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Abstract. We propose a case study for the Transformation Tool Con-
test 2010 that concerns dynamic communication systems (DCS). DCS
are systems of autonomous processes that interact to achieve their goals.
For this purpose, the processes exchange messages with each other. In
contrast to distributed algorithms, the number of processes of the system
is unbounded. The specific dynamic communication systems we want to
investigate are so-called platoons. Platoons are groups of cars that drive
on a highway with constant speed and constant distance to conserve
energy. To form such platoons, each car follows the so-called merge pro-
tocol, which guides its local behaviour. We are interested in properties of
the communication topologies that may emerge in this platoon scenario.
Hence, we ask you to analyze a graph transformation system that gen-
erates the possible topologies of the merge protocol. The goal is to do
this with as many processes as possible. The case study aims to improve
understanding of how useful existing tools are for state space exploration
and topology analysis.

1 Introduction

1.1 Context of the case

Dynamic communication systems are systems that have an unbounded and dy-
namically changing number of processes. Those processes communicate with each
other in order to establish and transform communication topologies (see [2] for
a more detailed description). In this case study, we want you to compute the
topologies that may occur for the merge protocol, a communication protocol
which is used in car platooning. Car platooning [4] concerns cars that drive on a
highway with constant speed and constant distance from each other, to conserve
energy.
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Fig. 1. Car platooning

The cars are equipped with wireless technology that allows them to com-
municate via messages. These messages are used to coordinate actions of the
platoon, such as have new cars join the platoon or have the platoon change the
lane. For this to work, one car per platoon acts as a leader of the platoon and the
other cars—the followers—receive command messages from the leader so that
the platoon as a whole acts in the desired manner. Accordingly, the platoon
leader has to remember all its followers and each follower has to remember the
leader. We call these relations among the cars the communication topology of
the platoon.

The merge protocol describes how the cars use communication to join existing
platoons and how two platoons manage to merge, so that only one platoon with
one platoon leader is left once the merge has finished.

1.2 Purpose from a larger perspective

Our case study is supposed to shed light on how useful existing graph trans-
formation tools are for network protocol and other concurrent systems analysis.
We think that it has two major benefits:

1. It shows us how well existing graph transformation can do reachability analy-
sis of network protocols, and to what number of processes they scale. Reach-
ability analysis explores the state space of a network protocol and checks
each state that is reachable for undesired properties; or, put differently, it



searches for bugs in the protocol. While more sophisticated tools are avail-
able for reachability analysis, they often require specialist knowledge about
the inner workings of the respective algorithm. Graph transformation, on
the other hand, is an intuitive and general approach that can be understood
and used easily.

2. Reachability analysis of unbounded systems can only be partial, since it com-
putes only a finite subset of a finite set of states. We still hope that results
from such an analysis provide a good heuristic for the construction and evalu-
ation of abstraction techniques for network protocol topology analysis like [3].
Such analyses serve two purposes: To directly verify safety properties—for
example that two followers never assume each other to be their leader—and
to provide invariants of the protocol that improve precision and efficiency of
related analyses like [5].

1.3 Challenges that are involved

As the state space of the entire system grows rapidly with the number of pro-
cesses, it is your goal to show that your analysis can scale well in that respect.
This means that runtime and memory consumption should be kept as low as pos-
sible. How many processes can your tool handle? We suspect that it is possible
only for a small single-digit number of processes.

The graph transformation system that implements the protocol to be ana-
lyzed uses rules with simple left hand sides (at most three nodes). During the
state space exploration, many similar graphs arise that are matched by the same
rules. Can your tool handle such cases efficiently?

2 The subject to be modelled

In this section, we describe the background of dynamic communication systems
and the intuition behind the merge protocol. It is not necessary to understand
all the details for the challenge—we will provide you with a set of graph trans-
formation rules modelling the merge protocol.

2.1 Dynamic communication systems

Dynamic communication systems [1] consist of a finite but arbitrary number of
processes that are in one of a finite set of states. Each process has a separate
FIFO queue of unbounded length for messages from each of the other processes.
Each message can optionally carry the identity of another process as a parameter,
so processes can refer to other processes in their communication. Further, each
process has a special queue for environment messages. Environment messages
may be sent unconditionally by the environment, that is, they may be added to
the queue at any time. They are necessary because they are the only way for
disconnected parts of the system to get known to each other. In car platooning,
for example, a sensor that is built in each of the cars might notice that another



car is in its communication range. As we abstract from the physical locations of
cars, we model such sensors by the nondeterministic environment. Finally, each
process locally maintains a finite set of channels. Each such channel holds a sub-
set of the process identities of the entire system. Channels are a logical construct,
not a physical one; they are rather like local address tables (if you assume that
the cars use IPv6 to communicate and their identities are IP addresses), not like
global wave frequencies shared by all processes; ie., Channels : Id — 2%, not
Channels C 274, So two different processes may store different identities in the
channels of the same name at the same time. A process communicates with other
processes by sending a message to all processes in one of its channels. From a
global view, the channels make up the communication topology.
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Fig. 2. Concepts of dynamic communication systems

A protocol specifies the behaviour of a process of a dynamic communication
system. It consists of the states that the processes can be in and of the transitions
among these states. Transitions are annotated with statements:

— ?(m, ¢, op) and ?(m) are guard statements and cause the respective transition
to be executed only if a message of type m is at the front of one of the queues.



