = { —uni([te({dest})], [0], [Te(ms)]) } .

In mCRL2, the following derivation can be made:

[Axioml
Definition

—uni(Te ({dest}), 0, Te (ms)) Lme{de) Dre(m)l

—uni(Te ({dest}), 0, T¢ (ms)) —uni([re (dest) 0L [r(ms)D),

_‘uni(T£<{deSt})7 @7 Te (ms))-TDoM(f) (Ea ‘1)
cast(T¢ ({dest}), T¢ ({dest}), T¢(ms)). Toome) (€, p) + —uni(Te ({dest}), 0, Te(ms)). Toou(e) (€, a)

Thou(e) (€, unicast(dest, ms).p » q) “uni(ire (st )L IOL e (D) Toom(e)(§,a)
) Zelre (DL OV e oD, e

—uni([re ({dest})], [0] [re (ms)])

TDOM(E) (67 q)
—uni([re ({dest})],[0], [Te (ms)])

ICHoICE 4]
DOM (57 )
Tho GISN T3

T2

T(&, unicast(dest, ms).p » q

In conclusion, the induction hypothesis holds for this base case.
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Send (T1): AWN defines the inference rule

send(&(ms))

§,send(ms).p &p

There exists an (A1, Ay) in A such that send(£(ms)) € A; A £, send(ms).p E ¢, p, namely Pair in
Table This base case can therefore be proven by finding a set of derivations in mCRL2 such that
T(&,send(ms).p) = T(&,p) for all a € Ay = { send([0], [0], [Te(ms)]) }-

In mCRL2, the following derivation can be made:

'A
[send(0,0,7¢ (ms))]
send(0, 0, T¢ (dest)) ———
Definition [£.10]
send([0],[0], [re (ms)])
send(0, 0, T¢ (dest)) —————— v
send([0],[0], [T¢ (ms)])
send((), 0, T¢ (dest)). Tpou(¢) (£, ) ———————————— Tyou(e) (€, P) =

send([0].[0]. [r¢ (ms)])
Toou(e) (€, 5end(ms).p) ————————— Toou(e) (£, D)

[12]

send([0],[0],[T¢ (ms)])
s eI

T(¢, send(ms).p) T( p)

In conclusion, the induction hypothesis holds for this base case.

Deliver (T1): AWN defines the inference rule

. pa—
¢, deliver(data).p Sere@ @),

& p

There exists an (A, A,) in A such that deliver(¢(data)) € A A€, deliver(data).p % ¢, p, namely Pair[2.9)
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)]) | :IP }.

In mCRL2, the following derivation can be made for all 1:

[del(s,7¢ (data))] [8si00]
del(i, T¢ (data)) —————
Definition [4.10]

del([1]. [r¢ (dara) )
del(3, ¢ (data)) ——— €T,

del([1], [[TE (data)])
oy

del(i, T¢ (data))~TDoM(§) (5’ Q) TDOM(E) (E: p)

del([1], [¢ (data)])
5

Substitution

del(ip, T¢ (data)) . Toou(e) (€, a) [ip := 1]
del([1], [r¢ (data)])
SRR,

T &, p)
poue)

2 del(ip, T¢ (data)). Toom(e) (&5 @)
del([], [r¢ (data)])
L et b,

TDOM(E) (E p)
@

Thom(e) (&, deliver(ms).p) Toom(e) (& p)

12
del([], [r¢ (data)])
SRR eI,

T (€, deliver(ms).p) T(&,p)

for 1 : Set(IP) and ip ¢ vaRs(T¢(data)) U vars(Ty (&, p)). In conclusion, the induction hypothesis holds
for this base case.

Receive (T1): AWN defines the inference rule

Vm e MSG - [RECEIVE (T1)]
. receive(m)
&, receive(msg).p Emsg :=m]|,p

There exists an (A;, A2) in A such that receive(m) € A; A ¢ receive(msg).p A Emsg =
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], [0°],u(m)) | D,D’ : Set(IP) }.

In mCRL2, the following derivation can be made for all b, B’:
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—
. N [receive(D,D,ty(m))]
receive(D, D, ty(m) ————
— Definition[4.10]
X o receive([D],[5°],[tv(m)])

receive(D,D’, ty(m)) ——— v
T Lemma[£.4]

receive(D,5”, ty(m)) Teceive(I],[0°).u(m),

: o receive([B],[D],u(m)) .
receive(D, D’ ty(m))- Toom(e)unsg} (§[msg := m], p) ——————— Tpou(e)u{usg} (§[msg := m], D) Lemma [4.3]

A ive([D],[5°],
(receive(D,D’, T(msg)). Toow(e)ufusg} (6, P)) [T(msg) := ty(m)) Zecelvel ), D] om), Toou(e)uinsg) (§[msg := m], p)

receive([B],[5°],u(m))
—————

Substitution

m|, p) )
[sum2](3 times)
TDOM({)U{msg} (f[mSg = m]-, p)

(receive(D, D’, T(mSg))~TD0M(§)U{msg} (5 p)) [D = ﬁ: D’ =D’ ’ T(mSg) = tu(m)} TDoM(g)U{msg} (g[mSg =

a receive([B],[D’],u(m))
ZD,D’:Set(IP),T(msg):sort(T(msg)) receive(D,D’, T(msg)). Toom(e)Ufmsg} (§,P) —————————

e el
receive([B],[D°],u(m))
v

TDOM(E) (f receive(msg).p) TDOM(E)U{msg} (f [mSg = m] s p)

q ive([B],[5°],u(m))
TDOM(§)<E7 recelve(msg).p) w’ TDoM(§[msg::m])(€[m5g = m],p)

receive([B],[D’],u(m))
—_—

I

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

for D,D’ : Set(IP) and D,D’ ¢ VARS(Tpom(¢)u{msg} (§5 P))- In conclusion, the induction hypothesis holds for
this base case.

Assignment (T1): AWN defines the inference rule

. ASSIGNMENT (TT]
§, [var := exp]p — £[var := £(exp)], p

There exists an (A;, A2) in A such that 7 € A; A ¢, [var := exp]p A &[var = £(exp)],p, namely
Pair [2.3in Table This base case can therefore be proven by finding a set of derivations in mCRL2
such that T(¢, [var := exp]p) = T({[var := &(exp)], 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.

In mCRL2, the following derivation can be made:

[4(9.0.25€ 4y )]
t(0, 0. nSg gummy) Definiti
([01,107, [ gummy 1) cHntiont.
(0. 0, mS gymy) ————— ¢

0111558 g ) E=T
(0, 0, mSE gummy)-Toow(e)Ufvar} ([var = &(exp)], p) ——————— Toou(e)u{var} (§[var := &(exp)], p)
[tutetem)) = tutetem)] = true e ==
(to(etew)) = tute(enp)) = 0, 0. BSE gummy) - Toom(e) U var) (E[var := €(exp)], p) —————"""7+ Toou(e)uivar} ([var := &(exp)], p)
Lemmal£3]

] (101,101, [958 ummy 1)
e

(T(var) = ty(e(ep)) = t(0, 0, mSE qummy) Toom(e)Uvar) (€ P) [T(VaT) = tue(exp)) Toom(e)u{var} (€[var := &(exp)], p)

(101,101, [m58 gy 1),
(({'U(S(Fxp)) = tu(e(ep))) t(@,@.msgdummy)-Tuom(g‘;u{m)(f-}’)) [T(var) := tyetep)) === Toou(e)uvar} (£[var := £(exp)], p)

(I91,10), 1558 gy )
D (var)ssort(r (var)) (T(VAT) = tu(e(erp))) = (D, 0, 1S gummy)-Toom(e)ugvar} (6, P) — T Too(e)ugvar} (€ [var := &(exp)], p)
[tutetew)) = tuteiewy] = true T (e
191, [85 gy
(to(eem)) = tuteen)) = Lo (var)ssort(r (var)) (T (VAT) = tue(ew))) — (0, 0,158 gummy)-Toom()Ufvar} (€ P) ———————"—> Toowm(e)u{var} (§[var := £(exp)], p)

(101,101, [m58 gy 1),
R

LemmaldT]
(tu(e(ep)) = Te(€XP)) = Por(var) sort(r(vary) (T(VAT) = ty(e(erp))) — (0, 0, mSE gymmy)- Toom(e)ugvar} (€, P) Toom(e)u{var} ({[var := {(exp)], p)

(100,101, [m58 dummy )
—_—

((omp = Te(€P)) = Y (varysonttr(vary) (T(vaT) = tB) = €0, 0,158 ) Toom(e)vary (6:P) ) [P = uce(emy)] Toou()utvar} (€[var := £(exp)], )

([0],10], [m58 dummy 1)
2 empisort(x (var)) (PP = T (€XP)) = Yo var)isort(r (var)) (T(Var) = tmp) = t(0, 0, mSg gymmy)-Toom(e)ufvar} (D) D Toom(eyuivary (Elvar = &(exp)], p)

(107,101, [mSE gy 1)
Toom(e) (& [var := exp]p) ———"—
([01,107, [ gumm, 1)
110126 ),

Toom(e)uvar) (§[var := {(exp)], p)

Toom(e) (€, [var := exp]p) Toom(¢lvar:=¢ (exp))) (€[var := €(exp)], p)

(101, 9], [m5 urmy 1) T(¢[var = £(exp)], p)

e}
T(¢, [var := exp]p)

In conclusion, the induction hypothesis holds for this base case.

Guard (T1): AWN defines the inference rule

((9) = true A {ay, -1 q,} = Fu(g) \ pom(e) ~— B =L Zenl
&lolp — ¢p

There exists an (A, A2) in A such that 7 € A; A&, [P]p A ¢, p, namely Pairin Table This base
case can therefore be proven by finding a set of derivations in mCRL2 such that T (¢, [¢]p) = T(¢, p) for all

a€ Ay = { t(u(D), u(R), [msg gymmy]) } 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

() = true S,y (9)] = rue
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With this side condition, the following derivation can be made in mCRL2:

[£(0,0,15 gumy )]
(0, 0, 88 gummy) ———— L
Definition [£.10]
t([01,[0); [msg gy 1)
10, 0,158 gymmy) —— s -
£(0, 0, msg )T, €.p) (101,101 [ gummy]) T p)
.0, . &u{ay, a6 P) ————————— L AN
[7e(@)] = true dummy)- L pom(€)U{a;,++.a, } pom(§)U{asan} =2

(101 191 1598 )
——— Toow@uta .} ((:P)

(101,101, [mg gy 1)
—_—

Tc(¢) = t(0, 0,188 gummy)- Toom(e)U{q, +a,} (C: P) Definition of ¢ (3 times)

Lemma[4:2]
Lemma[£3]

Toom(¢) (¢, P)
t([01, 101, [mSg gummy )
— T,

Tefgy=er, - a, =en] (9) = (0, 0,188 gy )- Toom(e)Ufq, +a, 3 (A1 7= €1, -+ Q,, == €n],D)

Toom() (€, P)

H([0], 191,958 anry)
" Toom(¢)(§:P)

Te(9)[T(Q1) = tuger)s *+» T(An) = tugen)] — (0, 0, mSE gymmy)- Toom(e)Ufa, . -q,} (€ld1 = €15+, q,, := €n], D)

Te(O)[T () = tuen)s -5 (@) 3= tugen)] = €0, B, 0S8 qummy) Toom(e)uta,,a,) (€ PIT(A1) = tuger): - T(An) = tuten)]
€(191, 101, 1558 gy )
— T,

<T§(¢) — t(0,0,msg dummy)*TnoM(ﬁ)U{q‘.m.q“}(fvp)) [T(d1) = tuey)s = » T(Ap) = tu(en)) Toom(¢)(C; P

) ([01,[01, [ gummy 1)
Z{r(q,)..» r(a,)} Te(6) — t(0, 0. msg dummy)- Toom(§)ufay -+.a,} (65 P) Ty Toom(¢)(¢: P)

(101101, [958 gy ])

— Y Toow(¢)(¢, D)
(00,101, [958 gunry])
KOO0 100 [mo8 dummy D

)
un2](n times)

Yor{ayma,p) Te(@) = (0,0, msg )T .} (& D)
T({a1,9,)) € dummy) -+ pom(§)U{a;,+,q,, } Definition of {q,, -+, q, } (2 times)

ZT(Fv(m) \ pom(£)) TE(@) — t(0, 0, msg dummy)‘TDOM({)U(FV(O) \ pom(¢)) (&,p) TDOM(C) (¢, p)

(01,101, [m5¢ gy )
e

3 Fv() \ pom(e)) Te(@) = t(0, 0. MSE gummy)- Toom(e)urv() (€, P) Toou()(¢:P)

, (101,101, [ gurmmy])
Tooue) (€ [8]P) ————"""= Toou(¢) (¢ P)

(101,101, 1598 sy
T(E, [¢lp) ———5

1uwi]
Y, 1(¢,p)

In conclusion, the induction hypothesis holds for this base case.

Arrive (T3-2): AWN defines the inference rule

o = ARRIVE (T3-2)|
ip PR —{ip}:arrive(m)

ip:P:R

There exists an (A1, A5) in A such that )—{ip} : arrive(m) € A, Aip : P : R 2% ip : P’ : R, namely
Pair in Table 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 where

3
b CH
{ip}nd>=0

B,57:Set(IP)
Ay = { arrive([D], [D°], u(m)) }

Note that {ip} ND> = 0 = [tygp) ¢ D’] = true

In mCRL2, the following derivation can be made for all b and B’ such that 5> C D A ¢y, ¢ D?:
i)

Definition[4.10]

LemmaEa]

PP ive(5,0%,ty(m
arrive(D,D?, ty(m)) Tertve®8 ),

arrive([6], [6°]; [tuem 1) v

arrive(D,D’, ty(m))

v
arrive([5],[6°],u(m))

arrive(D,D’, ty(m)) arrive([0], [0°3 v(m)),

G(tu(ip)s tuwr))

arrive([],[5°],u(m))

Riai s Lt i G(tu(ip)s tuw))

| arive([BL5"Lom
—_—

),
G(tu(ip)s

(M)~
2 G(ty(ip)s tuwr))

CzE2]

[toip) ¢ D°] = true

arrive(f), b, tu(m))-G(tu(lp) ’ tU(R))
207, tum))-G(tu(ip)» tum))

(tu(p) ¢ D?) — arrive(D
Substitution

i
vw) (3 times)
Kol

((tu(ip) ¢ D’) — arrive(D,D’, msg).G (tu(p): tur)) ) [D :=D,D> := D’ msg := ty(m)

arrive([5],[5°],u

30,07 Set1p) msgimsc (fu(ip) & D?) — arrive(D,D?, msg).G(tu(p), tu(r))

. ive([B],[D°].u(m))
2 b, Set(tp) msg:msc (fu(ip) ¢ D?) — arrive(D, D, msg).G(tu(ip): tuw) + S 2L, Gty iy o)

G(tu(ip)» tu(r)

Substitution

arrive([5],[6°],u(m))
—_—

( > 0,07 Sec(1p) megMsG (1P & D?) — arrive(D,D’, msg).G(ip,R) + S ) [ip = ty(p), R = tuw) |

Definition of G —

etinition o ltuey, toy) BT

7 (Tu(ip)» tui > G(Ty(ip)s tui
vl

arrive([B].[5°],u(m))
T(P) || Gltugip), tow) —————— T(P) || Gltugip) tuw)) =

c (arrive([B],[6°],u(m))) |
Po(T(P) || Gltoi)s tuw)) T T (T(P) || Gltug s towm))

- Apply Yo
ive([D],[D°],u(m
To(T(P) || G(tup), turw) T L),

)
Le(T(P) || Gltuip), tuw)))

{~unicast—t}earrive([5],[6°],u(m))

Resa2]

Apply {—unicast — t}e

Pi-unicast—t} Lo (T(P) || G(tu(p), tur))) Pi-unicast—t} Lo (T(P) || G(tu(p), tuwr)))
pi-unicastt} ['c (T(P) || G(tu(ip): tury)) pi-unicastt3 e (T(P) || Gtu(p): tuw)))
arrive([B].[5°]u(m)

) 3
Vv pi-unicast -t} Lo (T(P) || G(tugp), tuwr)) ————— Vv p{-unicast-t} Lo (T(P) || G(tu(ip)s tuw)))

arrive([B][5°],u(m))
—_—

arrive([B],[5°],u(m))
B

EzowZ]
s}

arrivecV U {7}

T(ip:P:R) T(ip:P:R)

where S[ ip := ty(jp), R := ty(r) ] is an expression equal to all summands of G except for the one containing
arrive.
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So it is indeed the case that

5,5 :Set(1P)
T(ip:P:R) = T(ip: P:R)foralla € Ay = { arrive([D], [D°], u(m)) 5°Ch }

{ip}nd> =0

which finishes this particular base case.

Connect (T3-1): AWN defines the inference rule

CONNECT (T3-1
connect(ip,ip’) .

ip:P:R —————=ip:P:RU{ip’}

There exist an (A;, A3) in A such that connect(ip,ip’) € A; Aip : P : R - ip : P’ : RU {ip’}, namely
Pair in Table This base case can therefore be proven by finding a set of derivations in mCRL2 for
T(p:P:R) % T(ip: P’ : RU{ip’}) for all a € Ay = { connect(u(ip), u(ip’)) }.

In mCRL2, the following derivation can be made:

[connect(ty(ip) tuip))] i
connect(ty(p), u(p)) ————— Definition[.10]

connect([ty(ip) ] [tu(in 1) -
connect(ty(p), typ) —————— ¥

connect(u(ip),u(ip’)) Lemma£4]
connect(typ), tu(p)) ———————— v

connect(u(ip),u(ip)) BTl
R

connect(ty(ip), tu(ip))-G(tu(ip) tur) U {ip’}) G(tu(ip), tumy U {ip’})

connect(u(ip),u(ip’)) Substitution
((eonnect(ty (i), ip*)-Gltu(ip) tuw) U {iP’}) ) [1P” := tugp) | —————— Gltu(p): tuw) U {ip}) B

connect(u(ip),u(ip’))
—_— T

22 sprap cONNECt(ty(ip), 1p?)-Gtu(ip)» tur) U {ip}) Gltu(ip)s tom) U {iP})

connect(u(ip),u(ip)
] ———————= G(

[Croice 21

> iprap cOnnect(ty(ip), ip”).Gltu(ip) - tury U {ip’}) + S[ ip = ty(p), R == tu(r) tu(ip): tur) U {ip’})

. ] . - connect(u(ip),u(ip)) -, Substitution
(S iprap commect(ip, ip*).G(ip,R) + 5 ) [ p i= tuip R i= tugey U {10} ] 220D, Gty U fip')
Definition of G conmect (@) o))
Gltu(ip): tuw)) ﬁ G(tu(ip)» tuer) Y {ip"}) -
connect(u(ip),u(ip’ "
T(P) || Gltu(p) tur) P T(P) || Gltu(ip)» oy U {iD’}) =
¢ (connect(u(ip) u(ip’))) -,
To(T(P) || Gltugp)s tuwy)) ——————— Te(T(P) || Gltuap), tuwy U {ip’})) Apply
B 'c

. t(u(ip),u(ip)) "

T (T(P) || Gltu(ip)s tuwy)) S R Te(T(R)|| G(tu(ip)s tuw) Y {ip’}))

{~unicast—t} econnect(u(ip),u(ip’))

Pi-unicast—t} Lo (T(P) || G(tu(ip), tur))) Pi-unicast—t} L ¢ (T(P) || G(tu(ip), tury U {ip’}))
i p-unicast—t} Do (T(P) || G(tu(ip)s tur))) p-unicast—t} Do (T(P) || G(tu(ip)s tur) U {ip’}))
connecte M ) . § connect(u(ip) u(ip)) . ) .,
Vv piaunicast -6 Lo (T(P) || G(tu(p), tuw)) ——————— Vvpounicast -ty L o (T(P) || G(tu(p), tuw) U {ip’}))

T(ip:P:R) T(ip: P:RU{ip’})

connect(u(ip),u(ip’)) Apply {—unicast — t}e
—_—

connect(u(ip),u(ip’))
—_—

where S[ ip := ty(p), R := ty) | 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) & 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 [4.6}proof for[Connect (T3-1)

Connect (T3-3): AWN defines the inference rule

ip ¢ {ip’,ip”}
connect(ip’,ip”) .
B

ip:P:R

[ConnEcT (T3-3)]
ip:P:R

There exist an (A;, As) in A such that connect(ip’,ip”) € A; Aip : P : R A ip : P’ : R, namely
Pair|2.14|in Table This base case can therefore be proven by finding a set of derivations in mCRL2 for
T(p:P:R) % T(ip: P’ :R) forall a € Ay = { connect(u(ip’), u(ip”)) }.

