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Abstract
This research statement briefly describes the area, objectives and the results obtained of the
the research work carried out during recent research studies of the author. It also summarises the
possible future directions of this research. This statement is supported by a brief bibliography
to make the line of research more clear.
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Introduction

This research statement primarily focuses on both, the research work done with a emphasis on the
results obtained and an outline of the possible future work. It basically sums up the research work
done by the author during his post doctoral, doctoral and master studies. Additionally, it gives a
brief insight about the author’s current research as well. This statement is organised in five sections.
Section 2 is a short description of the research done while doing Master’s thesis at IIT Delhi, India.
Section 3 briefly describes the research work done while pursuing PhD degree at the University of
Sussex, UK. Section 4 is about research in collaboration with the School of Computing Science at
University of Glasgow, UK. Section 5 is about the ongoing research and a tentative future plan.
Section 5 is the conclusion. The statement is supported by a brief bibliography which is pointer to
the related works described in Sections 2,3,4 and 5. This also indicates the precise area of research
of the author.

2 Previous research work : Deciding Efficiency Prebisimulations
Research in process algebra has focused on the use of behavioural relations such as equivalences
and refinement orderings as a basis for establishing system correctness. In the process algebraic
framework, specifications and implementations both are defined in the same language; the intuition
is that a specification describes the desired high level behaviour, while the implementation details
the proposed means for achieving this behaviour. One then uses an appropriate equivalence or
preorder to establish that an implementation behaves as defined in the specification. In the case
of equivalence based reasoning, conformance means “has the same behaviour as”; in this case
an implementation is correct if its behaviour is indistinguishable from that of its specification.
Refinement (or preorder) relations, on the other hand, typically embody a notion of comparison:
an implementation conforms to (or refines) a specification if the behaviour of the former is “at least
as good as” that stipulated by the specification. The benefits of such process algebraic approaches
include the following:
• Users as well as testing and verification tools work within a single formalism for specification
and implementation.
• The algebra provides explicit support for compositional specification and implementation,
allowing the specification (implementation) of a system to be built up from the specification
(implementation) of its components.
• Specifications include information about what is disallowed as well as what is allowed.
Consequently, a number of different process algebras have been studied [54, 41], and a variety of
different equivalences and refinement relations capturing different aspects of behaviour have been
developed. Refinements could come in several flavours. One of the earliest refinement relations
[41] in the process algebra framework related refinement to the level of indeterminary in the specification i.e. a more determinate process was considered a refinement of a less determinate one
in terms of behaviour. Other notions of refinement such as action refinement yield various other
preorders. Theories of efficiency preorders for concurrent systems have been described in various
papers [7, 5, 6]. Our primary aim in this thesis was to study and implement refinement relations
called efficiency preorders within a process algebra framework.
One such method is efficiency prebisimulation for processes [7, 5, 6]. It is based on the simple idea of, essentially, counting the number of internal moves by a process. We discover that it
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can be incorporated within the general frame work of bisimulation, to obtain a mathematically
tractable preorder, which in common with the standard notions of bisimulation equivalence, is sensitive to the branching structure of processes.
The theory of efficiency prebisimulation has been developed in papers [5, 7, 6]. The largest
precongruences contained in these preorders have also been characterised and axiomatized for finite processes. However, in the context of verification methodology it is more fruitful to regard
these preorders as particular refinement relations. Due to the state explosion problem in verifying
concurrent systems, it makes more sense to adopt a top-down methodology in both the development
and verification of concurrent systems.
The theme of this work is to describe a method for deciding efficiency prebisimulation for processes. There exist very good algorithms [61, 45]and tools to construct strong bisimulation on
labeled transition systems. Many equivalence checking problems on labelled transition systems
may be reduced to the problem of constructing strong bisimulation. In any labeled transition system of finite state processes if n is the total number of states and m be the number of transitions
then Paige and Tarjan [61] gave an O(m log(n)) solution to the generalised partitioning problem
on some relation E on states of FSPs. Kanellakis and Smolka studied the problem of equivalence
checking of CCS expression and gave O(m log(n) + n) and O(n2m log(n) + mnα) time algorithms
[45] for strong bisimulation and weak bisimulation respectively. Here the smallest such α known is
2.376. We proposed a method running in O(mn3 + n2m log(n) + mn2) time complexity for deciding
efficiency prebisimulation[34, 33].
The related work in this line of research can be referenced at [18, 6, 5, 19, 45, 61, 54, 41, 7, 20, 30].

3 Recent research work: A Routing Calculus
We model a distributed network with routers [75, 48, 43, 74] acting as an active component in
determining the quality of service [16, 12, 79, 44, 63, 11] of the network. This is done by selecting
the path of connected and communicating processes out of many possible paths of communication.
Our model may be considered as an extension of the asynchronous distributed pi-calculus (ADpi)
[38]. We believe that such models help in prototyping the routing algorithms in context of large
networks and reasoning about them while abstracting away the excessive details. Being general,
the model may also be applied to demonstrate the role of routers in determining the quality of
services of the network. We provide two models of distributed networks where computations are
described explicitly in the presence of routers. However these models differ in method of updating
the routing tables about the newly created computing agents.
We show that both the routing languages [32], after abstracting away the details of routers and
paths, are reduction equivalent upto structural equivalence to a specification which is similar to
ADpi [38]. For one of the models we compare two instances of a distributed network, called configurations [32] to show that one is at least as efficient as the other on the basis of three key properties.
We also define a bisimulation [6, 38, 69, 55, 66, 67] based preorder between configurations on the
basis of different costs of reduction over a labeled transition system [38, 69, 55, 66]. We justify our
choice of bisimulation based preorder by proving that it coincides with an observational preorder
primarily defined in terms of three key properties. Further, we prove that this observational preorder can also be recovered from the bisimulation based preorder.
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In addition to the above we describe a new variation[35] on the pi-calculus [55] in which the
processes incur a cost in doing a communication along channels. Processes operate relative to a
cost function defined over the set of channel names to the set of integers. We justify this calculi by
proving that a notion of observation based preorder between processes with respect to their cost
functions can be recovered from a bisimulation based preorder and vice-versa. This theory is useful
in formalising the routing calculus.
This related work on this line of research can be referenced at [58, 6, 2, 13, 8, 78, 60, 37, 71,
27, 28, 38, 69, 55, 75, 48, 43, 1, 53, 14, 49, 68, 47, 35, 31, 40, 36, 64, 73, 74, 9, 10, 16, 21, 12, 79,
44, 65, 63, 50, 3, 57, 62, 72, 77, 11, 26, 22, 70, 56, 76, 42, 32].