For the first version, the parameter of the message is to be combined with
channel ¢ by the set operation op. In both cases, the message that has been
received is consumed from the respective queue. For example, ?(ca,ldr,=)
consumes a ca (“car ahead”) message from the queue, clears all process
identities from its channel Idr (“leader”) and stores the identity that was
attached to the consumed ca message into that channel.

— ¢ = is a guard, too, and allows a transition to be taken only if the channel
c is empty.

— !(m,c1,c2) sends a message of type m to all processes on channel ¢; and
attaches the identity of one randomly chosen process on c; as a param-
eter. In case of co being the special channel id (“identity”), the process
attaches its own identity. For example, !(regq, ldr,id) sends a req message
to the process(es) in channel ldr (the processes using the merge protocol
happen to never store more than one identity in their Idr channel) and at-
taches the identity of the sending process itself attached as a parameter.
(newf, ldr, flws) picks one of the identities from channel flws (“followers”),
attaches it to a newf (“new follower”) message and sends it to the process(es)
from channel Idr.

— (c1, 0p, c2) combines ¢1 and ¢ with the set operation op and saves the result
in ¢; again. For example, (bldr, \, bldr) removes all identities from the channel
bldr (“back leader”).

A subset of the states, the initial states, specify in which states a new process
may come into existence (initially with empty queues and channels).

2.2 The merge protocol

The merge protocol implements three tasks: Building a platoon out of two pro-
cesses so that one of them becomes a leader and the other a follower; having a
process join an existing platoon; and merging two platoons into one.

The merge protocol specifies that each process starts in the only initial state
fa (“free agent”) (denoted in 3 by the triangle). As can be seen in Figure 3, from
this state, a process may essentially take two different routes: The upper one, to
become a leader, or the lower one, to become a follower. The decision between
these two options is made based on whether the process receives the environment
message ca (“car ahead”) with another process as a parameter, or whether it is
the other way around and it is attached as a parameter to a car ahead message
received by a different process. Let us assume the former happens. That means
that it takes the lower route: It stores the attached process identity in its ldr
(“leader”) channel, sends back a req (“request”) message to that process with its
own identity as parameter and changes its state to hon (“hand over nothing”).
The process that receives the request message will then take the upper route: It
will receive the message in state fa and so add the identity of the process that
sent the message, which it knows from the parameter of the req message, to its
flws (“followers”) channel and send back an ack (“acknowledgement”) message
with its own process identity. It then changes to state Idb (“leader”). As soon
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Fig. 3. Transition system of the merge protocol

as the other process, assuming it is still in state hon, receives the message, it
changes to state flw (“follower”) and returns another acknowledgement, which
causes the other process to switch to state ld (“leader”). Once that has been

done, the two cars have formed a platoon: The car that initially received the
car ahead message has become a follower and the car that was attached as a

parameter to that message has become the platoon leader. Here is a graphical
representation of this evolution of the platoon:
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The second task, having a car join an already existing platoon, is mostly sim-
ilar to the first one, except that the process attached to the car ahead message
as a parameter is initially in state Id instead of fa. For merging (the third task),
we have both the recipient of the car ahead message and the parameter process
in state ld. Both enter a transmission loop to hand over the followers from the
one leader to the other: The new platoon leader—the front leader—repeatedly
switches between ldb (leader, expecting follower identities) and ann (waiting for
acknowledgement after announcing itself as a new leader to a follower), the back
leader repeatedly switches between hob (during handover, transmitting a fol-
lower identity) and pass (waiting for acknowledgement after passing a follower
to the new leader), after having been temporarily in state in state ho (start of
handover). Finally, the back leader goes to hod (“handover done”) before becom-
ing a follower itself. The auxiliary channel aux allows processes to temporarily
store identites during transitions.