In mCRL2, the following derivation can be made:
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[eonnect(ty(p) tuipr) )
connect(ty (i), tu(ipr) ————————— ¥

) Semeelloip bl

Definition|

Lemma[4.4]
connect(u(ip).u(ip")) EeeT]
connect(ty iy, tuipn)-G(tu(ip)s tur) ———————— G(tu(ip), tur))
Feui) # (o, o )] = true s e Lt errs

£(0(ip). (")
(tutp) & Ltutpn: ton ) = connect(ty(p), tup)-Gltu(im): torry) 2 G(

connect(ty (i), ty(ip”)

connect(u(ip’),u(ip”))
connect(ty(ip), tu(p?) —————— V'

Lu(ip) tu(R))

connect(u(ip’).u(ip”))
R

Substitution

((tu(ip) ¢ {ip’,ip”}) — connect(ip’,ip”).G(ty(p): tur) ) [ 1P’ = tu(ip): iP”" = tu(ip?) | G(ty(ip): tuw))

t(u(ip) u(ip")) e
connect(u(ip) 0P e
————— Gltu(p): tuw))
connect(u(ip’),u(ip”)

conneet(u(ip) u(ip")),

),
G(tu(ip)s tu(r))

connect(u(ip’),u(ip”))
connect(u(ip).u(®7),

iprspap(tutip) & {ip’,ip”}) — connect(ip’, ip”).G(tu(ip): tu(r))

[Ciorce?]
> iprspeap(tutip) & {1p?,1p”}) — connect(ip?, ip”’).G(tu(ip): tu(r)) + S| 1P = tu(ip), R 1= tu(w) |

Substitution
( Lipraprn(ip € {3p, 1p7}) — connect(ip’, ip).G(ip,R) +5 ) [ P i= tugi), R i= tugn) | Glto(ip) torwy)
Definition of G

. connect(u(ip’),u(ip”))
Gty bury) T,

T(P) || G(tuiip), tor))

G(tu(ip)s tu(r))

T(P) || G(tu(ip) tur))

[EEZ]

connect(u(ip’),u(ip”))
—_—

(connect(u(ip),u(ip") s
Lo (T(P) || Gltu(ip), tur))) ~— P2 T (T(P) || Gltu(ip): tuwy)
Apply 7¢

connect(u(ip’),u(ip”
jconnect UUey;SURHIN

To(T(P) || Gltotp): tuw)) 2 To(T(P) Il Gltugm tow))

P-unicast—t} Do (T(P) || G(tu(ip)s tur))) e e con et Gi2)idteD) p-unicast—t} Do (T(P) || G(tu(ip)s tur)))
Pi-unicast—t} T'o(T(P) || G(tu(p)s tuwr))) Pi-unicast—t} To(T(P) || G(tu(p)s tuwr)))

Vv p(-unicast -y o (T(P) || G(tu(ip)s tur)))

T(ip:P:R)

[RENANED]

Apply {-unicast — t}e

connect(u(ip)u(ip”))
connectivtp),uwT)),
connecteV U {r}

connect(u(ip’),u(ip
connect(u(ip).v(@7),

) ~
Vv pi-unicast sty L (T(P) || G(tu(ip), tum)))

connect(u(ip’).u(ip”))
—_—

T(ip:P:R)

where S[ ip := ty(), R := tyg) | 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) % T(ip: P:R) forall a € Ay = { connect(u(ip’), u(ip”)) } withip ¢ {ip’,ip”}

which finishes this particular base case.

Disconnect (T3-1): Similar to the Lemma [4.6}proof for[Connect (T3-1)

Disconnect (T3-2): Similar to the Lemma m-proof for|Connect (T3-1)

Disconnect (T3-3): Similar to the Lemma proof for|Connect (T3-3)

2

Induction steps

Recursion (T1): AWN defines the inference rule

Ovar; := &(exp,)]q,p = ¢, p’ X(vary,---,var,) =
SRR C ) SRS S (NS L e—
§7X(e@17"'7e‘xpn)_><7p

According to the induction hypothesis,

3(A1, A2) € A a € Ay ABlvar; := £(ep)]iy. p —25 ¢, p’ AT(Blvar; = £(ep,)]’=y, p) —25 T(C,p)

and so the following derivation can be made for all ' € As:
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- Induction hypothesis
T(Q[var; := &(exp;)]7_1,P) == T(¢,p)

:
T{varl,"-,varn}(w[vari = E(e'qu)]::la p) = T/(<7 p,) Lemma@
o Tivary, - varn} (05 P) [T(Varaz) = tU(ﬁ(Bxpi))]i:1 25 T, p')
X(var1, - -, varn) & p,fr11] ,
a ’
X(tu(eepr))r o tu(e(en, ) —> T(¢,p") LemmafT
X(Tg(expy), - -, Te(exp,,)) — T(¢, p') 15

Ty (€, X(expy, -+, exp,,)) = T(C, ')

- Choose V' = pom(¢&)
TDOM(E)(£7 X(expp T ,expn)) a_} T(Cv p,)

T(X(expy, - exp,,)) o T(C, p')

This proves this particular induction step.

Choice (T1-1): AWN defines the inference rule

a /
ﬁ
Vachct —S2P T OP ey

&p+a=¢p
According to the induction hypothesis,

(A1, Az) € A.a€ Ay NP 25 ¢ p AT(E, D) 22 T(C, D)

and so the following derivation can be made for all o’ € A,:

- Induction hypothesis
T(¢,p) == T(¢,p)

T(€,p) + T(£, ) <5 T(C, p)

T(€,p + a) 5 T(¢, p)

ICHOICE 2|

1]

This proves this particular induction step.

Choice (T1-2): Similar to the the Lemma [4.6}proof for[Choice (T1-1)| (cuoice 4is used instead of [crorce 2)).

Parallel (T2-1): AWN defines the inference rule

Va # receive(m) [PARALLEL (T2-D)]
{

According to the induction hypothesis,

(A1, Ax) € A.a€ A AP 25 P AT(P) 22 T(P)

Because a # receive, Pair from Table cannot be among the pairs (A4;, 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, send, deliver}. As a consequence,
V(A1 A)) €A . a€ AAANP L PATP) 2L T(P)=Vd € 4y .a/ e W
where W = {t, cast, send, del}

Given this, the following derivation can be made in mCRL2 for all a’ € As:
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—————— Induction hypothesis
T(P) - T(P')

{receive—r}ea’
ey T(P) "y ivesr} T(P'
o # receive P{receive—r} (P) P{receive—r} (P")

- Apply {receive — r}e
ﬂ{receivear}T(P> - /)(receiveﬂr}T(P’)

" P2l
p{receiveﬂr}T(P> Il /7{send~>s}T(Q/> = p{receive%r}T(P/) I p{sendas}T(Q)

1Conn 21
rls—rsy (@)
F{r\sﬁrs} (p{receiveﬁr}T(P) H p{sendﬂs}T(Q» 7(\—}> F{r\sﬂrs} (p{receiveﬁr}T(Pl) H p(sendas}T(Q» APPIY’W
F{r\sﬁrs} (/){receivear}T(P) I p{send%s}T(Q» - F{r\sars}(/J{receivear}T(P’) I /’{send%s}T(Q)) 7

{rs—t}ea’

p{rsﬁt}r{r\sars}(p{receivear}T(P) H p{sendﬁs}T(Q» - p{rsﬂt}r{r\sﬂrs} (p{receiveﬁr}T(Pl) H p{sendﬁs}T(Q»

Apply {rs — t}e

aeV U {T} SW /J{rsﬂt}r{r\sars} (/){receivear}T(P) H /’{sendas}T(Q» < p(rSﬂt}F{r\sﬂrs} (/’{receivear}T(P” H /’{sendas}T(Q» P

va{,Ht}F{r‘H,s} (P{receive%r}T(P) Il p{send%s}T(Q» R vvﬂ(rsat)r{r\s%rs}(P{receive%r}T(P” I p{sendas}T(Q))
TP {Q) = TP {Q)

VK|

This proves this particular induction step.

Parallel (T2-2): AWN defines the inference rule

Va # send(m) Q ? @ PARALLEL (T2-2)]
P(Q->P(Q

According to the induction hypothesis,

I(A1,A) €A a€ A AQ A QATQ) 22 T(Q)

Because a # send, Pair from Table cannot be among the pairs (4, As) that satisfy the
induction hypothesis (of which there must be at least one). Furthermore, according to the AWN
semantics ¢ must be an action that can be performed at the sequential level, meaning that a €
{7, broadcast, groupcast, unicast, deliver, receive}. As a consequence,

V(A1 A) €A . a€ AL AP 25 P ATP) 25 T(P)=>Vd € Ay .d e W
where W = {t, cast, del, receive}

Given this, the following derivation can be made in mCRL2 for all a’ € As:

—————— Induction hypothesis
T(Q) = T(Q)

d. ea’
p{sendﬂs}T(Q) % p{send%s}T(Q/)

EENaEZ]
a’ # send

- Apply {send — s}e
p{sendﬂs}T(Q) o p{sendﬁs}T(Ql>

;
P{receiveﬁr)T(P) I /){sendas}T(Q> - ﬂ(receiveﬂr}T(P) I /){sendas}T(Ql)

@) [Covm 2
F{r\sars} (/}{receiveﬂr}T(P) H ﬁ{send%s}T(Q)) M—_} F{r\sars} (ﬁ{receivear}T(P) H ﬂ{send%s)T<Q/>) Apply v
I (s} (P gceive-s T(P) | Pfsendors) T(Q) > Defs-ses) (recsive ) T(P) || pfsena-»y T(Q))
{r|s—rs} (P{receive—r} {send—s} {r|s—rs} P {receive—r} {send—s}

{rs—t}ea’

ﬁ{rsat}r{r\SA)rs} (P{receive%r}T(P) I p{send%s}T(Q)) — p{rsat}r{r\sars} (p{receivear}T(P) H p{send%s)T<Q/>)

Apply {rs — t}e

III\EV U {7’} SW ﬂ{rsat}r{r\sﬁrs} (p{receiveﬁr}T(P> H p{sendﬁs}T(Q» <y p{rsﬂt}r{r\sﬁrs} (p{[‘ecei‘[eﬁr}T(P) H p{sendﬁs}T(Q/)) —

vv’/){rsﬂt}r{r\sars} (/){receivear}T(P) I P{sendas}T(Q» - vV/){rsat)F{r\sars}(ﬂ{receivear}T(P) I P{sendﬁs}T(Q’))
TP (Q) = T(P{Q)

This proves this particular induction step.

Parallel (T2-3): AWN defines the inference rule

receive(m) P! send(m)

p Q Q'

Vm e MSG [PARALLEL (12-3)]

P{QoP (Q
There exists an (A;, A2) in Asuch that 7 € A; AP ( Q AL pr { Q, namely Pairin Table The
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induction step can therefore be proven for this particular case by finding a set of derivations in mCRL2 for
TP Q) % T(P' ( Q) forallac Ay = { t(U(D), U(R), [mSE dummy]) } for some D, R where R C D.

From the induction hypothesis, it follows that T (P) el P 2(Em) T(P’) for all D, D’ because Pair[2.10

in Tableis the only (B, B2) € A . receive(m) € B;. Similarly, T(P) St PP, T(P’) because
Pair [2.8]in Table [2.6]is the only (B, B>) € A . send(m) € B; and the following condition holds:

emmafZ1] remises emmafZd]
[re(ms)] "= [tugemsn] "= Ttoem] = u(m)

This means that the following derivation can be made in mCRL2:

Induction hypothesis

T(P) receive([D],[D’],u(m)) T(P,)
: Choose D = D> =0
T(P) receive([0],[0],u(m)) T(P,)
{recei } ive([0],[0],u(m)) K
receive—r ; ereceive y ,u(m
p{receive%r}T(P) - p{receiveﬂr}T(P/) 5
G Apply {receive — r}e
r s ,u(m
p{receive—)r}T(P) - p{receive—)r}T(P/)
Induction hypothesis
T(Q) send([0],[0],u(m)) T(Q/)
{send—s} esend([0],[0],u(m)) HENAME
send—S ; esent N ,u(m
p{send—»s}T(Q) p{send—»s}T(Q/)
o) Apply {send — s}e
s ,[0],u(m
P{sendﬂs}T(Q) —— P{sendﬂs}T(Ql)
(see above) (see above)
*([01,[0]u(m , S([01,[0]u(m
p(receiveﬂr)T(P) M p(receiveﬁr}T(P ) p(sendﬁs}T(Q) M P{sendas)T(Q/>

£([00[0],u(m))|s([9].[0],u(m))

f){receivear}T(P) H p{sendﬁs}T(Q) p{receiveﬁr}T(P/> H /){sendas}T(Q/)

IComn 21
ris—rs} (F([0],[0],u(m))[s([0].[0],u(m)))
T (rjs—srs} (P{receive—sr} T(P) [| pysend—s3 T(Q)) e T rjssrs) (Pfreceive ey T(P') [| pysend—s) T(Q)) Apply 7
(10],101,0(m)) !
T rjs sy (Pgreceivesry T(P) [ pgsend sy T(Q)) SO um), T (rjs s} (Preceive—sr} T(P') || pysend—sy T(Q'))

Fors([01,101,
Pirs—t) L irjs—srs} (freceive—sr) T(P) || p(send—s3 T(Q)) A2 en(lf]. Lo, Pirs—ty L (rjs—srs} (Pfreceive—sr} T (P) || pfsend—s} T(Q'))

t([0].[0],
Pirs—6 L (rls—1s) (Pfreceivesr} T(P) || pisend—51 T(Q)) LI m), Pirs—t} L (rjs—rs} (Preceive—sr} T(P') || Pgsend—sy T(Q'))
(Q)

) ([0],[0],u(m))

Apply {rs — t}e

teVu{r}ow v

v\v’/’(rsat}r(r\sars)(/’{receive%r}T(P) I ﬂ{send%s}T Q VV/’{rsat}F(r\sars}(p{receivear}TaD,) Il /){sendas)T(QI»

T(P(Q)

o3

t([0],[9]u(m)) T(P' ( Q)

This proves this particular induction step.

Broadcast (T3): AWN defines the inference rule

P broadcast(m) P’
ip:P:R e R ip:P’:R

BroapcasT (T3)]

There exists an (A;, As) in A such that R : *cast(m) € A; Aip: P:R A, ip : P’ : R, namely Pair
in Table (note that it is possible to choose D = Up). 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([Up], U(R),u(m)) }.

In mCRL2, the following derivation can be made:
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[Cast(Uip,tu(ry stuim)] e
N iP5 tu(R) tu(m)
cast(Uip, ty(r), tom)) ————————— v .
— Definition|
S cast([Ure], [tow) ] [tuem 1)
cast(Uip, ty(r): tum)) ——————————
Lemma@

cast([Up],u(R),u(m)) v
—_—

—_ @ [Lhe] 0 (R), 0 (m) Bl
Cast(Uip, tu(r)» tum) )-Cltu(in)» tur)) e s G (tipy
[tory NUp = tyry]] = true (e, by boim)- Gl tow) (o) tuw) e

cast( [t ], u(R),
(towy NUp = ty(r)) — cast(Uip, ty(r) tum))-G(tu(ip), tur)) BT N, G(t,

cast(Uip, ty(r), tu(m))

u(ip)s tu(r))
el v 00m),

Substitution

((tywyND =D") — cast(D,D’,msg).G(tuy(ip), tu(r)) ) [ D :=Up, D := ty(r), mSE := ty(m) | bu(ip)» U<R)) 21 (3 times)
UM

cast([t4p] ,u(R),u(m))
SRR

> 0.0 set(1p) msg:Msc (tu®) ND =D?) — cast(D,D’, msg).G(ty(p), tuw)) G(tu(ip)s tuw))

ICHOICE 2]
— . Gast([Uin] V() u(m).
0.0 :et(1p) msg:msG (tu®) ND = D) — cast(D, D’ msg).G(tu(ip), tuw)) + S[ 1P = ty(ip), R = tuw) | S Gltu(p)s towy) o
Substitution

— . . @st([the] u(R),
( > 0,07 set(1p),msg:Ms(R ND =D’) — cast(D, D, msg).G(ip,R) + S ) [ ip := tu(ip), R = tu) | S D, G(tu(ip), tur))
(U] 0(R
G(tu(ip)s tur)) E U PO, oy butip)s tu(r))

Definition of G

where S| ip := ty(p), R := tyr) ] is an expression equal to all summands of G except for the first one.