4 Post doctoral research
In our recent research we described three calculi. One, named as πcost [32, 35], is basically an
extension of the asynchronous pi-calculus [38] to incorporate the cost of a pi-calculus computation
in some cost framework. This frame work is based on the type setting of typed asynchronous picalculus [40, 69, 27, 28, 38]. Further we described two routing calculi named as, DRωπ and DRπ [32],
with the intention of modeling a distributed network to demonstrate the cost of communication
between the communicating processes. The cost of communication is the number of hops (router) a
value propagating message crosses before delivering it to the destination in a network of routers. In
fact the value propagating messages used in these models closely resemble the IP packet in TCP/IP
[75, 48, 73, 9, 10, 21, 12] model of networks. However we only use the names (addresses) of source
and destination nodes and data in messages unlike real IP packets where lots of other information
is contained in it. The crucial role of routers in determining the quality of communication services
in a distributed network is demonstrated in both the calculi. Based upon these works, this research
can be taken forward in following two directions:
1. to extend the basic description of πcost to incorporate a more general frame work of cost
settings which accounts for the cost of computation too. Some work in this direction has
already being done in [35]. This at one hand explores the new possibilities of pi-calculus
extensions with respect to applications in a distributed network settings and on the other
it forms a theoretical basis for developing new versions of routing calculi with a underlying
network infrastructure which is closer to the actual distributed networks.
ω
2. to develop new variants of recently developed calculi DR
and DRπ to take
π

(a) mobility of nodes into account. The work may be extended on the lines of asynchronous
distributed pi-calculus [38].
(b) failures of nodes and links into account on the lines of [27, 28] is planned.
(c) amortised cost of communication into account to have a more realistic notion of cost of
computation than in DRπω and DRπ. This extension may be done along the lines of [47].
3. stochastic extension of process algebras is developed to add quantification to process algebra
models [4, 39, 23, 24, 52, 17, 25]. Probability can be used to model many sources of uncertainty
in network. It would be interesting to consider development of a stochastic extension of the
routing calculi.
During my tenure at School of Computing, University of Glasgow, UK (October 2012-January
2013) we have already obtained results for DRωπ in amortised bisumulation based proof methods.
My current research work is progressing along 3 which is explained briefly in the next section.
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5

Current Research and Future Plans

The modern distributed systems have not only functional requirements (i.e. absence of deadlock,
livelock etc.) but also have non-functional requirements (i.e. security, reliability, performance,
Quality of Service(QoS)). These requirements are probabilistic in nature because of uncertainty
[59]. The methods for checking their correctness and analyze their performance is at very primitive
stage. In the last few decades, formal verification techniques such as process algebras [55, 38, 35]
offer a powerful and rigorous approach for establishing the correctness of computer systems. Routing calculi [31, 32, 51] is a language, an elaboration of asynchronous distributed π-calculus [38].
The classical process algebras were concerned with the functional aspects of the concurrent systems. Stochastic extensions of process algebras is developed to add quantification to process algebra
models [29, 46]. Probability can be used to model many sources of uncertainty in network [59].
We have developed a stochastic extension of the routing calculi , ttR. The new concept is that
the router has the probabilistic choices for routing the message along communication link between
the routers. We define a formal model which is described as three level syntactic categories; each
describes the processes, nodes where the processes reside and routers where the nodes are located.
Processes at nodes can communicate via routers. Router determines the paths between communicating processes. The paths are selected using probability distribution thus adding quantification to
it. We believe that such models help in prototyping the probabilistic routing algorithms/protocols
in the large distributed networks and reasoning about them while abstracting away the excessive
details. We justify our model by showing its reduction equivalence with a specification, “A Simple Probabilistic Broadcast Language(PBL)” [15, 4]. Next, we describe three touchstone properties
[32, 38] on the reduction semantics to compare the two instances of same distributed networks where
messages follow different routes based upon different probability functions. Further, we justify our
choice of touchstone property by recovering it through a bisimulation based preorder [32, 38] over
the label transition system of the calculi. Upon proper documentation and publications we plan to
take this research in combining the features described in 2(a) and 2(b).
There is a considerable literature available on this line of proposed research. Some recent ongoing works by Robin Milner on http://www.cl.cam.ac.uk/~rm135/uam-theme.html and Matthew
Hennessy on http://www.cs.tcd.ie/Matthew.Hennessy/onlinepubs.html (A calculus for costed
computation) are helpful in determining the direction and relevance of this research.

6 Conclusion
In this report I started with a brief description of my previous research work and later also covered
the research carried out during my doctoral and subsequent studies. The main idea was to illustrate
the line of research as well the work done so far without going into the fine technical details. Further
I described, in very short, a possible future research directions too. This clearly is along the lines
of my previous work.
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