3 Implementation remarks
We provide a set of graph transformation rules (single pushout):
u 2 v Idr “? £ :
@ :> 'r§e agent requesting to
req join a platoon
b 2 U1 bldr 2 free agent
:> acknowledging a join
ack request

“ w2 u1 u2 new follower receiveing
——— acknowledgement to
ack ack

join the platoon

UIC ack uz@ :>“1 Uz leader adding new

X e > ldb) follower after its
bldr Sflws

uy

acknowledgement

“ " ldr
@ :> leader requesting merge



1

newf

newl

newl

us

:>‘

|no outgoing flws edge|

“ w2 “ bldr 2

() == ()
req ack

ul u2 Ul u2

. ack . ,‘: @

R

U2

ldr

ack
U3

ack

u3

®

uq u U ldT_ (%)
(ol == (=)

leader receiving merge
or join request

back leader entering
transmission loop after
acknowlegement of
requested merge

back leader notifying
one of its followers
about new leader

front leader
announcing itself to
follower as the new
leader

follower changing
leader and
acknowledging

front leader
acknowledging
handover of follower

back leader deleting
link to follower just
handed over

back leader finished
transmission loop

back leader
acknowledging
handover as completed
and becoming a
follower



These rules model the merge protocol in the following way:

The configurations of the dynamic communication systems are modelled as
graphs with node and edge labels
e The node labels represent the state of the processes.
e The edge labels represent the channels that make up the communication
topology.

— The state transitions are modelled as graph transformation rules.

— Queues are represented as edges, and message types by edge labels (that are
different from the labels used for the communication topology). Note that
this is a simplification of the original system, as we disregard the order and
exact number of messages in queues.

— x and y are variables. That mean that the corresponding nodes of the rule’s
left hand side should match nodes with arbitrary labels. All left hand side
nodes with such variables in the rules above have corresponding right hand
side nodes with exactly the same variable, which means that the rule appli-
cation should not change the label of these nodes.

— The second to last rule, which implements the flws = () transition, uses a

negative application condition. The rule should only be applied to nodes

with the label hob that do not have any outgoing edge with the label flws.

The rules use the following tricks:

— We do not model environment messages. Because they can be sent at any
time, they can also be received at any time.
— We do as many things as possible in one graph transformation rule.

In short, your tool should first read the transformation rules and the start graph.
The start graph should consist of nodes that represent the processes, all in
their initial state, i.e. fa, and with no edges. Then, the tool should compute
by fixpoint iteration all reachable graphs of the graph transformation system.
In each iteration, it has to find all matches of rules to any of the new graphs,
apply the corresponding rule and add the result as a new graph (but only if no
isomorphic graph has been computed before).

4 Example topologies

Here are some topologies that will emerge from the graph transformation system
rules described above that model the merge protocol (assuming sufficiently many
processes):




5 Goals

5.1 Core characteristics

— Output the topologies your tool computed. You may choose the output for-
mat freely.

— Feel free to cut down the problem to a reasonable size and ignore everything
that you consider as an obstacle, even if you only analyze a small part of the
protocol. The description of the DCS protocol in Section 2 should help you
to adjust the graph transformation rules to your needs.

5.2 How the model should be used

— The graphs from the result are used for evaluating structural predicates on
them, like “is there a node with label ¢ and a node with label b such that
an edge with label ¢ points from the one to the other.” Here is a list of
properties that should be satisfied by the merge protocol:



e No two nodes labelled flw are connected to each other with an edge
labelled Idr.

e A node labelled pass or Ild always has at least one node labelled flw
connected via some edge labelled flws.

e If a node labelled flw has outgoing edges labelled Idr and newf, respec-
tively, to two different nodes, then those two nodes are connected via an
edge labelled bldr.

How easy is it to evaluate such properties in your framework?

— The result should also be used for graphically displaying and exploring the
topology structure of the platoons admitted by the protocol. Is it easy for the
user to filter the displayed topology to eg. not include edges corresponding
to messages?

5.3 Extensions

— We are also interested in a transition metagraph that models the evolution
of the graph transformation system. It should have the graphs resulting from
the analysis as nodes. Edges should be labelled with the respective rules that
caused the transformation. This allows the inspection of traces.

— The graph transformation system we provide does not accurately reflect the
DCS protocol with respect to message queues. Are you able to perform a
queue analysis, either as part of the system analysis, or in a separate step,
using graph transformation?

— Can you analyze the protocol in a general way using abstraction techniques
such that the number of processes is not limited?

5.4 Evaluation criteria

We propose the following evaluation criteria:

— Completeness of the used transformation system: Less, same, more precise
than reference transformation system? (more is better)

— Completeness of analysis: Systems with how many processes (2...00) were
you able to analyze? (more is better)

— Performance: What is the memory consumption and runtime of the analysis
for the largest analyzable system? (less is better)

— Flexibility of output: Do you merely allow output of topologies as they are,
or do you allow filtering of edges/nodes according to labels, or even according
to more complex filter specifications? (more is better)

— Flexibility of property evaluation: How powerful is your check for desired
properties of topologies? Merely subgraph matching? More complex expres-
sions over graphs with node and edge labels? (more is better)
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