From the induction hypothesis, it follows that T(P) cast (el v(R) v(m), 6 cause Pair [2.4|in Table is the
only (B1, B2) € A . broadcast(m) € B;. Combining this with the conclusion of the derivation above gives

Induction hypothesis T EToC) (see above)
cast ,u(R),u(m
T(P’) G(tu(ip) tor) — > G(tu(ip)» tu(r))

t([Ure] ,U(R),u(m))[cast([Urp] ,U(R),u(m))
T(P) || Gltugiy, togm)) e HOUDEHELIDLD, 3:(p) || Gt buiwy)
> (cast([the] ,u(R),u(m))|cast([the] U(R),u(m)))
To(T(P) || Gltugip), tugry)) ~ [ete] 008, vl casteael 0RO, 1, (P || G(tu@ip), tuw)))

starcast([Uip] ,U(R),u(m))
Lo(T(P) || Gltugp): tom)) ————————= To(T(P') || Glto(p), tum))

(P) cast([Up] ,U(R),u(m))

IComm 2|

Apply e
Eeave2]

{—unicast—t} estarcast([Up],U(R),u(m))

Pi-unicast—t} L' (T(P) || G(tu(p), tuw))) P{-unicast—t} Lo (T(P') || G(togipy tuw)))

starcast([Up],U(R),u(m)) Apply {-unicast — t}e
starcast([Ure] u(R),u(m))

/){ﬁunicastﬁt}FC(T(P> ” G(tu(ip)-tU(R)» p{ﬁunicastat}FC(T(P/) H G(tU(ip)stU(R)>)

Starcastcgl {T} starcast([Urp],u(R),u(m)) ’ el
V\r’/){ﬁunicastqt}FC(T(P> ” G<tu(ip)«,tu(R))> E— vV"/){ﬁunicastat}FC(T(P ) H G(tU(ip)atU(R))) )
T(ip:P:R) S2reast@ielv®).v(m), 7). pr. gy

So it is indeed the case that
T(ip:P:R) % T(ip: P’ :R) for all a € Ay = { starcast([Usp], u(R),u(m)) }
which finishes the induction step for the case of the inference rule.

Groupcast (T3): AWN defines the inference rule

P groupcast(D,m) P’

e ——

D, IGrRoUPCAST (T3)]
7 n t

ip:P:R Robreastm), ip:P":R

There exists an (A;, A3) in A such that RND : *cast(m) € A;Aip: P: R A ip : P’ : R, namely Pairin
Table 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(m)) }.

In mCRL2, the following derivation can be made:

[cast(tu(py t tum)] i

u(D) tu(RND) sbu(m)

cast(ty(p), turnp)» tu(m)) oS, DefinitionEL10]
cast([tum) ] [tuwnn) I, [tuem 1)

cast(ty(p), turnp) tum) ——————————— LemmaF]

— @ast(u(D),u(RND),u(m))
cast(ty(p), turp), tum) ——————————> ¥

cast(t, t, tu(m))-G(t, t, )—>ca5t( (D)L R, u)) G(t tu(r))
tuw) N tom) = tozeny] = u(D)s tu(RND) » Lu(m) u(ip)s Lu(R) u(ip)s tu(R)

—_ . @st(u(D),u(RND),u(m))
(tuw) N tu) = tuen)) — CaSE(ty(p), turp): tum))-C (tu(ip)s tum)) — 22 Gty ur))

D) (END),am) Substitution
( (tuwy ND =D’) — cast(D,D’,msg).G (tu(ip): tu(r)) ) [ D := tu(p), D’ := tu(rnp), MSE := ty(m) | ————————— G(ty(ip): tu(r)) Ed (3 times)
— cast(u(D),u(RND),u(m))
ZD,D’:SC((IP).msg:MSG(tU(R) ND=D’) — caSt(D~D7>mSg)-G(tu(ip)~tu(R)) —) G(tU(ip)~ tU(R)) =
oKL

cast(u(D),u(RND),u(m))
fcast (u(D); B(RGD)u(m))N

b b setap) megmisG (fur) D = D) — cast(D, D’ msg).G(tu(ip); tur)) + S[ 1P := tu(ip), R = tuwm) | G(tu(ip)» tuer))

@ast(u(D),u(RMD),u(m)) Substitution
> ; N\ s -
( b0 :Set(?) mog:MsG (R 1D = D?) — cast(D,D’, msg).G(ip,R) + S ) (3D 1= fu R = oy | ZCQED )

Definition of G —
cast(u(D),u(RND),u(m))
LastulD),ulro),um)),

G(tu(ip), tu(r)) G(tu(ip), tu(r))
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where S[ ip := ty(p), R := tyr) | is an expression equal to all summands of G except for the first one.

From the induction hypothesis, it follows that T(P) AR () ) T(P’) because Pairin Table
is the only (B, B2) € A . groupcast(D,m) € B;. Combining this with the conclusion of the derivation
above gives

Induction hypothesis . (see above)
T(P) Gltu(ip): tow) —————— Gltu(@p), o)

cast(u(D),u(RND),u(m))[east(u(D),u(RND),u(m)) T(P) || Gltogins o)
TG (T(P) || Gltup), togey)) 22 =HOERLUMNETLO CEDLD, 7o (T(P) || Gty o))
To(T(P) || Gltu(ip): tow))) To(T(P') || Gltugp), tuw)))
P{-unicast—t} I'c (T(P) || G(tu(ip): tur))) {mieast ) estareast(u(D) v(RAD) 0 m) P-unicast—t} o (T(P') || G(tu(ip), tum)))
pi-unicast-t} L' (T(P) || G(tu(ip) tuw))) pi-unicast—t} Lo (T(P) || G(tu(p), tuw)))
Vv p(-unicast—t; Lo (T(P) || G(tu(ip), tuw))) Vv p-unicast— o (T(P') || G(tu(ip)s tuw) )
T(ip:P:R) T(ip:P":R)

cast(u(D),u(RND),u(m))
T T

T(P)

T(P) || G(tu(ip)» tuw))

ICovm 21

Apply ¢
EEaE2]

starcast(u(D),u(RND),u(m))
- e

Apply {—unicast — t}e

starcast(u(D),u(RND),u(m))
e

starcasteV U {7} Biow 2l

starcast(u(D),u(RND),u(m))
e

ivei|

starcast(u(D),u(RND),u(m))
So it is indeed the case that
T(ip:P:R) % T(ip: P’ :R) for all a € Ay = { starcast(u(D), u(RND),u(m)) }

which finishes the induction step for the case of the inference rule.

Unicast (T3-1): AWN defines the inference rule

unicast(dip,m)

P P’ dip R
dip}*cast(m) [Onicast (T3-1)]
ip:P:R {P}‘—asnp:P/:R

There exists an (A4, A) in A such that {dip} : {ip} : *cast(im) € A; Aip : P : R A, ip: P : R,
namely Pair in Table 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(ijp : P/ : R) forall a € A, =

{ starcast(u({dip}), u({dip}),u(m)) } .
In mCRL2, the following derivation can be made:

Bty iy P}y o) 2 uttseh facw)],
¢ ot s tu(m
u({dip}) > Lu({dip}) Lu(m 7 Definition[£.10]
cast([tu((daipp) ] [turnny ], [tum 1)
cast(tu(aip))» tutdip)) bom) ————————— ¥
cast(u({dip}).u({dip}).u(m)) e 2
cast(tu(aip))» bo((dip)) tum) ————— v

Gast(u(Ldip}).u(Ldip}).u(m)) e
—_ @st(o({dip}),u({dip}) u(m
cast(ty({dip}) tu({dip}): tum))-G(tu(ip)s tuw) ——————— G(tu(ip), tu(r))

— [Cozzp2]
) cast(u({dip}).u({dip}),u(m))

[tur) N togiaipy) = tugaipn] = true
G(ty(ipy: tuw))

| BN LD L)y

()) um 2| (2 times)

ICoIcE 2]

(tom) N tuiaipy) = tu(dipy)) = €aSE(tu(gaip})s butdip})s tuim))- G (Fu(ip) s tur) -
Substitution

( (tuwy "D =D’) — cast(D,D’,msg).G(tu(ip): tuw)) ) [ D := tu({dip}): D’ = tu({dip})>MSE := tu(m)
cast(u({dip}),u({dip}),u(m))

G(tu(ip)s tury)

— ) . @st(u({dip}) u({dip}),u(m))
¥0,0:setam) mogavisc (o) (1D = D?) — EaSE(D, D’ msg). G tuipy, Lu(ry) + S| P 1= tu(ip) R i= byqr) | ey

= X X cast(u({dip}),u({dip}),u(m))
( > b, Set(p) msg:msG (R ND =D?) — cast(D,D’, msg).G(ip,R) + S ) [P = ty(ip), R = tu(r) | LB, Gty (ipy, tur))

Definition of G — [RECURSION D]
, H(0({dip),u({dip}) 0(m)
Glty(ip), to(r)) D), (RGN, (RD ) G(tu(ip): tur))

2 b,*:Set(iP) msg:MsG (fu®) ND =D?) — cast(D, D’ msg).G(ty(ip), tu(r))

G(ty(ip): tuw)) o
Substitution

where S[ ip := #y(p), R := ty(g) | is an expression equal to all summands of G except for the first one.

From the induction hypothesis, it follows that T(P) )AL ) T(P’) because Pair in
Table [2.6]is the only (B;, B2) € A . unicast(dip,m) € B;. Combining this with the conclusion of the
derivation above gives
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(@] (@ o) Induction hypothesis ST T (see above)
cast(u({dip}),u({dip}),u(m cast(u({dip}),u({dip}),u(m .
TP) ————— 5 T(P) Gltugp) tur) ——————— Gllup) tuw)) =

cast(u({dip}).v({dip}) v(m)) EBSE(v ({dip}) v ({dip}).v(m))
TP Il Glto(ip): towy)

T(P) || G(tu(ip): tuw))
Lo (T(P) || G(tugy, fugey)) 2Rt (o) Lo M), 1 (51 |[ Gty o))

Do (T(P) || Gltu(ip): tomy) Lo (T(P) || Gltugp): towy)
poanias g T (T(P) || Gltugey o)) -Cimesresares(oide)) uitde)) i)
P-unicast—y T (T(P) || Gltugp): tow))) Praunicast—0 T (T(P) || Gltugp): towy))

t t(u({dip}),u({dip}),u(m))
Vv b cumicast o6y T (T(P) || G oy, tuy)) “mUAD VRIS, 0 rieast 6y T (TPY) 1] Gltuginys botm)
) starcast(u({dip}),u({dip}),u(m))

(oavivwi|

Apply ¢
FEmanE2l

starcast(u({dip}),u({dip}),u(m))

P{-unicastt} Lo (T(P') || G(tu(ip), tu(w)))

Apply {—unicast — t}e
Eow]
[ines|

starcast(u({dip}),u({dip}),u(m))

starcasteV U {7}

T(ip:P:R T(ip:P':R)
So it is indeed the case that
T(ip:P:R) % T(ip: P’ :R) for all a € Ay = { starcast(u({dip}), u({dip}), u(m)) }

which finishes the induction step for the case of the inference rule.

Unicast (T3-2): AWN defines the inference rule

—unicast(dip,m)
—_—p

P P’ dip¢R

ip:P:R 5 ip:P’":R

[Un1casT (T3-2)]

There exists an (A4, A2) in A such that 7 € A; Aip: P : R A ip : P’ : R, namely Pairin Table
The induction step can therefore be proven for this particular case by finding a set of derivations in mCRL2
forTip: P:R) S T(ip: P :R)forallac Ay ={7}.

In mCRL2, the following derivation can be made:

[~uni(t ty(my)]

s —uni(ty(dip) stu(m

=Nty (i), L)) ———— Definition E-T0]
— —uni([tuainy 1 [toem 1) -
—uni(ty(aip) s tom) ———————— LemmafZ]

Suni(u(dip),u(m))
—_—

v

Suni(u(dip),u(m))
—

—uni(ty(dip) tu(m) )

—uni(ty(dip) tugm) )-G(tu(ip) tur)) G(tu(ip), tuw))

Htu(dip) ¢ tu(R)]] = true Suni(u(dip),u(m))
. —uni(u(dip),u(m
(tutaip) ¢ tum) = TR (tugaip), toem)-Cltuip), fuwy) = Cltu@p), tuw) ST
— Suni(u(dip),u(m))
((d ¢ tyw)) = —uni(D,msg).G(tu(p): tury) ) [ d = tu((dip}),SE := tym) | ——————— G(tu(ip): tuw)) [Fumz] (2 times)
— Suni(u(dip),u(m))
Ed:[P,msg:MSG(d ¢ tU(R)) — _‘unl(d«,mSg>'G(tU(ip)’tU(R)) - G(tu(ip)7 tU(R>) Caoice 2]

— , Suni(u(dip) v(m)
D atpmsgmsc (4 ¢ tuw)) — ~uni(d, msg).G(tu@p), tur)) + S[ 1p = tugp), R = tur) | L AN G(tu(ip)s tur)) o
Substitution

—uni(u(dip),u(m))
-

— . . —uni(
( Zd:IP,msg:MSG(d ¢ R) — —uni(d, msg).G(ip,R) + S ) [1ip := tu(p), R = tum) |

Suni(u(dip),u(m
—

)
G(tu(ip), tur))

G(tu(ip)» tuw))

Definition of G
G<tu(ip) 3 tU(R))

where S| ip := ty(p), R := tyg) ] is an expression equal to all summands of G except for the second one.

From the induction hypothesis, it follows that T(P) o EEEE), T(P’) because Pair in Table
is the only (B1, B2) € A . ~unicast(dip,m) € B;. Combining this with the conclusion of the derivation

above gives

Induction hypothesis

M T(P) (see above)

T(P)

T(P) || Gltu), o) e AN AN, 1) | Gty )
Lo(T(P) || Cltuiipys tury)) -2 To(T(P) || Gtugip)s tuwy))

Lo(T(P) || Gltu(p) tow))) Lo(T(P) || Gltugp), tuw))
p(-unicast -ty Lo (T(P) || G(tu(ip)s tur))) {umleast ) unieast(o(dip).vim) Pi-unicast—ty Lo (T(P) || G(tu(ip)s tuwr)))

PAR 6

Comn2]

(-uni(u(dip),u(m))|~uni(u(dip),u(m)))

Apply 7¢

—unicast(u(dip),u(m))
_—

Rename2]

Apply {—unicast — t}e

p{—\unicastﬁt}rC(T(P) H G(tu(ip): tU(R))) 5 p{—\unicastﬁt}rC<T(P/) Il G(tu(ip)7 tU(R)))
va{ﬁunicastat}FC'(T(P) H G(tu(ip)v tU(R))) L va{ﬁunicastﬂt}FC(T(Pl) H G(tU(l’p)ﬂtU(R)))
)

=

T(ip:P:R) — T(ip:P’:R)

Brow?2]

TeV U {r}
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So it is indeed the case that
T(ip:P:R) & T(ip:P' :R)forallac Ay = {71}

which finishes the induction step for the case of the inference rule.

Deliver (T3): AWN defines the inference rule
deliver(d) P’

Mip:P/:R

P
ip:P:R

There exists an (A4;, Az) in A such that ip : deliver(d) € A; Aip: P : R A, ip : P’ : R, namely Pairin
Table 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 = { deliver(u(ip), [T¢(d)]) } -

In mCRL2, the following derivation can be made:

[del(ty(p) Lo)]
— RO

del(tyip), tua)) v

Definition
Lemma [£4]

SEQ 1

== del([tugp ] [t
del(tu i) o)) el([tuiip) ] [tua) ] v

@(tu(ip)~tu(d)) dellvli) @) v

= del(u(ip),u(d)),
del(togip), to@)-Gltstp) o) == Gltu(ip)s tow)

TG Substitution
- el(u(ip),u
(de1<tu(ip)~,msg)G(tU(x’p)st’U(R)) ) [data = tyg) | 2 Gltugp): tum)
—
P del(v(ip).u(d)
2 aasaipata d€l(d; data).G(tu(p), tu(r)) t > Gltu(ip)s o) -
— ICHOICE
T del(u(ip),u(d))
Daasavam del(tu(p), data).Gltugp), tur) +5 ————— Gltuip): towy) L
Substitution

e . e (utip).v(d)
( Cusapar del(ip, data).G(ip,R) + S ) [P = tu(ip) R = tu(gipy) | = Gltu(i), tum)

Definition of G [RECURsIoN 2]

del(u(ip).u(d)) al

G(tu(ip)s tur)) buip)» tu(R))

where S[ ip := #y(p), R := ty(g) | is an expression equal to all summands of G except for the third one.

From the induction hypothesis, it follows that T(P) EEDIED), T(P’) because Pair in Table|2.6|is the
only (B, Bz) € A . deliver(d) € B;. Combining this with the conclusion of the derivation above gives

@) Induction hypothesis SO (see above)
el(u(ip),ul el(u(ip),u
T(P) ————= T(P) G(tu(ip)s tu®)) ———— G(tu(ip): tu(r))

del(u(ip),u(d))|del(u(ip),u(d))
T(P) || G(tu(ip), tuw)) T(P) || G(tu(ip), tur))
(Convn 21

{02 [| D ) SOOI 5537 [| @)
To(T(P) || Cltugp), tomy)) 1D, b (T(P) || Gltugipys torwy)
Pi-unicast—t} Lo (T(P") || G(tu(ipy: tu(r)))
P{-unicast—t} ['c (T(P') [| G(tugip): tur)))

Vv unicast—t L' (T(P') | Gltugp)» towy))
deliver(u(ip),u(d)) T
_

Apply ¢

IRENAME 2]

{~unicast—t} edeliver(u(ip),u(d))

pi-unicast—t} L (T(P) || G(tu(ip), tu(r)))
P{-unicast—t} ['c (T(P) || G(tu(p), tur)))
Vv pi-unicast—»ty e (T(P) || G(tu(ip): tur)))
T(ip:P:R)

Apply {—unicast — t}e

deliver(u(ip),u(d))
— -
Aiiow?]

dehvergV Y {T} deliver(u(ip),u(d))
Ty

ives|

(ip:P'":R)
So it is indeed the case that
T(ip:P:R) = T(ip: P’ :R) forall a € Ay = { deliver(u(ip), [T¢(d)]) }

which finishes the induction step for the case of the inference rule.

Internal (T3): AWN defines the inference rule

P5 P
ip:P:R 5 ip:P’":R
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There exists an (A;, A2) in Asuch that 7 € 4; Aip: P:R A ip : P’ : R, namely Pairin Table
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; = { 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) T(P’) for some D, R : Set(IP) where
R C D and some m : MSG because Pairin Table is the only (B1, Bs) € A . 7 € By. This means that
the following derivation can be made in mCRL2:

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

Induction hypothesis

() «(u(D).u(R),u(m)) (P
(D) 0(R)u(m)) S
T(P) || Cltoip), togmy) ~2L2EYD, 1By || Gty b
(P) [| Glty(ip), tur)) (P) || Gltuip), tur)) —

\ > (t(u(D),u(R),u(m))) -
Te(T(P) || Gltugp): tum)) =0 Po(T(P) || Gltugp): tum)

. €(u(D).u(R),u(m)) o Apply 70
Lo(T(P) || Gltugp), tuw)) ——— > Te(T(P') || Gltup): tuw)))

P{-unicast—} Lo (T(P) || G(tup), tur))) p-unicast—t) Lo (T(P') || G(tu(p), tur)))

) K(0(D).u(R).u(m) .
eV U {r} Pi-unicast—t} I'c (T(P) || G(tu(ip), tuwy)) (22,2 (E) 8 ) Pi-unicast—t} I'c (T(P) || G(tu(ip)s tuw))) ==
- t(u(D),u(R),u(m))

Vv pi-unicast 0 Do (T(P) || Gltu(iny, tury)) "2 Vv piunicast—ses De (T(P) | Gltu(ipy tur)))

T(ip:P:R) ST, T(ip:P':R)

[EEsane2]

{—unicast—t}et(u(D),u(R),u(m))
Atunicast>t}et(u(D),uiR).ulm)),

Apply {—unicast — t}e

So it is indeed the case that
T(ip:P:R) % T(ip: P’ :R) foralla € Ay = { t(u(D),u(R),u(m)) }

which finishes the induction step for the case of the inference rule.

Arrive (T3-1): AWN defines the inference rule

receive(m
) P’

P

{ip}—0:arrive(m)
e

ARRIVE (T3-1)]
ip:P:R ip:P:R

There exists an (A1, A5) in A such that {ip}—0 : arrive(m) € A, Aip : P : R 2% ip : P’ : R, namely
Pair [2.13|in Table 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

5°ChH

Ay = { arrive([B], [5°], u(m)) {ip}Cb>

p,57:Set(IP) }

Note that {ip} C D’ = [ty(p) € D’] = true.
In mCRL2, the following derivation can be made for all b and D’ such that 5> C D A ty(y) € D?:

o0
[ receive(D,D ty(m
receive(D,D’, ty(m)) l ( il

Definition [£:10]
Lemma[4.4]

receive([B], [6°], [tu(m)])

receive(D, D, ty(m)) v

receive([5],[6°],u(m))
—_—

receive(D, 57, ty(m) v

R receive(D,D’, ¢ G (ty(ip), receive([LI°L.utm), ;4 ot
oy € 5°] = true (D, u(m))-G(tu(ip)» tu(r)) (tu(ip)s tu(r)) ==

- . . recetve([B1.6°],u(m)
(to(ip) € D?) — receive(D, D, ty(m))-G(tu(ip): tuw) —————— G(tu(ip), tur))

Teceive([B],[6°],u(m))
e

Substitution

) um 2| (3 times)

ICHOICE 2]

G(tu(ip)s tu(r)

G(tu(ip)> tuw))

] receive([B].[6°],u(m))

((tu(p) € D’) — receive(D,D’,msg).G(ty(p) tu(ry) ) [D :=D,D’ := D", msg := tym) |
D,

A fve([B],[6°],u(m))
20,07 :setap) msg:msa (Fu(ip) € D*) — receive(D, D, msg).G(ty(p), tuw)) el OB LEe),

3 ob.07:Set(tp) msgms (Lu(ip) € D?) — receive(D, B, msg).G(tu(p), tuwy) + S[ 1P = tu(ip): R = tur) G(tu(ip)» tu(ry)

B 10e) Substitution
) — A . . receive([B],[6°],u(m .
( > 0,0 set(1p) meg:MsG (1P € D?) — receive(D, D’ msg).G(ip,R) + S ) [ip = tu@p), R = tyw) | —————= G(tu(ip): tuw))

Definition of G

receive([5],[6°],u(m))
bl s Lu S

G(tu(ip)s tuw)) G(ty(ip): tuwr))

where S[ ip := ty(p), R := ty() ] is an expression equal to all summands of G except for the one containing
receive. S
From the induction hypothesis, it follows that T(P) el ) T(P’) because Pair in Table

is the only (B, B3) € A . receive(m) € B;. Combining this with the conclusion of the derivation above
gives
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Induction hypothesis SO (see above)
receive! ,[D?],u(m
T(P’) G(tu(ip), tuw) —————— G(tu(p) tuw))

ive([B],[5°],u(m)) ive([B],[5°],u(m))
T(P) [| G(tu(p), tur)) s e e R T(P') || G(tu(ip)s tuw))
~c (receive([D],[D’],u(m))|receive([B],[5°],u(m)))
Lo (T(P) || Gltugp), tow))) — Lo (TP) || G(tu(p), tuw)))

ive([D]),[D°],u(
To(T(P) || Cltogpy, tom)) ML), 1 (T(PY) || Gltugips tormy)

receive([D],[D°],u(m))
—

T(P)

iCovm 21

Apply v¢

— il
{—unicast—t} earrive([D],[5’],u(m))

/){ﬁunicastﬂt}FC(T(P” H G(tu(ip)«,tu(R)))
p{ﬁunicastgt}FG(T(Pl) H G(tu(ip)-tu(R)))

,u(
Jom) Vv pi-unicast—ty T (T(P') || G(tugipy, tu(r))) -

arrive([B],[B°],u(m))
—_—

pi-unicast st} L'c (T(P) || G(tu(p), tury))
P{ﬁunicastat}FC(T(P> H G(tu(ip)stU(R)»
Vv pi-unicast—ty T (T(P) || G(tu(ip), tur)))

T(ip:P:R)

Apply {—unicast — t}e

arrive([B],[B°].u(m))
—_—

ivecV
arrivecV' U {T} arrive([B],[D’

T(ip:P’:R)
So it is indeed the case that

5,6%:Set(IP)
T@p:P:R) = T(ip: P :R)foralla € Ay = { arrive([D], [8°], u(m)) 5°Cb }

{ip}CB°

which finishes the induction step for the case of the inference rule.

Cast (T4-1): AWN defines the inference rule

R:*cast(m) ’ H—K:arrive(m) ,
HCRAKNR=10 i Ll | N

M || N R:*cast(m) M H N’

There exists an (A1, A2) in A such that R : *cast(m) € Ay AM || N AL W || N’, namely Pair in
Table 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.

s LR ) T(M') because Pair in

From the induction hypothesis, it follows that T (M)
Table [2.6]is the only (B;, B>) € A . R : *cast(m) € B.

Similarly, T(M) A ) T(N') for all B> C D because Pair is the only (By,B2) € A.H-K :
arrive(m) € B;. This observation about T(M) can be refined as follows:

Induction hypothesis
arrive([B], [D°] ,u(m
T(M) ([B],[5°],u(m)) T(N') .
HCRAKNR=10 = Choose D? = ty g
arrive([5], [ty 1,0 (m)) ,
T(M) ———— T(N') A
RCD Choose D = ty(p)

arrive([[t 1.0t J,u(m))
T(M u(D) u(R) T(N')

T(N')

L A (2 ti
T(M) arrive(u(D),u(R),u(m)) emma( imes)

This means that the following derivation can be made in mCRL2:

Induction hypothesis Py —— (see above)
T(M) T (M) 2O T(NY)

starcast(u(D),u(R),u(m))|arrive(u(D),u(R),u(m))

starcast(u(D),u(R),u(m))
bt A A A

T(M)

Vi |
TM') || T(N')

TM) [ T(N)

~c (starcast(u(D),u(R),u(m))|arrive(u(D),u(R),u(m)

iCovm 2]

To(T(M) || T(N)) Dy po(rv) || TOV))

Apply y¢
Do(T(M) || T(N)) OO, ¢ (pwry || T(N))

F{arrive\arriveea}FC(T(I\'I) H T(N)) F{arrive\arriveéa}Fc(T(I\'I’) H T(N/))
s€V U {7_} F{arrive\arriveﬁa}FC'(T(l\'l) H T(N)) IR F{arrive\arrive%a}FC(T(I\'I/) H T(Nl)) INTeTl
s(u(D),u(R),u(m
VVr{arrive\arrive—m}FC(T(I\'I) H T(N)) - er{arrive\arl‘iveaa)Fc(T(l\{/) || T(N,))
Re D),u(R),
pRvVI‘{arrive\arrive%a}FC(T(I\’D H T(N)) M pRvVF{arrive|arrive~>a}FC(T(NT) H T(N/))
t: t(u(D),u(R),
pRVVF{arrive|arrive—>a}FC(T(I\"I) H T(N)) M pRvVF{arrive\arrive—»a}FC(T(l\'l/) || T(N,))

T(M|| N) T(M' || N)

(Conn 2]
V{arrive|arrive—a} (S(U(D),U(R),u(m)))

Apply v {arrive|arrive—a}

s(u(D),u(R),u(m))

RENAME 2]

Apply Re

starcast(u(D),u(R),u(m))
-

Clearly, Pair applies to the conclusion of this derivation, and thus the induction step of Lemma [4.6] for
the case of[cast (T4-1) is established.
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Cast (T4-2): Similar to the Lemma [4.6}proof for[Cast (T4-1)

Cast (T4-3): AWN defines the inference rule

H—K:arrive(m) M N H’—K’:arrive(m) NG
—

HUH’)—(KUK’):arrive(m

M

[CasT (T4-3))
) M/ H N/

M || N <

There exist an (A;, A3) in A such that (HUH’)~(KUK’) : arrive(m) € Ay AM || N AL W || N’, namely
Pair in Table 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

B,5°:Set(IP)
B°ChH
HUH'CDH>

(KUK)ND> =0

Ay = { arrive([D], [D’], u(m))

arrive([[D],[D°],u(m))

From the induction hypothesis, it follows that T(M) T(M’) for all > C D because
Pair in Table is the only (By,B;) € A . H-K : arrive(m) € B;. For the same reason,

arrive([D],[D’],u(m))

T(N) T(N’) for all B> C D. This means that the following derivation can be made
in mCRL2 forR C D:
— Induction hypothesis — Induction hypothesis
T(I\'I) arrive([B],[D°],u(m)) T(l\’{') T(N) arrive([D],[B°],u(m)) T(N/)

Choose [B] = u(D), [B°] = u(R) Choose [B] = u(D), [D’] = u(R)
T(M) T(N)

T(l\l) H T(N) arrive(u(D),u(R),u(m))|arrive(u(D),u(R),u(m)) T(l\’l') H T(N/)
~c (arrive(u(D),u(R),u(m))|arrive(u(D),u(R),u(m))) e (T(l\II) H T(N/))

arrive(u(D),u(R),u(m)) arrive(u(D),u(R),u(m)) T(N/)
—_— R ——

T(M) _—

OMM

Lo (TM) || T(N))
L (T(M) || T(N))

1—‘{arrive\arriveﬂa} To(T(M) || T(N))

Apply v¢

arrive(u(D),u(R),u(m))|arrive(u(D),u(R),u(m))

Lo(T(M) || T(N'))
V{arrive|arrive—a} (artive(u(D),U(R),u(m)) |arrive(u(D),u(R),u(m))) F{arrive\arrive%a)FC(T(l\"I/) | T(NY))
T (arrive|arrive—a} ¢ (T(M) || T(N)) T (arrive|arrive—a} ¢ (T(M') || T(N'))
Vv T {arrive|arrive a} ['c (T(M) || T(N)) Vv T farrivearrive—a} 'c (T(M') || T(N))
PRV VT {arrivelarrivea) Lo (T(M) || T(N)) DOt PRV VT {arrive|arrive—a) Lo (T(M') || T(N'))
PRVVT {arrive|arrive—a} Lo (T(M) || T(N)) PRV VT (arrive|arrive—a) Lo (T(M) || T(N'))
T(M || N) T(M' || N')

Covn2]

Apply 7Y{arrive|arrive—a}

a(u(D),u(R),u(m))

agv u{r} a(u(D) v(R),u(m)

Apply Re

arrive(u(D),u(R),u(m))
R —

arrive(u(D),u(R),u(m))
—_—

where D> CD, H CD’, H CD’, KND’> =@ and K'ND> = () (according to the induction hypothesis).
The side condition of Pair[2.13]holds for the conclusion of the derivation above:
D>CcdDebd Ch
D>AH CD’ e (HUH')CDH?
ANK'ND =0 (KUK')ND> =0

This proves that

D,B’:Set(IP)
5 Ch
HUH'CDH?

T(M || N) & T(M' || N) foralla € { arrive([[B], [B°], u(m))
(KUK)ND>=0

finishing the induction step for the case of the inference rule.

Cast (T4-4): AWN defines the inference rule

R:*cast(m) ,

M—M
[M] 5 [M']

CasT (T4-4)]
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There exists an (A;, A2) in A such that 7 € A; A[ M ] A [ M’ ], namely Pair in Table 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 € 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) T(M') for some D D R because
Pair in Table is the only (B1,B2) € A . R : *cast(m) € B;. This means that the following
derivation can be made in mCRL2:

starcast(u(D),u(R),u(m))

e Induction hypothesis
T(M) 222t C@VE VM), gy
starcast(u(D),u(R),u(m))
T(M) [|[H ———> % T(M') || H
Comi 2]

FC(T(l\/I) || H) ~c (starcast(u(D),u(R),u(m)))

Le(TM) || H)

T (T(M) || H)
To(T(M) || H)
it t— -t} est: t(u(D),u(R),
p{starcastAt}FC(T(I\’/I) H G) {tarcast o) estareast(u(B). o). vm) p{starcast%t}FC(T(l\/I/) H G)
p{starcastat}FC(T(l\l) I G) p{starcastat}rG(T(l\'I,) I G)
VVp{sta1rcast—>t}FC(T(I\I) H G) VVp{starcast—n}FC(T(I\{’) H G)
T((M]) Hu®@)u®),u(m)) T((M'])

Apply v¢

starcast(u(D),u(R),u(m))
it A A AN

[RENAME 21

O ) Apply {starcast — t}e

teV u{r}

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

(16l

So it is indeed the case that
T((M]) & T((M]) foralla € Ay = { t(u(D), u(R),u(m)) }

which finishes the induction step for the case of the inference rule.

Deliver (T4-1): AWN defines the inference rule

ip:deliver(d
M () M

pedeliver (d) IDELIVER (T4-1)]
p:daeliver
Il | By

M’ ||N

There exists an (A5, A;) in A such that ip : deliver(d) € A; AM || N AL W || N, namely Pair in
Table 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, = { deliver(u(ip), u(d)) }.

From the induction hypothesis, it follows that T (M) el N T(M’) because Pair in Table
is the only (B1, Bs) € A . ip : deliver(d) € B;. This means that the following derivation can be made in
mCRL2:

e —— Induction hypothesis
T(l\rl) eliver(u(ip),u(d))

T(M) || T(N)

T(M')
TM') || T(N)

deliver(u(ip),u(d))
SeveRuiplola))y

(deliver(u(ip),u(d))) Lo 2]
leliver(u(ip),Ul
Io(T(M) || T(N)) 222200, Po(T(MY) || T(N))

- . Apply y¢
To(T(M) || T(N)) SE@YD), b vy | T(N))

V{artive|arrive —a} (deliver(u(ip),u(d)))
1_‘{arrive\ax-rive—>a}FC(TG\D H T(N)) - ‘ : F{arrive|arrive—>a}FC‘(T(l\Il) H T<N))
I rarri i I'ce(TM) || T(N T rarri i Te(TM) || T(N
delivergV U {T} {arrive|arrive—a} (‘( ( ) H ( )) oo {arrive|arrive—a} C( ( ) H ( ))
p),
vvr{arrive\arriveéa}FC’(TG\’D H T(N)) " VVF{al’l’i"e\arﬁVEA‘a}FC(T(I\’{/) H T<N))
Redeli ip),u(d
PRV farvefamve-sa) L (T(M) [| T(N)) ZHEOLD, 50y T pareiamve-sa) T (T || TON))
deli ip),u(d
/)RVVF{a.rrive\a.rriveHa}FC(T(NI) H T(N)) M} pRvVF{a.rrive\arriveaa}FC(T(I\'Il) H T(N))

T(M||N) @), (M || N)

IComm 2]

Appl ; :
deliver(u(ip),u(d)) PPLY V{arrive|arrive—a}
/T

ReENaMEZ]

Apply Re

deliver(u(ip),u!

So it is indeed the case that
T(M || N) % T(M' || N) for all a € Ay = { deliver(u(ip), u(d)) }
which finishes the induction step for the case of the inference rule.
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Deliver (T4-2): Similar to the Lemma [4.6}proof for Deliver (T4-1)

Deliver (T4-3): AWN defines the inference rule

M ip:deliver(d) M

[ M ] ip:deliver(d) [ M ]

DELIVER (T4-3)]

There exists an (A;, As) in A such that ip : deliver(d) € A; AM || N AL W || N, namely Pair in
Table 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 € A, = { deliver(u(ip),u(d)) }.

From the induction hypothesis, it follows that T (M) D HED, T(M') because Pair in Table
is the only (B, B2) € A . ip : deliver(d) € B;. This means that the following derivation can be made in
mCRL2:

Induction hypothesis

T(]\/[) WL T(l\’[,)
deliver(u(ip),u(d)) [Par2]
T(M) || H ————2% T(M) || H
deliver(u(ip),u(d))) Convn 2]
Apply e

)

To(T(M) || H) S2C@0D), by || H)

| H) Pstarcast -ty ['c (T(M') || H)
) Pystarcast—t} L (T(M') || H)

Vv pystarcast—t} Lo (T(M') || H)

deliver(u(ip),u(d)) T([ M D

[RENAME 2]

{starcast—t} edeliver(u(ip),u(d))

To(T(M
Pistarcast—t} e (T( Apply {starcast — t}e

deliver(u(ip),u(d))
|H) ———

delivercV U {7}

(

)
Pistarcast -ty o (T(M) |
Vv pistarcast—t} Lo (T(M) || H)
T([M])

deliver(u(ip),u(d))
e RIS

So it is indeed the case that
T((M]) & T([M']) foralla € Ay = { deliver(u(ip),u(d)) }

which finishes the induction step for the case of the inference rule.

Internal (T4-1): Similar to the Lemma [4.6}proof for [Deliver (T4-1)

Internal (T4-2): Similar to the Lemma [4.6}proof for [Deliver (T4-1)

Internal (T4-3): Similar to the Lemma [4.6}proof for Deliver (T4-3)

Connect (T4-1): AWN defines the inference rule

connect(ip,ip’) /

M’ N—————N
M||NM>M/||NI

M connect(ip,ip’)
—>
CoNNECT (T4-1))

There exists an (A1, A2) in A such that connect(ip,ip’) € A; AM || N AW || N’, namely Pairm
in Table For this particular case, the induction step can be proven by finding a set of derivations in

mCRL2 for T(M || N) A, T(M' || N) for all a € A; = { connect(u(ip), u(ip’)) }.

From the induction hypothesis, it follows that T (M) M) ) T(M’) because Pair in Table
connect(u(ip),u(ip’)) T(N') This

is the only (B1, Bs) € A . connect(ip,ip’) € B;. For the same reason, T(N)
means that the following derivation can be made in mCRL2:
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connect(u(ip),u(ip’ Induction hypothesis conmect (o) 0 Induction hypothesis
T(M) (ip),u(@)) TOM') T(N) (ip),u(@p)) T(N)

T(l\'l) H T(N) connect(u(ip),u(ip’)) |connect(u(ip),u(ip’)) T(l\l/) H T(N,)

Ear3]

OMM

To(T(M) || T(N)) 2Cmmect(v(i) o) leomnect(w(p)-v), 1 npy || T(N'))
Lo(T(M) || TQY) <D, 1o (T(w) || T(V))
Y {artive|arrive—a} (€(U(ip) U (ip")))
F{arrive\arrive—»a}FC’(T(ND H T(N)) - ‘ : F{arrive\arriveaa}FC(T(I\"I/) H T(N/))
‘ (u(ip),u(ip’)
F{arrive\arrive—»a}FC(T(N[) H T(N)) M F{arrive\arrive—»a}FC(T(l\'I/) H T(N/))
vvr{arrive\arriveAa}FC(T(I\'I) H T(N)) M er{arnve\arrlveaa}FC( (NI,) || T(N,))
. Rec(u(ip),u(ip’) I ,
pRvVF{arrive|arrive~>a}FC(T(I\[) H T(N)) —_— pRVVF{arrive\arriveﬁa}FC(T(NI ) H T(N ))
t(u(ip),u(ip))
pRVVF{arrive\arriveﬁa}FC(T(I\'{) H T(N)) M)

T(M || N)

Apply 7¢

[Connm 2]

Apply 7Y{arrive|arrive—a}

ceV u{r} Biiow 2]

Apply Re
pRer{arrive|arrive~>a}FC(T(I\'I/) H T(N,)) =

T(M' || N')

connect(u(ip),u(ip’))
So it is indeed the case that
T(M || N) & T(M || N) for all a € Ay = { connect(u(ip), u(ip’)) }

which finishes the induction step for the case of the inference rule.

Connect (T4-2): AWN defines the inference rule

M/
[M]

M

[ M ] connect(ip,ip’)

connect(ip,ip’)
_—

[ConnECT (T4-2)]

There exists an (A;, A3) in A such that connect(ip,ip’) € A1 A[ M ] A [ M’ |, namely Pair in
Table For this particular case, the induction step can be proven by finding a set of derivations in

mCRL2 for T([ M ]) A, T([M']) for all a € A, where A = { connect(u(ip), u(ip’)) } .

From the induction hypothesis, it follows that T (M) et U007 T(M') because Pair in Table
is the only (B;, Bs) € A . connect(ip,ip’) € B;. This means that the following derivation can be made in
mCRL2:

py— Induction hypothesis
T(M) fconnect (U (RLT RN T(M)

connect(u(ip),u(ip’))
TM) [|[H ——"—5TM) || H —
1 ip),
To(T(M) || H) 2eonmetC@ @), r vy || H)

Apply vc

To(T(M) || H) <2etC@@), b (rwr) || H)

p{starcastat}FC(T(l\l/) || H)

[RENAME 2]

{starcast—t}econnect(u(ip),u(ip’))

Il H)

Apply {starcast — t}e
ct(u(ip),u(ip’)
ST, pstarcast—y Do (T(M) || H)

VV/%starcast%t}rc T(I\I) H ) va{starCastat}FC‘(T(l\fI/) H H)
connect(u(ip),u(ip’))
T(M]) —————— T((M'])

/J{starcast%t}FC T(M) H H)

(
p{starcastﬁt}r(’( (1\’1)

(
connecteV U {7}

(

connect(u(ip),u(ip’))
_

So it is indeed the case that
T(M || N) & T(M || N) forall a € Ay = { connect(u(ip), u(ip’)) }

which finishes the induction step for the case of the inference rule.

Disconnect (T4-1): Similar to the Lemma [4.6}proof for[Connect (T4-1)

Disconnect (T4-2): Similar to the Lemma proof for|Connect (T4-2)
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Newpkt (T4): AWN defines the inference rule

{lp} —K: arrive(newpkt (tu(d) 7tu(dip) ))

M M’

(] ERepddn)

There exists an (A1, A2) in A such that ip : newpkt(d,dip) € A4; A[ M ] A, [ M’ ], namely Pairm
in Table This base case can therefore be proven by finding a set of derivations in mCRL2 such that
T((M]) S T([M]) for all a € Ay = { newpkt({u(ip)}, {u(ip)}, newpkt(u(d), u(dip))) } .

In mCRL2, the following derivation can be made:

[newpkt({ty(ip) }+{tu(ip) } newpkt (tu(d)tu(aip) )]

newpkt({ty(ip) }, {tu(ip) } newpkt (ty(a), tucdip)))
u(ip) u(ip) u(d) > bu(dip) Definition E10]
newpkt({ [ty (ip) I} { [tuipy ]} -newpkt ([tua) ], [tuaipy 1)) v

newpkt({ty(ip) }, {tu(ip) }» newpkt (tu(a, tu(dip)))
— Lemma [4.4]
newpkt({u(ip) },{u(ip) } newpkt(u(d),u(dip))) v

newpkt({ty(ip) }» {tu(ip) }» newpkt (fu(a): tu(dip) )

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

newpkt({ty(ip) }, {tu(ip) }, newpkt (tu(ay tuaip)))-H S i

(newpkt({ip}, {ip}, newpkt(data,dest)).H) [ip = ty(ip), data 1= ty(g),dest := tu(dip)} newpkt({u(i)} {u(ip)} newpiet(u(d), u(dip)) H

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

Svve |

2 ipiIP data:DATA destip NEWPkE({ip}, {ip}, newpkt(data, dest)).H o
Substitution

— . . newpkt({u(ip)},{u(ip) } ,newpkt(u(d),u(dip)))
. (37 ip:1p,qata:DATA dest:p NEWPKE({ip}, {ip}, newpkt(data, dest)).H)[ ] : H
Definition of H —
H newpkt({u(ip) },{u(ip) } ,newpkt(u(d) u(dip))) H

arrive([[B], [0’ ] ,newpkt (ty(d):tu(dip)))

From the induction hypothesis, it follows that T(M) T(M') for all D> C
D such that {ip} € D> AKnND’ = { because Pair in Table is the only (B, B;) €
A . arrive(newpkt (ty(q), Lu(dip))) € B1. This observation about T(M) can be refined as follows:

Induction hypothesis
arrive([B] , [D?] ,newpkt (u(d),u(dip)))

T(M T(M'
{ip} CRAKNR=10 (M) (M) Choose D =D’ = {ty(ip)}
arrive([{ty(p) 1, [{ty(ip) }],newpkt (u(d),u(dip))) ,
T(M) (M)
T @D Lo B e @@ .
- - - — Lemmal[4.4] (2 times)
T(M) arrive({u(ip) } ,{u(ip) } ,newpkt (u(d) ,u(dip))) (M)
This means that the following derivation can be made in mCRL2:
b
o newpkt({u(ip) },{u(ip) } ,newpkt (u(d),u(dip))) o (see above) T(M) arrive({u(ip) },{u(ip) } newpkt (u(d),u(dip))) TOM) (o2 w)
T(M) || H newpkt({u(ip) },{u(ip) } mewpkt (u(d),u(dip)))|arrive({u(ip)},{u(ip)} ,newpkt (u(d),u(dip))) T(M) || H i
To(T(M) || H) e (newpkt({u(ip)},{u(ip) } ,newpkt (u(d),u(dip)))|arrive({u(ip)},{u(ip) } ,newpkt (u(d),u(dip)))) To(T(M) || H)
To(T(M) || H) newpkt({u(ip)}, {u(ip)} newplct (u(d).u(dip))), 1o (T(W) || H) Apply 10
° = FmE2]

H H) {starcast—t}enewpkt({u(ip) } ,{u(ip)},newpkt(u(d),u(dip))) P(sta_rcast*)t}FC(T(l\/I/) H H)

T'e(T(M
P{starcast—t} o(T( Apply {starcast — t}e

) newpkt({u(ip)},{u(ip)} newpkt (u(d),u(dip))) p{starcastﬂt}rC(T(l\l” [| H)

newpkteV U {7}

(
P{starcastat}FC(T(NI) [| H
y kt({u(ip) },{u(ip) } newpkt(u(d),u(dip))) y
vV/){starcastat}FC<T(I\'I) [| H) e S ekl adis vV/){starcastat}FC(T(I\I/> || H)

T(M]) newpkt({u(ip)},{u(ip) } newpkt(u(d),u(dip))) T((M'])

So it is indeed the case that
T(ip:P:R) & T(ip: P :R) forall a € Ay = { newpkt({u(ip)}, {u(ip)}, newpkt(u(d), u(dip))) }

which finishes the induction step for the case of the inference rule.
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Complete proof of Lemma

1 Base cases

Translation rule [r1} The translation function Ty is partially defined by translation rule

Tv (&, broadcast(ms).p) = >_p.secqp) €aSt(Urp, D, T (Ms)).Tv (€, p) where D ¢ VARS(T¢ (ms)) U vars(Tv (€, p))

Consider the following derivation for expressions of the form Tpoy(¢) (€, broadcast(ms).p) 2 Q)

. [east(Uyp ,D,T¢ (ms))]
cast(Uip, D, T¢ (ms)) e, i

R — Definition|4.10
cast ,[ID], [Te (ms
cast(Up, D, T¢ (ms)) AR ORI,

t([Lp], [0], [ e (ms)]) -
. cas| 1p], [B], [Tg (ms
cast(Uip, B, Te (). Toow(e) (€ D) ——————— Toou(e) (€, P)

<, cast([Up], [B], [T¢ (ms)])
D] d ? TDoM(&)(f’ p)

Substitution

(cast(Uip, D, Te (ms)).Toou(e) (€, P)) [D :

([tp], 107, ¢ (ms)1) UM
cast pl,[D], TE ms
ZD:Se[(IP) CaSt(Z/{[p, D, T¢ (ms))~TDoM(£) (fa p) —_— TDoM(&) (Ea P)
cast([Uyp], [B], [ ¢ (ms)])
Toom(e) (€, broadcast(ms).p) ————— Tpom(e) (&, P) ]
Define o := ()

cast([Up], [D], [T¢ (ms)])
TDOM({) (&, broadcaSt(mS)-p) —€> TDOM({[U]) (5[”]7 p)

This derivation is a representative derivation without alternatives (see Definition [4.9). It follows that
a € { cast([Up], [D], [Te(ms)]) | D: Set(P) } and Q = Tyome(o])(£[0],p). There is exactly one pair

(A1, A2) € A7 . a € Ay A Tpoue) (€, broadcast(ms).p) A, Toom(e[o]) (€[0], P):

({ cast([thp], [O], [Te(ms)]) | D : Set(P) }, { broadcast(¢(ms)) })

This pair satisfies the condition that ¢, broadcast(ms).p — £[o], p can be derived for all o’ € A, (via AWN
inference rule [Broancast (t1)]), which is sufficient to prove this particular base case.

Translation rule r2; The translation function Ty is partially defined by translation rule

Tv (&, groupcast(dests, ms).p) = > _;.cqpy CASt(Te (dests), D, T¢ (ms)).Tv (&, p) where D ¢ VARS(T¢ (dests)) U VARS(T¢ (ms)) U vARS(Tv (€, p))

Consider the following derivation for expressions of the form Tyoy(¢) (€, groupcast(dests, ms).p) L Q:
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[east(Ty (dests) J’j,T{ (ms))]

cast(T¢ (dests), D, T¢ (ms))
cast( [[Tg (dests)], [B], |IT§ (ms)])

Definition [4.10]
cast(T¢ (dests), D, T¢ (ms))

t([1g (dests)], [B], [ g (ms)]) £
R cast([Tg (dests)], s[Te (ms
cast(Te (dests), D, Te (ms)) - Toom(e) (€, P) : : Toom(e) (§5 P)

(Img (dests)], I01, [ (ms)]) Substitution
a ~ cast T€ ests ,ID], T& ms

(cast(T¢ (dests), D, Te (ms)) . Toom(e) (€, P)) [D := Te (dests), D’ := D] Toom(e) (€, P)

([7g (dests)T, [B], [Te (ms)])
cast([¢ (dests)], J[rg (ms
ZD‘D’:Set(IP) caSt(D1 D’, T¢ (ms))-TDOM(E) (57 p) TDoM({) (f, p)
([r¢ (dests)], [B], [T¢ (ms)])
cast TE ests) ] , N ’l‘g ms
Toom(e) (€, groupcast(dests, ms).p) Toom(e) (€; P) )
Define o := ()

cast([Tg (dests)], [B], [T¢ (ms)])
Toom(e) (&, groupcast(dests, ms).p) & (dests o

Toom(e[o]) (€l0], P)

This derivation is a representative derivation without alternatives (see Definition |4.9). It follows that
a € { cast([T¢(dests)], [D], [T¢(ms)]) | D : SetP) } and Q = Tpoum(e(o]) (£[0], p). There is exactly one pair

(A1, A) € A a € Ay A Tooue (€, groupcast(dests, ms).p) = Tpou(e(o]) (£[0], D):
({ cast([T¢(dests)], [D], [T¢(ms)]) | D : Set(P) },{ groupcast({(dests), &(ms)) })

This pair satisfies the condition that ¢, groupcast(dests, ms).p — £[o], p can be derived for all o’ € A, (via
AWN inference rule [Grourcast (1)), which is sufficient to prove this particular base case.

Translation rule [r3f The translation function Ty is partially defined by translation rule

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

Consider the following derivation for expressions of the form Tpoy(¢) (€, unicast(dest, ms).p » q) 5Q:

L N

ca: T, S| ,T, eS| ,Te(m:

cast(re ({dest}), Te({dest}), Te (ms)) R
el (D (e ey, Definition E.10I

cast(T¢({dest}), T¢({dest}), T¢ (ms)) . : v

BexT]
cast([re ({dest})], [Te ({dest})], [T¢ (ms)])

cast(Te ({dest}), T¢({dest}), Te(ms)). Toom(e) (€, P)

caSt<T£({deSt}>7 TE({deSt})‘, Te (ms>)-TDOM(§) (£7 p) + —\lll‘li(Tg (deSt)v T{(ms))~TDoM(§) (£ q
) cast([re ({dest})], [Te ({dest})], [Te (ms)])

TDOM(f) (5 p)
) cast([re ({dest})],[¢ ({dest})], [T (ms)])

ICHOICE 2]
TDoM({) (5 p) el

Thom(e) (§, unicast(dest, ms).p » ¢
) cast([re ({dest})], [Te ({dest})], [Te (ms)])

TDoM({) (fv p)

TDOM(g[a]) (5[”] s p)

Define o := ()

Toom(e) (&, unicast(dest, ms).p » q
This representative derivation has one alternative where a € { —uni([T¢(dest)], [T¢(ms)]) }:
[Bxioml

Definition

[—uni(Tg (dest),Tg (ms))]
—uni(T¢ (dest), T¢ (ms)) Gt ey A,

—uni( [[Tg (dest)], HT{ (ms)])

—uni(Te (dest), T¢ (ms))

) —uni([Tg (dest)], [Te (ms)])
“unl(TE (dest), T¢ (mS))-TDoM(g) (&) g £ TDoM({) (&,q)

—uni( [[Ts (dest)], [[TE (ms)])

ICHOICE 4]
cast(Te ({dest}), Te ({dest}), Te (ms)) Too(e) (€, P) + —uni(Te (dest), Te (ms)) Toou(e) (€5 )
—uni( [[Tg (dest)], |[T§ (ms)])

TDOM(E) (5* Q)

o3

Toom(e) (€, unicast(dest, ms).p » q)

. —uni([rg (dest)], [1¢ (ms)])
Toou(e) (€, unicast(dest, ms).p » q) £ ¢ Toouce(o]) (€lo], @)

TDoM(&) &, ‘31)

Define o = )

These derivations are the only representative derivations (see Definition [4.9) for an expression of the
form Tpoue) (€, unicast(dest, ms).p » q) 2, Q. It follows that there are exactly two cases that must be
distinguished:

* Let a € { cast([T¢({dest})], [Te({dest})], [Te(ms)]) } and Q = Tpom(e(o)) (€[0], p)- There is one pair
(A1, A2) € A7 . a € Ay A Thou(e) (€, unicast(dest, ms).p » q) A, Toom(elo)) (€l0], P):
({ cast([re({dest})], [Te({dest})], [Te(ms)]) } ,{ unicast((dest), {(ms)) })

This pair satisfies the condition that &, unicast(dest,ms).p » q - £[o],p can be derived for all
a' € Ay (via AWN inference rule [unicast (T1-D)).
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* Let a € { ~uni([T¢(dest)], [Te(ms)]) } and Q = Tpom(eo))(§[o],a). There is one pair (A, As) €
A a € Ay A Toou(e) (€, unicast(dest, ms).p » ) 5 Toou(e(o]) ([0], 9):

({ ~uni([re(dest)], [Te(ms)]) }, { ~unicast(¢(dest),{(ms)) })

This pair satisfies the condition that &, unicast(dest,ms).p » q — £[o],q can be derived for all
a’' € Ay (via AWN inference rule [unicast (T1-2)]).

By proving both cases this particular base case has been established.

Translation rule r4; The translation function Ty is partially defined by translation rule

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

Consider the following derivation for expressions of the form Tpou¢) (¢, send(T¢ (ms)).p) = Q:

'A
[send(0,0,7¢ (ms))] Axton
send(0, 0, T¢ (dest)) ———
Definition [4.10]
send([0],[0],[r¢ (ms)])
send(0, 0, T¢ (dest)) —
send([0],[0],[r¢ (ms)])
send(0, 0, T¢ (dest)). Toom(¢) (§,9) ————————— Toom(e) (€, P) @
send([0], [01, [t¢ (ms)])
Toom(e) (&, send(ms).p) ————————— Thou(e) (€, P) )
Define o := ()

send([0],[0], [r¢ (ms)])
- s

TDOM(E) (5: send(ms).p) TDOM(&[U])(g[O-]i p)

This derivation is a representative derivation without alternatives (see Definition [4.9). It follows that
a € {send([0], [0], [Te(ms)]) } and Q = Tpom(e[o))(£[o], p). There is one pair (A;,A43) € A" . a €

Al A TDOM(§) (Ev Send(Tg(mS)).p) i> TDOM(E[J]) (5[0]7 p):

({ send([0], [0], [Te(ms)]) }, { send({(ms)) })

This pair satisfies the condition that ¢, send(T¢(ms)).p < £[o], p can be derived for all a’ € Ay (via AWN
inference rule [seno (tD))), which is sufficient to prove this particular base case.

Translation rule [r5¢ The translation function Ty is partially defined by translation rule
Tv (€, deliver(data).p) = >, ;p del(ip, T¢ (data)).Tv (£, p) where ip ¢ vars(T¢ (data)) U vARs(Tvy (£, p))

Consider the following derivation for expressions of the form Tpou(¢) (€, deliver(data).p) < Q:
[Bxiom

[del(1,T¢ (data)) ]
del(1, ¢ (data)) —— ¢

Definition [4.10]

del([1], dat
del(1, T¢ (data)) R I,

del([1], [T¢ (data)])
del(1, T¢ (data)). Toou(e) (€, @) ———————— Toou(e) (€, P)

del([1], HTE (data)])
—_— ey

Substitution

dEI(iP» Te (data))‘TDOM(E) (Ei q) [ip 8 i] TDoM(g) (Eg p)

Sum 2|
] del([1], ¢ (data)])
> ip del(ip, T¢ (data)) . Toow(e) (€, 1) ———————— Toom(e) (€, P)
. del([2], [t (data)])
Toom(e) (&, deliver(ms).p) —E% Toom(e) (& p)
Define o := 0

. del([1], [ (data)])
Toou(e) (&, deliver(ms).p) ——————— Toou(e[o]) (€[0], P)

This derivation is a representative derivation without alternatives (see Definition [4.9). It follows that
a € { del([i], [Te(data)]) |1 :1P } and Q = Tpom(elo]) (&[], ). There is one pair (A1, A;) € A” . a €

Al A TDOM(E)(gv deliver(data).p) i} TDOM(f[O‘]) (5[0}7 p):
({ del([1], [r¢(data)]) | 1 : IP }, { deliver(¢(data)) })
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This pair satisfies the condition that ¢, deliver(data).p * £[o], p can be derived for all o’ € A, (via AWN
inference rule [peuver (t1))), which is sufficient to prove this particular base case.

Translation rule re; The translation function Ty is partially defined by translation rule

TV (57 receive(msg).p) = ZD,D’:SE((IP),T(msg):MSG receive(D7 D’, T(mSg))‘TV U {msg} (E: p) where D,D’ ¢ VARS(TV U {msg} (5) p)) @

Consider the following derivation for expressions of the form Tpou¢) (¢, receive(msg).p) = Q:

[receive(D,5,ty(m))] sl
receive(D, D, ty(m)) — 00
( v — Definition [4.10]
receive(D, D, ty(m)) receive(IPLI0°T. [t D),
) »u(m
(1.0 1.0 Lemmal[4.4]
receive(d, D, ty(m) Teceive([0], [0°].u(m), -
receive([5],[5°],u(m)) SEQ 1
receive(D, D, ty(m))- Twu (neg) (¢[msg := m], p) Sl L LRI Tw U nse} (¢[msg := m],p) Lemma 4.3
ive(D, D ive([5]. [5°].u(m))
(receive(D, D, T(msg)). Twunsg} (6, D)) [T(mSg) = tym)] receive([B],[0°],u(m)), Tow i nsg) (€[msg = m], p) .
receive([B], [6°],u(m)) Substitution
(receive(D’ D’, T(mSg))'TVVU{mSg} (5 p)) [D :=D,D?:=D’, T(mSg) = tU(m)} —_— TVVU{msg} (5[msg =m

Lp) (3 times)

receive([D],[D’],u(m))
ATy

ZD,D’:Set(IP),T(msg):MSG receive(D, D’, T(mSg))~TWU{msg} (é p) TWU{msg} (g[mSg = m]v P)

. ive([B],[5°],
Toom(e) (&, receive(msg).p) e CLDICOD, s (€lmsg := m], )

receive([D],[D’],u(m))
e

Define o = [msg := m]

TDOM(E) (fv receive (mSg) -p) TDOM(S[U]) (é [U] ) P)

This derivation is a representative derivation without alternatives (see Definition |4.9). It follows
that a = 7 and Q = Tpou¢o])(&[o],p). There is only one candidate for (A;,A;) € A" . a €

A1 A Tpou(e) (€, receive(msg).p) L Q, namely
({ receive([D], [D°], u(m)) | B,D’ : Set(IP) } ,{ receive(m) })

This candidate satisfies the condition that ¢, receive(msg).p — £[o], p can be derived for all o’ € Ay (via
AWN inference rule Recewe (TD]), which is sufficient to prove this particular base case.

Translation rule r7; The translation function Ty is partially defined by translation rule
Tv (& [var := exp] p) = 3 impisort(r (var)) (V0P = Te (€XP)) = 321 (vary sort(r (var)) (T (vaT) = tmp) — (0, 0, mSg gy )- Tv U fvar} (€, P)
where T (tmp) & VARS(T¢ (exp)) UVARS(Ty U (var} (€, P))

Consider the following derivation for expressions of the form Ty (¢, [var := exp] p) — Q:

(0,0, 158 )
ey Definition 10
£(0, 0,05 guy) v
£0, 0,558 gumy)-Toon (e var) (€vax = E(@xp)],p) Pl =Bt poary (€fvar o= E(exp)], p)
[tuce(en)) = tutetew))] = true Z

(100,101, [958 sy )
(tute(ep)) = tueep)) = t0,0.1S€ gummy ) Toon(e){var) (E[var = E(exp)], p) —————"" Toou(e)s{var) (€ [var = (exp)]. p) Lemmag
(101,101, [m58 gummy 1),
(r(var) = tuge(em)) — 0. 0.158 ummy) Tooue)utver} (€:P) [T(var) := tugetem))] —— = Toow(eutrar) (€[var := E(exp)). p)

(100,191, [m58 dummy )
—_—

((‘u(swp)) = tu(g(em))) = f(@~@‘msglmmmy)-Tnom(éwvar)(f=1’)) [T(var) := tye(en))

([01,[0], [m58 dunmy )
2 (var)ssort(r (var)) (T(VAT) = tu(e(enp))) = (0, 0, 1S gummy)-Toom(e)ugvar} (D) — Y Toom(e)ufvar (E[var = €(exp)], p)
[tutetem) = tute(emy] = true (o]

(101,101, [58 durumy 1)
(tu(e(ew)) = tue(en))) = Ln(varysont(r(var) (T(VaT) = tute(ewp))) = t(0, 0, 1S gummy)- Toom(e)u{var} (€, P) L Toom(e)uivar} ([var = &(exp)], p)
Lemma[dT]

(100,191, [m58 dmmy )
—_—

Toom(e)u{var) (§[var = &(exp)], p)

(Fueep)) = Te(eXP)) = X (var)sort(r var)) (T(VAT) = Lu(e(exp))) = €0, 0. mSE gummy ) Toow(e)ufvar} (€, P) Toou(e)ufvar} (§[var := ¢(exp)], p)

(101,101, [258 gy 1)
((th = Te(eXP)) = X (var)sort(r (var)) (T(VaT) = tmp) — t(0, 0-,msgdmnmy)~Tnou<gn,r(var‘,(f~P)) [tmp = tu(eem))] —————— Toou(e)uvar} (€[var := &(exp)], p)

(101,197, [5€ gurmmy 1)
_— e,

> emprsort(r (var)) (V1P = T (€XP)) = Yor var):sore(r (vary) (T(var) = tmp) — t(0, 0, mSg gymmy)-Toom(e)ufvar} (§; P)
(100, (9], [m58 dummy )
B S

Toom(e)ufvary (€[var = &(exp)], p)

m
Toom(e) (&, [var := exp]p) Toom(e)ufvar} ([var := &(exp)], p)

([0, 101, [msg gum, 1)
B

Define o = [var := {(exp)]
Toou(e) (€ [var := exp]p)

This derivation is a representative derivation without alternatives (see Definition |4.9). It follows that
a = t([0], [0], [mSE gummy]) @and Q = Toom(e(o1) (o], p)- There is only one candidate for (A1, A2) € A”. a €

Toom(elo]) (€[], P)
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Al A TDOM(@(g, [var := exp] p) i> Q, namely
({ t(u(D),u(R),u(m)) },{7})

This candidate satisfies the condition that ¢, [var := exp] p = £[o], p can be derived for all o’ € A, (via
AWN inference rule [assisnment (TD]), which is sufficient to prove this particular base case.

Translation rule The translation function Ty is partially defined by translation rule

Tv (&, [8]P) = 2r ey \ vy Te (@) — t(0, 0, mSg gy )- Tv U Fu(s) (€5 P)

First, define o such that pom(o) = Fv(¢) \ pom(£).
Now consider the following derivation for expressions of the form Tpoy(¢) (€, [¢]p) L O

o]
[£(0,0,mS gy )]
(0,0, msg gummy) ———— .
Definition 4.10]
€([01, 101, [ dummy 1)
t(0, 0, msg gymmy) —————— ¥

(101, [0], 58 dummy )
, (0,0, msg dummy)'TboM(()(Cv p) R TDoM(() (¢p)
[re(@)] = true (101,191, [958 gy ) izl
(01, [m58 iy
T((@) — t(w<w=m5g dummy)'TDoM(()<C-,p> el TDoM(()(Csp)

(101,101, [5€ gy 1)
— T

Definition of ¢ (5 times)
Telo] (¢) — (0,0, msg dumm_y)'TDOM(E[ﬂ]) (&[o],p) Toom(elo]) (¢[a],p)

£([01,10], [m5€ gy 1)
—_—

Definition of o

Toou(e[o]) (€[0], )
&lo)) Lemmaf2]

(107,101, [mS€ dummy 1)
— e, Toom(e[o]) (o] P)

Telq e, s, =en] () = (0, 0, 1S gummy)- Toom(e[o]) (€[0], P)

Te(D)[T(Q1) = tuer)s *» T(Q) = tuen)) = t(0, 0,158 gummy)- Toom(eo]) ([0, P)

Definition of o

, ([0, [0], [msg gummy])
Te(S)T () = tuger)s~+ T(2n) = tuten)] = t0, 0,188 gummy)- Tooucepol) (Elar 1= 1,1, 1= €nlsP) —————""" Toou(epo)) ([0, P) L o
emma
t([01,[0], [mSg gummy 1)
Te(A)T(A1) = tuen)s > T(D) = tu(en)] = t0, 0, 1SE gummy)- Toom(elo) (€ P)T (A1) = tuger)s > T(A) = tu(en)] —————— Toom(efol (§[0], D)

(101,101, € dummy 1)
(Te() — (0,0, mSE gummy)- Toont(elo]) (€ PYIT(Q1) = tugen) > T(An) = tu(en)] =" Toom(elo) (§[0], D)

([01,[9] [m58 dunmy )
ST,

Toom(elo)) ([0], )
(101,101, 58 dummy])
O 0] 128 dumy D),

Porwom(o) Te (@) = t(0, 0, mSE gymmy)-Toom(e(o1) (D)

Definition of o (2 times)
D orFv(s) \ von(e)) Te(®) = (0, 0, mSE gummy)- Toom(e) U(Ev(9) \ pom(e)) (€, P) Toou(elo)) (], P)

t([0],[0]. [m3g gumm,J)
S,

ZT(FV(C;) \ pom(€)) T5(¢) — t(wv (Avag dummy><TDom(£)qu(o)(f« p) Tnom(f[n])(f[g]sp)

, (101,101, [m5€ dummy 1)
Toom(e) (& [¢]p) R

e
Toom(elo)) (€[0]: D)

This derivation is a representative derivation without alternatives (see Definition |4.9). It follows that
a = t([0], [0], [mSE gummy]) @and Q = Tpom(e(o)) (§[0], p)- There is only one candidate for (A1, A2) € A”. a €

A A TDOM(E) (& [¢lp) i> Q, namely
({ (10D, 101, 8 qumyD) } {7 })

This candidate satisfies the condition that &, [¢]p <+ £[o], p can be derived for all o’ € A, (via AWN
inference rule [cuaro (T1)), which is sufficient to prove this particular base case.

Induction steps

Translation rule rs; The translation function Ty is partially defined by translation rule

Ty (&, X(expy, - -+, exp,)) = X(Tg(expy), - - -, Te (expy, )

where T(X(vary, - - -, varn) & p) = X(t(vary) : sort(te (expy)), - - -, T(vary) : sort(Te (exp,,))) & Tpvary - varn 3 (0, )
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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 . Tiay,a,3 (O[d1 := &(expy), - -+, dn := &(exp,,)], D) 5 Q=3(A1,4) e A,q,0.a € A
ATiay ey 0fd1 = Eexp,y), -+, dn = E(exp,))],D) =5 Q
AOdr = €(expy), - dn = E(exp,)], p 2 Ofd1 = £(exp,), -+, dn = E(exp,)][0], @
A Q= Tq, a0 uvom(o) (B[d1 := &(exp,), - - -, dn := E(exp,,)][0], q)

The following derivation in AWN can be based on the third line of the instantiated induction hypothesis:

Induction hypothesis

!
0ldy = &(expy), - -, dn = E(epy)], p 2 B[dy := &(expy), - -, dn := E(ewy)][o], a Definition of X

ReCURsION (T1)]

’
€, X(epy, -, epy) T B[y = E(@py), -, dn = E(emy)]lo],

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

Induction hypothesis

Tiay, e san } (01 = §@P1), - dn o= £@Pp)], P) > Ta) ..., JUpou(o) (041 := &(@p1), - - -, dn = &(epy,)][o], )
. Lemmal£3]
T{d1w'wdn}(®’ p)[r(dy) := tu(g(gxpl))a s, T(dp) = tu(f(axp”))] =2 T{dly...,dn}UDoM(a)(@[dl = €&(expy), - - -, dn = E(expy)][o], Q)
Lemma[ZT]
Tiay, odn 3 (8 PIT(AL) i= Te(ep1), - - -, T(dn) := T¢ (expp)] = T{dq, - dp yUpom(o) (Old1 := &(ep1), -+ -, dn = E(epy)][o], q)
Definition of X - [RECURSION 2]

X(rg(expy)s -+, Te(epp)) — Tegy ... a4, Yupom(o) (Bld1 := &(@p1), - - -, dn = E(epy)][o], )
Ty (& X(ep1, -+, 0PR)) 5 Tra) . a, JUbom(o) (Pld1 += &@@p1), -, dn = &(ewp)][o], a)

for all @ € A;. This derivation is a representative derivation without alternatives (see Definition [4.9).
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 must be sufficient to
generate all possible behavior of an mCRL2 process call. The actions available to Ty (&, X(exp,, - - -, exp,,))
in mCRL2 can therefore clearly be mimicked by AWN, and so both derivations can be combined into an
new equation matching the induction hypothesis:

Va,Q . Tv(&,X(expy, - exp,)) % Q= (A1, A2) € A, q,0 . a € Ay
ATy (€ X(expy, -+, exp,,)) = Q
AOd1 = €(exp,), -+, dn = E(exp,)], p 2 Od1 == €£(exp,), -+, dn = £(exp,))][0], @
AQ=Tia, a0 upon(o) (D[d1 = &(exp,), -+, dn := &(exp,,)][0], @)

This confirms the induction step of the proof of Lemma 4.7

Translation rule [ro; The translation function Ty ¢) is partially defined by translation rule

Tv(§,p+a) =Tv(§,p) + Tv (£, q) [T

Suppose that Tpou(e) (€, P+ ) %, P’ for some a and P’. According to the semantics of mCRL2 (in particular

inference rules ICHOICE 2| and ICHOICE 4[) this can only be the case if Tpou(e) (€, P) L P or Toom(e) (€, q) L P or
both:

TDOM(E) (5) p) 5P TDOM(g)(ga (l) 5P
o - [CroicE 4
TDOM(g) (5, p) + TDOM(E) (ga Q) — P - TDOM(g) (§> p) + TDOM(E) (fa Q) — P’ -
TDOM(f) (67 p+ CI) 5P TDOM(&)(& p+ CI) %P
That is,
TDOM(g) (57 p+ Q) 5P = TDOM(f) (5; p) 5PV TDOM({)(&? Q) 5P (B.1)
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According to the induction hypothesis, Tpou(¢) (€, P) 2 P’ implies that there must exist some (A4;, A;) € A”

and p’ such that a € A; A Tpoue) (€, D) A P Ap 225 AP = Toom(e) (€, P’), which makes exactly the
following derivations possible (in mCRL2 and AWN, respectively):

Induction hypothesis

Toom(e) (65 P) A, pr ——— Induction hypothesis
A / Lo . and LW [CHioicE (T1-D)]
TDOM(E)(gvp) +TDOM(§)(£7q) — P - N i&) , HOICETIeeS
Pp—q 1Y

A
TDOM(E) (ga p+ Cl) — P
and therefore

a A A
TDOM(E) (E: p) 5P = H(AI:AZ) € -Av7p/ .a € A ATDOM(&)(E’p + Q) L P A p+a —2> p, AP = TDOM(E)(£7P/)

Similar reasoning can be applied to Tpou¢) (&, p) — P':
TDOM(E)(£7q) P = 3(AluAAQ) € -Avfpl .a €A1 A TDOM(&) (ésp + Q) A—1> P’ A p+a A—2> p/ AP = TDOM(&) (Efp,)
Combining both of those results via Equation [B.1] it then becomes clear that

a A A
TDOM(E)(£1p+q) 5P = H(AlvAQ) S -Avvp/ .a€ A ATDOM(&)(E7p+q) L P A p+a =2 p, AP = TDOM(E)(§7 p/)

which is sufficient to prove this particular base case.
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Complete proof of Lemma

1

Base cases

r

Translation rule This translation rule is an exceptional case because a process definition by itself
cannot do any transitions, and providing a proof for Lemma[4.8]is therefore nonsensical. Related to [r11]is
process recursion, for which a proof does make sense; see the Lemma 4.7} proof for [Translation rule

Translation rule The translation function T is partially defined by translation rule [r12}

T(€7 p) = TDOM({) (57 p)

Suppose that Tnom(g)(ﬁ p) = Q. Then, accordlng to Lemma , there exists some (A4, As) € A”.

A1 A Toom(e) (€, p) EC Q such that &, p —> §lo],p’ forall o’ € As and Q = Tpom(elo)) (€[0], P')-
Define ¢ = {[o]. Q can then be rewritten to Tyoy(c) (¢, p’) Which, as stated by rule equals T(¢,p'). Asa

result, there must exist some (A, As) € A”.a € A; AT(E,p) £ Q such that &, p 4, ¢,p'forallad € A,
and Q = T(¢, p’), proving this particular base case.

Induction steps

Translation rule The translation function T is partially defined by translation rule

TP (Q) = VVF{r\Sﬁt} (p{receiveﬁr}T(P) Il /J{sendﬂs}T(Q)) where V' = {t, cast, —uni, send, del, receive}

Consider Pairs and from Table 2.6

({ receive(m) } , { receive([D], [D°],u(m)) | B,D’ : Set(IP) })
({ send(¢(ms)) }, { send([0], [?], [Tc(ms)]) })

Let R; and S; be defined as the second members of these pairs; that is, let
Ry = { receive([B], [B°], u(m)) | D,D’ : Set(IP) }
Sy £ { 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) = [T¢(ms)].
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(P) does a transition a € Ry, T(Q) does a transition b € Sy, and u(m) # [T¢(ms)].

(P) does a transition a, T(Q) does a transition b, and a # receive or b # send or both.
(P) does a transition a where a = receive and T(Q) does not do a transition.

(P) does a transition a where a # receive and T(Q) does not do a transition.

(P) does not do a transition and T(Q) does a transition b where b = send.

T(P) does not do a transition and T(Q) does a transition b where b # send.

T
T
T
T
T

NP PDE

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 € R1, T(Q) does a transition b € Sy, and u(m) = [T¢(ms)].
Following the induction hypothesis and eliminating pairs from the action relation .A in Table that
do not match the transition labels from R; or S, it can first be concluded that

T(P) i} T(P,) AP receive(m) P’ A T(Q) i} T(Q,) A Q send(&(ms)) Q,
Because u(m) = [T¢(ms)] &<——= m = {(ms) this becomes
T(P) &) T(P/) AP receive(m) P’ A T(Q) 31 (Q ) A Q send(m) Q,

The mCRL2 derivation in the Lemma [4.6}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(m)

P——>P Q Q'
Vm e MSG [PARALLEL (T2-3)]
P(QoP (Q
This case is proven if there exists a pair (A;, As) € A" that satisfies t(u(D), u(R), u(m)) € A1 A
TP ( Q) 2% T(P ( Q)AP ( Q 22 P/ satisfies this
requirement.
2: Suppose that T(P) does a transition a € R, T(Q) does a transition b € 51, and u(m) # [T¢(ms)].
Following the induction hypothesis and eliminating pairs from the action relation .4 in Table[2.6| that
do not match the transition labels from R; or S, it can first be concluded that

send(m)

{ @, and the converse of Pair

receive(m) S

P’ A T(Q) S, send(&(ms))

T(P) &5 T(P) AP T(Q)AQ Q'
where u(m) # [T¢(ms)] &——= m # {(ms)

The mCRL2 derivation below shows where the attempt to generate behavior for T(P { Q) =
TP’ ( Q) fails:

— Induction hypothesis
T(P) receive([B],[B°],u(m)) T(P,) .

Choose D =D’ = 0

T(P) receive([0],[0],u(m)) T(P')

{receive—r} ereceive([0],[0],u(m))

IRENAME 2|

P{receiveﬂr}T(P) l){receiveﬁr}T(P,)

Apply {receive — r}e
01,101 v(m), pPLy { }

p{receive—n}T(P) p{receive—)r}T(P/)

a([07, 101, [re (m)]) Induction hypothesis

sen ,[01, [rg (ms

1(Q) MWL ITe™ID oy
{send—s} esend([0],[0],[T¢ (ms)])

p{send—»s}T(Q) £ p{send_’s}T(Ql)

s([07.107, [r¢ (ms)])
—_—

[RENAME 2]

Apply {send — s}e

P{sendﬂs}T(Q) P{sendﬂs}T(Q,)

(see above) (see above)
([01, 101, [T¢ (ms)])
) S, b ey T(Q)

(101,19
Pireceive—sr} T(P )M)/)(recewe%r}lr( P’) Psend—sy T(Q

r([01.[90.u(m))Is([0], [9], [Te (ms)])

P{receive—sr} P{send—ss} P{receive—sr} P{send—ss}
T(®) || T(Q) T®) 1l T(Q)
Vrfs—rs} (F([01.10],u(m))[s([0].[0]. [ e (ms)]))

MM

T (rjs—srs) (Pfreceive—r} T (P) || p{send—sy T(Q)) T (rjs—srs) (Pfreceive—r} T(P) || pgsend—s3 T(Q'))

Apply v
a2l

r([@].[00.u(m))[s([0], [0],[Te (ms)])

T (rjs—srs} (Pireceive—r} T(P) || psend—s3 T(Q)) T (rjs—srs} (Pireceive—r} T(P') || pisend—s3 T(Q'))
{rs—t}er([0].[0],u(m))|s([0].[9] [Te (ms)])

Pirs—t) T irfs—rs} (Preceive—sr} T(P) || pisend—s1 T(Q)) Pirs—t) L (rjsors) (Pfreceive—sr) T(P') || pisend—s3 T(Q'))

Appl t
r([01.[90.u(m))[s([0], [0],[Te (ms)]) PRIy {rs = t}e

Pirs—ty L irls—rs} (Pireceive—sr} T(P) || pisend—s3 T(Q)) Pirs—t} L (rjsors) (Pfreceive—sr) T(P') || pisend—s3 T(Q'))
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The operator cannot be applied next (like in the previous case) because r|s ¢ V U {}. 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.

: 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 [4.6}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 p{receivear}T(P) I p{sendﬁs}T(Q) is (without arguments) never
equal to r|s (that is, a|b # r|s);

c. Because there is never an r|s action, the communication operator [ {rjs—rs} does not generate
an rs action but leaves a|b intact;

d. The renaming operator p(_,} has no effect because I (1s_,rs} (P freceive—r} T (P) || P{send—s} T(Q))
does not produce an rs action;

e. 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.

: Suppose that T(P) does a transition a with ¢ = 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 [4.6}proof for [Parallel (T2-3)|is possible:

a. The a action of T(P) is renamed to an r action by the renaming operator preceive—r};

b. Because r # r|s, the communication operator I'(ys_,rs} does not generate an rs action but leaves
the r action intact;

c. The renaming operator pys_.t has no effect because I' (/s rs) (0{receive—r} T(P) || Pfsend—s3 T(Q))
does not produce an rs action;

d. 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.

: Suppose that T(P) does a transition a with a # receive and T(Q) does not do a transition. The
induction hypothesis states that

(A1, As) € A”.a € Ay AT(P) 25 T(P) AP 22 P/

Define A’ as a subset of A" that contains the possible values of (A;, 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:

4] (4, 42) | (A A € 4, TR (Q) 25 TP (@) )

The following derivation is possible in mCRL2 for all a € A; such that (A3, A5) € A”:

Induction hypothesis

T(P) & T(P)

{receive—r}ea
LT

/){receive—n}T(P) p(receive—or}T(P/>

Pireceivesr} T(P) = preceive—sr T(P')

Apply {receive — r}e

P{receive%r}T H /’{send%s}T Q) % /’{recewear}T< ) H p{send%s}T<Q -
ICovm
Virls—s} (@)
T rjssrs} (Ppreceive—srt T(P) || pgsendssy T(Q)) — " T s srst (Preceive—ry T(PY) || pgsendssy T(Q)) Apply
Y
{r|s—rs} (P{receive—r} P{send—s} {r|s—rs} (P{receive—r} P{send—s} 1 (&
Ir ( T@) Il T(Q) =T ( TPl T(Q))
O
Pirs—t3 D {rjs—rs} (Pfreceive—r} T(P) || pisend—sy T(Q)) LLULN Pirs—t3 L rjs—rs) (Pfreceive—r} T(P') || pysend—s3 T(Q))

Apply {rs — t}e
a€VU{r} 2 W

)
/’(rs%t}r{r\sars} (p(receivear}T<P) I /’{send%s)T<Q ) = /’{rsat}r{r\sArs} (P{recelve%r}T @)1l p{sendas}T Q))
va{rsﬁt}F{r\sﬁrs} (p{receiveﬁr}T(P) I p{sendﬁs}T(Q)) < Vv p{rSHt}F{l“SﬁI‘S} (p{recelveﬁr}T(P ) ﬂ{sendﬁs}T(Q))

T(P(Q) = TP (Q)

VK]

The derivation above 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 (see Definition 4.9).
Consequently, A’ is as follows:
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({ t(uD),u(R),u(m)) },{7}),
({ cast([Ure], [D], [Te (ms)]) ‘ D : Set(IP) } , { broadcast(¢(ms)) }),
({ cast([[¢ (dests)], [D], [te (ms)]) | D : Set(P) }, { groupcast(¢(dests), £(ms)) }),
({ cast([r¢ ({dest})], [t ({dest})], [Te (ms)]) }, { unicast(&(dest), £(ms)) }),
({ —uni([re ({dest})], [Te ({dest})], [Te(ms)]) } , { —unicast(§(dest), £(ms)) }),
({ send([0], [, [T¢(ms)]) }, { send(£(ms)) }),
({ del([1], [T¢(data)]) | £ : 1P }, { deliver(¢(data)) })

| m,&(ms) : MSG; dest : IP; £(data) : DATA; dests,R,D : Set(IP); RCD }

For all (A;, A;) € A’ the actions A; in mCRL2 can be mimicked by the actions A, in AWN by means
of the inference rule

Va' # receive(m) s = P [PARALLEL (T2-1)]
P{Q=P (Q
which is valid for all «’ € A,. Therefore the induction hypothesis holds for this case.
: 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 [4.6}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. Because s # r|s, the communication operator I'(ys_,+s) does not generate an rs action but leaves
the s action intact;

c. The renaming operator p(y_,¢} has no effect because I' (15, rs} (P{receive—r} T(P) || P{send—s} T(Q))
does not produce an rs action;

d. 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.

: 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(By,Ba) € A”. be BIAT(Q) 25 T(Q)AQ 22 @

Define A’ as a subset of A" that contains the possible values of (B, Bs) € A” 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 Bj in order for this case to be proven:

A2 { (BB | (Bi By e &, T(P(Q ZHT(P(Q) |
The following derivation is possible in mCRL2 for all b € B; such that (B;, Bs) € A”:

Induction hypothesis

T(Q & T(Q) -

{send—s}eb
U

p{send%s}T(Q) /’{send%s}T<Q/)

p Apply {send — s}e
/’(send%s}T(Q> - p{sendas)T«"y)

p{receivear‘yT(P) | p(sendﬁs)T(Q> L) P{receiveﬂr}T P p{sendﬁs}T(Q)

Vr|s—rsy (D)
T (rjssrs} (Preceive—sr) T(P) || pfsendssy T(Q)) —o r{,‘wﬂp{,uemﬂ( ) 1| prsend—sy T(Q))

Apply v
Q >> _> F{r\s%rs}(/’{receweﬂr}’r a /){sendas)T(Q )
P{rs—t}Ll {r|s—rs} (P{receive—r} P{send—s} P{rs—t}1 {r|s—rs} (P{receive—r} P{send—s}
Iy ( T(P) | T(Q) 22 r ( TP || T(Q))

F(r\sars} <ﬂ{rece1ve~>r}T(P ) P{send—s} T

Apply {rs — t}e

Q)% Pirs—tt D rjsrs} (Pfreceive—r} T(P) || gsend—s3 T(Q)) —
(

Vo prsorg Trlsorsy (Preceive sy T(P) 1| Pisendossi T(Q)) 2 Vv pprssy Tirisses} (Preceive—sry T(P') || pgsendmsy T(Q))
TP (Q 2 T(P' ( Q)

beVU{r} D W p(rsﬁt}r(r\sﬂrs}(p(recelveﬁr}T(P) Il p{sendﬁs}T

The derivation above is valid only for b € B; such that b € V U {r}. Under the constraints of this
case, the derivation is also a representative derivation without alternatives (see Definition [4.9)).
Consequently, A’ is as follows:
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{ t(u(D),u(R),u(m)) },{ 7 }),
({ cast([the]), [B], [Te (ms)]) | D : Set(P) }, { broadcast(¢(ms)) }),
({ cast([[¢ (dests)], [D], [te (ms)]) | D : Set(P) }, { groupcast(¢(dests), £(ms)) }),
({ cast([re ({dest})], [ve ({dest})], [re (ms)]) } , { unicast(&(dest), &(ms)) }),
({ ~uni(re ({dest})], [t ({dest})], [T (ms)]) },{ —~unicast(£(dest), £(ms)) }),
({ receive([D], [0°],u(m)) | D,D : Set(P) } , { receive(m) } ),
({ del([1], [T¢(data)]) | 3 : IP }, { deliver(¢(data)) })

| m, &(ms) : MSG; dest : IP;  &£(data) : DATA; dests,R,D : Set(IP); RCD }

For all (B, Bs) € A’ the actions B; in mCRL2 can be mimicked by the actions By in AWN by means
of the inference rule

b’ ’
Wb # send(m) —
P(Q—=P(Q

which is valid for all ¥’ € 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 Definition [4.9): there are no other derivations with different or differently ordered
one-way steps that yield different behavior of process expression T(P {( Q). Therefore the induction
hypothesis generally holds for this expression.
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Translation rule [ri4 (*This proof will be rewritten, and therefore 7 has not yet been replaced by
t.*
Th)e translation function T is partially defined by translation rule
T(ip: P:R) = VyTc(T(P) || G(tuap), tuwy)) [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) = 37, 1 serip) msgimsg (R ND =D’) — cast(D,D’, msg).G(ip,R)
+ 2 ap msgmsg (4 € R) — —uni({d}, #, msg).G(ip,R)
+ 3 saaipam del(ip, data).G(ip, R)
+ 30,0+ set(1p) megimsc (iP € D7) = receive(D,D’, msg).C (ip, R)
+ 2°p,0:Set(p) ,msg:msc (1P & D?) — arrive(D, D’, msg).G(ip, R)
+ 32 pr.p connect(ip, ip?).G(ip, R U {ip’})
+ 32 pr.p cOnnect(ip’, ip).G(ip, R U {ip’})
+ 2 i e (iP & {ip?, ip”’}) — connect(ip’, ip’’).G(ip,R)
+ 22, disconnect(ip, ip’).G(ip, R\ {ip’})
+ > ipr.p disconnect(ip’, ip).G(ip,R \ {ip’})
+ 3 ipr iprap(ip € {ip’, ip”’}) — disconnect(ip’, ip”’).G(ip, R)

Process expressions T(ip : P : R) produced by this translation rule have by design a V- operator on the
outside. As a consequence of mCRL2 inference rule if Tip:P:R) % Qthena € VU{r} =
{7, starcast, arrive, deliver, connect, disconnect}. The induction hypothesis must be proven for each of
these actions.

1: 7 actions.
There are exactly two possible sources for 7 actions in hiding —unicast or leaving a 7 action
performed by T(P) unchanged and unblocked. A case distinction is made based on the source:

* The first source corresponds with the derivation found in the Lemma [4.6}proof for
which is a representative derivation without alternatives (see Definition [4.9): there are
no other derivations that produce a conclusion of the form T(ip : P : R) in which a —unicast
action is hidden.

The induction hypothesis states that there must be some (A;, 43) € A”. 7 € A AT(P) A, T(P')

such that P %% P/ for all o’ € As. Clearly,

(A1, Ag) = ({ ~uni([re(dest)], [Te(ms)]) },{ —unicast(¢(dest), (ms)) })

—unicast(dip,m
and therefore p —meast@e.m),

P’. Additionally, from the assumption that [ty i) ¢ tur)] = true
in the derivation follows that dip ¢ R. It then becomes clear that inference rule can
be used to reach the conclusion that ip:P:R = ip:P’:R.

* The second source for 7 corresponds with the derivation found in the Lemma [4.6}proof for
which is a representative derivation without alternatives (see Definition [4.9):
there are no other derivations that produce a conclusion of the form T(ip:P:R) in which a 7
action performed by T(P) is left unchanged and unblocked.

The induction hypothesis states that there must be some (4, A2) € A" . 7 € A;AT(P) A T(P")
such that P % P’ for all ' € A,. Clearly, (A1, A2) = ({7 },{7}) and therefore P = P’.
Inference rule can then be used to reach the conclusion that ip:P:R = ip: P’ :R.
Having covered all possibilities for T(ip : P :R) to do a 7 action, Lemma [4.8/has been proven for case
1.
2: Case 2: 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, A2) € A” . cast(u(D),u(R),u(m)) € A; AT(P) A, T(P’) such that P s P/ for
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all ' € As. These are the candidates for (A4, As):

({ cast([the], [D], [T¢(ms)]) | D : Set(IP) }, { broadcast(¢(ms)) })
({ cast([r¢(dests)], [D], [Te(ms)]) | D : Set(IP) }, { groupcast(¢(dests), £(ms)) })
({ cast([t¢({dest})], [Tc({dest})], [T¢(ms)]) }, { unicast({(dest),{(ms)) })

In other words, one of the following premises must hold:

groupcast(¢ (dests),&(ms)) unicast(& (dest),&(ms))

broadeast(§(ms), P’ or P P

P or P

A case distinction is made for these premises:

e Suppose that P broadeast(€(ms)), pr_This leads to a derivation that can be found in the Lemma
proof for 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 [4.9), AWN must be able to do the transition

R:*cast(&(ms)) ;

ip:P:R p:P:R

for some ip in order to mimic mCRL2. Indeed, applying inference rule produces

the required conclusion.

* Suppose that P groupcast(¢(dests).E™)), pr This leads to a derivation that can be found in the

Lemma [4.6}proof for [Groupcast (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 [4.9) AWN must be able to do the
transition

RND:*cast(&(ms)) ;
_—

ip:P:R p:P':R

for some ip in order to mimic mCRL2. Indeed, applying inference rule produces

the required conclusion.
unicast(& (dest),&(ms))

* Suppose that P P’. This leads to a derivation that can be found in the
Lemma [4.6}proof for 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 [4.9) AWN must be able to do the
transition

lp PR {dip}:*cast(&(ms))

for some ip in order to mimic mCRL2. Indeed, applying inference rule produces
the required conclusion, but only under the condition that dip € R. This follows from [ty&) N
tu({dipy) = tu({dipy)] = true, an assumption that is necessary for the derivation in the Lemma

proof for|Unicast (T3-1)

Having covered all possibilities for T(ip : P :R) to do a starcast action, Lemma [4.8 has been proven
for case 2.

: Case 3: arrive actions.

There are exactly two possible sources for arrive actions in letting G generate an arrive action
or converting a receive action performed by T(P). A case distinction is made based on the source:

* The first source corresponds with the derivation found in the Lemma 4.6} proof for[Arrive (T3-2)}
which is a representative derivation without alternatives (see Definition[4.9): there are no other
derivations that produce a conclusion of the form T(ip:P:R) in which G generates an arrive
action.

AWN can copy the behavior via inference rule Lemma [4.8] applies because

ip:P":R

B, :Set(IP)
s } ,{ H-K:arrive(m) })
Knb> =0

({ arrive([D], [D°], u(m))

can be chosen as (A, Ay) € A” . arrive([D], [D’],u(m)) € A; A T(P) A, T(P’) such that

P i> P’ for all ' € As.
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* The second source for arrive corresponds with the derivation found in the Lemma [4.6}proof for
which is a representative derivation without alternatives (see Definition 4.9):
there are no other derivations that produce a conclusion of the form T(ip : P :R) in which a
receive action is converted.

In this particular case, the induction hypothesis states that there must be some (A4, Ay) €

A” . receive([D], [0°], u(m)) € A, AT(P) 2% T(P’) such that P <\ P’ forall a’ € As. Clearly,

({ receive([D], [D°], u(m))

DD’ : Set(IP) }, { receive(m) })

and therefore P w P’. Inference rulecan then be used to reach the conclusion
thatip:P:R —Mlp}ﬁw:amve(m) ip:P’:R.

Having covered all possibilities for T(ip : P :R) to do an arrive action, Lemma [4.8/has been proven
for case 3.

: Case 4: 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 proof for
which is a representative derivation without alternatives (see Definition [4.9): 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 — if that is the case — there must be some (A4;,A42) €

A” . del(u(ip),u(d)) € A1 ANT(P) A T(P’) such that P < P forall € As. There is only
one candidate for (A4;, A2), namely

({ del([1], [Te(data)]) | 1 : IP }, { deliver(&(data)) })

deliver(¢ (dat. . . .
It follows that P 2er€@xa), b , which can serve as the premise for inference rule to

prove thatip : P :R AT, ip : P’ : R. This covers all possibilities for T(ip : P :R) to do a
deliver action, thus proving Lemma for case 4.

: Case 5: 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 proof for [Connect (T3-1)} This derivation as well
as the comparable derivations from the proofs for |connecr (3-2)| and |connecr (T3-3)| are representative
derivations without alternatives (see Definition[4.9): 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 mCRL2 via inference rules [connecr (T3-D} [connecr (13-2)) and [connecr (T3-3)f
Lemma [4.8| applies because

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

can be chosen as (A;, A2) € A” . connect(u(ip), u(ip’)) € Ay AT(P) A T(P’) such that P s pr
for all a’ € As.

This covers all possibilities for T(ip : P :R) to do a connect action, thus proving Lemma [4.8|for case 5.
: Case 6: disconnect actions.

Similar to the proof for Case 5.
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Translation rule The translation function T is partially defined by translation rule

T(M || N) = prV v T {arrive|arrive—a} [ (T(M) || T(N))
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 — c, disconnect|disconnect — d}

Consider several pairs from Table [2.6}

{7
({ R: *cast(m)
({ ip: deliver(d)

- { t(u(D),u(R),u(m)) })
},{ starcast(u(D), u(R), u(m)) })
}s

{ deliver(u(ip), u(d)) })
H,b’:Set(IP)

({HﬂK:arrive(m)},{arrive([[ﬁﬂ,[[ﬁ’]],u(m)) nop } )
Knb*=0

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

Let Ty, S1, 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)) })
S, < { starcast(u(D), u(R),u(m)) }
Ly ¥ { deliver(u(ip), u(d)) }

[y

A E { arrive([D], [D°], u(m))

C, = { connect(u(ip’), u(ip”)) }
Dy ¥ { 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:

(M) or T(N) does a transition a € T}; the other process does not do a transition.

(M) or T(N) does a transition a € L,; the other process does not do a transition.

(M) or T(N) does a transition a where a ¢ {t, deliver}; the other process does not do a transition.
(M) and T(N) both do the same transition a € A;.

(M) and T(N) both do the same transition a € C;.

(M) and T(N) both do the same transition a € D;.

(M) and T(N) both do the same transition a« where a ¢ {arrive, connect, disconnect}.

(M) does a transition a € S; and T(N) does a transition b € Ay, or vice versa.

(M) does a transition a € S; and T(N) does a transition b ¢ A; where b = arrive, or vice versa.
(M) does a transition a and T(N) does a transition b # a where {a,b} # {starcast, arrive}.

PRI DPRE

Ju

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 € T3; the other process does not do a transition.
Following the induction hypothesis and eliminating pairs from the action relation .4 in Table[2.6| that
do not match the transition labels from 77, it can first be concluded that

Ty

TM) == T(M)AM = M

The mCRL2 derivation below shows how the first conjunct is sufficient to prove that T(M || N) o,
T(M || N):
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Induction hypothesis

Baz2]

T(]\I) t(u(D),u(R),u(m)) T(]\’I/)

T(M) || T(N) LR, 1) | T(N)

To(T(M) || T(N)) 228CD2OXD), b (vr) || T(N))
To(T(M) || T(N)) SO, (T wr) | T(N))

arrive|arrive—a} (£(U(D),U(R),u(m))) ,
F{arrive\arriveﬂa}rc (T(I\I) H T(N)) x ‘ - r{arrive|arrive~>a}FC(T(l\I ) ” T(N))

ICovMm 2

Apply ¢

OMM

t(u(D),u(R),u(m)) Apply 7V{arrive|arrive—a}
eV U {r) F{arrive|arrive~>a}F(}(T(I\I) || T(N)) ———=% F{arrive\arrive;»a}r(’(T(l\'I/) || T(N)) __

Vv T {arrive|arrive—a} [ c(T(M) || T(N)) RULILULILIN VT (arrivefarrive—a} ¢ (T(M') || T(N))
PRV VT (arrive|arrivesa} L ¢(T(M) || T(N))
PRVVT (arrive|arrive—a) L c(T(M) || T(N))
T(M || N)

Ret(u(D),u(R),u(m)) ]
u) /’RVVF{arrive|arrive~>a}FC(T(I\'I/> H T<N))

t(u(D),u(R),u(m))
_—

Apply Re
PRV VT {arrivelarrive—a} Lo (T(M') || T(N))

TQL || N)

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

On the AWN side, the second conjunct can be used as premise in
M5 M

M||NS M ||IN
This case is proven if there exists a pair (A;, A;) € A" that satisfies t(u(D), u(R),u(m)) € A; A
TM || N) 25 T(M' || N)AM || N 22 M’ || N, and the converse of Pair satisfies this
requirement.
The proof for when N does the t action is similar.
: 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 .4 in Table that
do not match the transition labels from L, it can first be concluded that

INTERNAL (T4-1)]

T(M) L_l> T(M,) AM ip:deliver(d) M’
The mCRL2 derivation in the Lemma [4.6}proof for Deliver (T4-1)|shows how the first conjunct is
sufficient to prove that T(M || N) 2% T(M’ || N).

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

M ip:deliver(d) M

M || N ip:deliver(d) M || N

DELIVER (1T4-1

1

This case is proven if there exists a pair (A4;, A3) € A” that satisfies a € 41 AT(M || N) A,

TM |IN)AM || N A2y M || N, and the converse of Pairsatisﬁes this requirement.

The proof for when N does the deliver action is similar.

: Suppose that T(M) or T(N) does a transition a where g ¢ {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 4.6} proof for 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 A;
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' 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'{arrive|arrive—a} has no effect because I'c(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 F{a1‘rive|arrive%a} e (T(M) H 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.
: 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 A in Table that do not match the transition labels
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from A, it can first be concluded that

H-K:arrive(m) H’—K’:arrive(m)
_— _—

T(M) 25 T(M) AM M’ AT(N) 25 T(N) AN N’

The mCRL2 derivation in the Lemma 4.6} proof for [Cast (T4-3)|shows how the first and third conjunct

are sufficient to prove that T(M || N) A, T(M' || N).
On the AWN side, the second and fourth conjunct can be used as premise in

H-K:arrive(m) ’ H’-K’:arrive(m) /
S
il 1l N Iy CasT (T4-3
M H N (HUH’) ~(KUK’) :arrive(m) M H N’

This case is proven if there exists a pair (41, A3) € A” that satisfies a € 43 AT(M || N) A,

TM |IN)AM|| N A2y M || N, and the converse of Pairsatisﬁes this requirement.

: 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 .4 in Table that do not match the transition labels
from C}, it can first be concluded that

connect(ip’,ip”) connect(ip’,ip”)
— —

T(M) <5 T(M) AM M AT(N) <5 T(N') AN N’
The mCRL2 derivation in the Lemma proof for|[Connect (T4-1)| 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

connect(ip’,ip”)

connect(ip’,ip”) , /
4
M M - N N
connect(ip’,ip”
M||N (ip’,ip”) M/||N/

This case is proven if there exists a pair (41, A3) € A” that satisfies a € 41 AT(M || N) A

TM ||[N)AM|IN =NV || N, and the converse of Pairsatisﬁes this requirement.

: 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 .4 in Table that do not match the transition labels
from D, it can first be concluded that

disconnect(ip’,ip”) Dy
_

M AT(N) 28 TOW) A N Someet),

T(M) 2% T(M') AM

The mCRL2 derivation below shows how the first and third conjunct are sufficient to prove that
T(M || N) 2 T(M' || N):

5 R Induction hypothesis p RN Induction hypothesis
1sconnect p),U(] 1Sconnes 1] 1]
(M) Zoeonnectv®) V@), 1\ () Zeconnectv(®@).v@)), 1y
. disconnect(u(ip),u(ip’))|disconnect(u(ip),u(ip’)) ’
TOW) || TY) TONITNY)

~¢ (disconnect(u(ip),u(ip’))|disconnect(u(ip),u(ip’)))

To(T(M) || T(N))

Lo(TM) || T(N))

a0 (i) u(ip) - ) Apply1c
Po(T(M) || T(N) 24P, po r) | T(N) i
arrive|arrive—a} (4(U (1) ,U(iP")))
F{arrive\arrive—»a}FC(T(R’D H T(N)) X ‘ - F{arrive\arriveea}FC(T(NI/) H T(Nl)) I
au(ip),0@)) Apply 7V{arrive|arrive—a}
dev U { } F{arrive\arrive%a}FC(T(l\'D H T(N)) — F{arrive\arrive%a}ro(T(l\{/) H T(Nl)) 7
= a(u(ip) 0 (i) , e
VVF{a.rrive\arrive%a}rc(T(l\'D H T(N)) — vVF{arrive\arriveﬁa}FC‘(T(l\'I ) || T(N )) i
Red(u(ip),u(ip’ -
pRvVF{arrive\arriveHa}FC(T(I\’I) H T(N)) M pRvVF{arrive\a.rriveaa}FC(T(I\'l/) H T(N/))
Apply Re

disconnect(u(ip),u(ip’))
et CAR LN

pRvVF{arrive|arrive~>a}FC(T(l\'I) || T(N))

T(M || N)

pRvVF{arrive|arrive~>a}FC(T(l\'ll) H T(N/))

T(M || N')

disconnect(u(ip),u(ip’))
—_—

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

disconnect(ip’,ip”) M N disconnect(ip’,ip”) N’
‘—_)

disconnect(ip’,ip”)

M

DiscoNNECT (T4-1)]

M| N M’ || N

This case is proven if there exists a pair (4;,4;) € A” that satisfies a € A; A T(M || N) A1,
TM |IN)AM||N A2y W || N, and the converse of Pair satisfies this requirement.
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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")

o B
T(M) || T(N) == T(M) || T(V) o
To(TM) || TN)) 2299, po Ty || T(NY)) Ailiiae

ala

Le(T(M) || T(N)) — To(T(M') || T(N'))

OMM
V{arrive arrive—a} (@]a)
F{arrive\zll*l*ive~>a}»FC‘(T(l\D || T(N)) % F{arrive\arriveaa}FC (T(l\{/) || T(N/))
|
F{:«.1rrive:|:«.1rrive~>a}FC‘(T(l\/I) || T(N)) 2) F{arrlve:|arr1ve~>a}FC‘( (NI,) || T(N/))
The [arow 2| operator cannot be applied next (like in Case|6) because a|a ¢ V U {7}. 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.
8: Suppose that T(M) does a transition ¢ € S; and T(N) does a transition b € A;, or vice versa.
Following the induction hypothesis and eliminating pairs from the action relation .4 in Table [2.6| that
do not match the transition labels from .S; or A, it can first be concluded that

Apply “Y{arrive|arrive—a}

R:*cast(m) H—K:arrive(m)
E— _—

T(M) 25 T(M) AM
The mCRL2 derivation in the Lemma[4.6}proof for [Cast (T4-1)|shows how the first and third conjunct

are sufficient to prove that T(M || N) LN 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) ,
HCRAKNR=0 2 M}W t(mlj N D
M||N 20 M| N

M’ AT(N) 25 T(N) AN N’

This case is proven if there exists a pair (41, A;) € A” that satisfies a € 43 AT(M || N) A,

TM ||N)AM || N 22, M/ || N, and the converse of Palrsatlsﬁes this requirement.
The proof for when T( ) does the arrive action and T(N) does the starcast action is similar.
9: Suppose that T(M) does a transition a € S; and T(N) does a transition b ¢ A, where b = arrive, or
vice versa. 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')
Ton 170D+ - T | T0Y) -
Comi 2]
Fe(T(M) || T T(N'
(T(M) || T(N)) 2= Te(T(M) || T(NY)) Apply ¢

To(T(M) || T(N)) 25 Te(TO) || TN)

(Comm 2]
I‘{arrive\arrive~>a}FC(T(I\/I) || T(N)) M 1_‘{arrive\arrive~m}FC(T(I\/ l) || T(Nl))
F{arrive\arrive—)a}FC’(T(IVI) H T(N)) i} F{arrlve\arrlve—m}FC’( (IVII) || T(Nl))
The operator cannot be applied next (like in Case[6)) because a|b ¢ V U {7}. Note that the
communication operator I'c has no effect because « 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 circumstances fails for a similar
reason as in Case [0} 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.

Apply 7Y{arrive|arrive—a}

The derivations in mCRL2 from the cases listed above are representative derivations that collectively have
no alternatives (see Definition[4.9)): there are no other derivations with different or differently ordered
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one-way steps that yield different behavior of process expression T(M || N). Therefore the induction
hypothesis generally holds for this expression.
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Translation rule The translation function T is partially defined by translation rule

T([ M ]) = VVP{starcastﬂt}FC(T(M) H H)
where V' = {t, newpkt, deliver, connect, disconnect}

where C' = {newpkt|arrive — newpkt}

where H = 37, 1p sata:paa,dest:1p N€WPKE({ip}, {ip}, newpkt(data, dest)).H
Consider two pairs from Table

D,b?:Set(IP)
({ H-K:arrive(m) }, { arrive([D], [0°], u(m)) flg%[’ }),

KND>=0

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

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

B,5°:Set(IP)
B°CH

HCD?
Knb>=0

N1 £ { newpkt({u(ip)}, {u(ip)}, newpkt (u(d), u(dip))) }

A E { arrive([0], [D°], u(m))

and let
N1 # { newpke({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:

T(M) does a transition a € A; and H does a transition b € N;.

(M) does a transition a ¢ A; and H does a transition b € N.

(M) does nothing and H does a transition b € N;.

(M) does a transition a where a = starcast and H does nothing.

(M) does a transition a where a € {t, newpkt, deliver, connect, disconnect} and H does nothing.
T(M) does a transition a where a ¢ {t, starcast, newpkt, deliver, connect, disconnect} and H does
nothing.

T
T(M
T(M
T(M

PR

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 [4.6}proof for 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 .4 in Table |2.6|that do not match the transition labels
from A, it can first be concluded that

I T AM

H—-K:arrive(m)
_—

T(M) M

The mCRL2 derivation in the Lemma proof for [Newpkt (T4)|shows how the first conjunct is

sufficient to prove that T([ M ]) SN 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

—K:arrive (newpkt (d,dip)) M

M{ip}
[ M ] mewpke(dan) 1y

INEWPKT (T4))

This case is proven if there exists a pair (4;, A;) € A" that satisfies a € A3 AT([ M ]) A,

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

Lemma [4.6}proof for [Newpkt (T4)|is possible:

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

T(M) & T(M') H H
ki i i k- d),u(dij
T(M) || H a|newpkt({u(ip)},{u(ip)} newpkt(u(d),u(dip))) TQM) || B
- - - \Convm 2}
To(T(M) || H) o (alnewpke({u(ip)}, {u(ip) } mewpke (u(d) u(dip)))) To(TOM) || H)
Apply o

To(T(M) || H) a|newpkt({u(ip)},{u(ip)} newpkt (u(d),u(dip))) To(T(M) || H)

[RENAME.

p{sta_rcast*,t}r(} (T(l\'l) H H) {starcast—t} ea|newpkt({u(ip)},{u(ip)} ,newpkt(u(d),u(dip)))

p{sta.rcastﬂt}FC (T(l\l) H H)

/J{starcastﬂt}FC(T(l\"I/) H H)

p{starcastﬂt}FC(T(l\'l/) H H)

Apply {starcast — t}e
a|newpkt({u(ip) } ,{u(ip)} ,newpkt(u(d),u(dip)))

The operator cannot be applied next because a|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.

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

Lemma [4.6}proof for [Newpkt (T4)|is possible:

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

ki i i d di]
T(l\l) || H newpkt({u(ip)},{u(ip) } ,newpkt(u(d),u(dip))) T(l\l) || H

[Comm 2]

To(T(M) || H) o (newpkt({u(ip)},{u(ip) } mewpkt (u(d),u(dip)))) To(T(M) || H)

Apply ¢

To(T(M) || H) newpkt({u(ip)},{u(ip) } ,newpkt (u(d),u(dip))) To(T(M) || H)

{ } ke({u(ip)},{u(ip)} (u(d),u(dip)))
starcast—t } enewpkt({uU(i S{u(i] ;newpkt(uU(d),u(di
P{starcast—»t}FC(T(l\/I) H H) g - - : .

ﬂ{starcastﬁt}rc (T (I\I) ‘ ‘ H)

P{starcastet}FC(T(l\{) II H)

P{starcast—t} FC(T(I\’I) H H)

— Apply {starcast — t}e
newpkt({u(ip)},{u(ip) } newpkt (u(d),u(dip)))

The operator cannot be applied next because newpkt ¢ V U {r}. 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 where g = starcast and H does nothing.
Following the induction hypothesis and eliminating pairs from the action relation A in Table that
do not match the transition label starcast, it can first be concluded that

starcast(u(D),u(R),u(m)) R¥cast(m)

T(M) T(M') AM M/

for all D,R : Set(IP) and m : MSG where R C D.
The mCRL2 derivation in the Lemma proof for [Cast (T4-4)| shows how the first conjunct is

sufficient to prove that T([ M |) ECR N 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

M R:*cast(m) M/
M——M
[M] = [M]

This case is proven if there exists a pair (A;,A;) € A" that satisfies a € A3 AT([ M ]) A,

T(M DA[M] SN [ M’ ], and the converse of Pair satisfies this requirement.
5: T(M) does a transition a where a € {t, newpkt, deliver, connect, disconnect} and H does nothing.
The induction hypothesis states that

(A1, As) € A7 a € Ay AT(P) 25 T(P)AP 22 P/

Define A’ as a subset of A" that contains the possible values of (A;, 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
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the actions in A; in order for this case to be proven:
AL (4, 45) | (A1 40 € &, TP (Q) ST (Q) )

The following derivation is possible in mCRL2 for all « € A; such that (A;, A>) € A”:

————————— Induction hypothesis
T(M) % T(M)

TM) ||HS T(M) || H
To(T(M) || H) 22 ro(Tw) || H)
To(T(M) || H) % Do(T(M) || H)
pistarcascry To(T(M) || H) L2290, ety To(TM) || H)
Pystareast ) Lo(T(M) || H) % pystarcast -ty Lo (T(M') || H) i
Vo pistarcast o To(TM) | H) 5 Vo p(orareast o Lo (T || H)
T((M]) % T((M' )

Comm2]

Apply 7¢

[RENAMEZ]

Apply {starcast — t}e
aeV U{r}

a
=

a
=

The derivation above 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 (see Definition [4.9). Finally
it must be observed that it is impossible for T(M) to produce a newpkt action independent of H,
meaning t{hat a # newpkt. Consequently, A’ is as follows:

{ t(u®@),u(R),u(m)) },{7}),
({ deliver(u(ip), u(d)) }, { ip:deliver(d) }),
({ connect(u(ip’), u(ip”)) }, { connect(ip’,ip”) }),
({ disconnect(u(ip’), u(ip”)) }, { disconnect(ip’,ip”) })

| m:MSG; ip,ip’,ip”:1P; d:DATA; dests,R,D:Set(IP); RCD }
For all (A;, As) € A’ the actions A; in mCRL2 can be mimicked by the actions A, in AWN by means
of the inference rules
T !
S e )
[M] = [M']

M ip:deliver(d) M

[ M ] ip:deliver(d) [ M }

IDELIVER (T4-3))

connect(ip,ip’)
—

M/

CONNECT (14-2

[ M ] Sommeet@e) )

[DISCONNECT (14-2)]
disconnect(ip,ip’)
2N

[M] [M]

respectively. Therefore the induction hypothesis holds for this case.

: T(M) does a transition a where 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 [4.6}proof for [Newpkt (T4)|is possible:
T(M) & T(M)
TM) [|HS TM) || H
Do (T || H) 2 Do (T(W) || B)
To(T(M) || H) % Co(T(M) || H)
P{starcast—»t}FC(T(l\/I) | H) p{starcastet}FC(T(l\/I/) | 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.

[PAR 2|

IComm 2]

Apply yo

{starcast—t}ea
—>
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