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Abstract

Comparing context of different entities is not easy at
all. Since context depends on the situation of a
particular entity it can be understood in different ways
by various entities. In this paper we introduce an
approach to consider all entities as environment in
which the formal interpretation of all available context
and its changes can be quantified and used to find
optimal decisions within such an environment-aware
system.

1. Introduction

Today’s computing systems are built out of a
variety of devices (computers, electronically units,
embedded computers, mobile phones and personal
digital assistants) running a various number of
services. Each device within such a system provides a
certain amount of resources in form of computing
power, memory or sensing capabilities. Due to the
mobility of these devices, the setup of such a
computing system and therefore the resource allocation
is changing constantly. The possibility to interconnect
these devices and services in a uniform way is the goal
of many attempts nowadays. However, choosing the
right device or service for a certain objective within
such a system is an open question. It is the question
about location, time and situational information of
devices and services in a given situation. In a nutshell
it is the question about an context [1] on a global scale.

In this paper we propose an approach of quantifying
changes in context based on a structured environment
as base for environment-aware applications.

2. A Formal Approach to Context

Following Dey, context can be understood as any
information that can be used to characterize the
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situation of an entity [1]. Combining the location of
entities as described by Roden et al [2] and their
current environment and situation as proposed by Shilit
and Theimer [3], context can be formally expressed in
the Ambient Calculus [4].

The Ambient Calculus is a process calculus where
processes reside within a hierarchy of locations with
the purpose of studying mobility. Entities in the
Ambient Calculus are represented by named ambients
whereas an ambient is defined as a bounded place
where computation happens. Each ambient can have a
set of unlimited subambients. Thus, the ambient
system constitutes a tree structure. The tree in Figure 1
depicts such hierarchical structured ambients. The
illustration on the right shows the same scenario in a
more intuitive way to visualize the nesting of the
corresponding ambients. There, we see ambient a,
containing two distinct ambients, b and ¢, where b
contains d and e as subambients.
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Figure 1. Ambient example in informal tree and
intuitive notation.

Computation in the ambient calculus takes place in
form of parallel executed processes (P|Q) whereas the
0 represents the void process. A named ambient n may
contain these processes as in n[P]. Furthermore,
simultaneous existing ambients are composed the same
way as parallel executed processes. The example above
can thus be described as

a[b[d[0]]e[0]]|c[0]]



Figure 2. Building plan including office space (a, b
and c) and meeting venues (d, e, f and g).

The Ambient Calculus defines an ambient by its
boundaries. Thus, we can express entities such as
persons, places, or objects as ambients. With these
basic concepts of the calculus we can describe real
world entities and constructs such as the building plan
in Figure 2 in terms of the calculus.

glf[elolla[o]|r[c[o]|b[0]|al0]]]]

To separate the locations in this example
furthermore, we introduced an additional ambient r.
This ambient is used to identify places with restricted
access rights and gives an idea about how to use virtual
ambients to create fine granular constructs. In a visual
way, we can depict this system in form of a tree as seen
in Figure 3. Thus, we can use Mobile Ambients to
describe context as introduced before in a rather formal
way.
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Figure 3. Hierarchical ambient model depicting
context based on the example building plan.

By adding processes to certain ambients, we can
describe their current situation in more detail.
Currently running processes describe a part of the
recent context of an entity while previously running
processes can be retained in the notation of the
Ambient Calculus, describing previous situations. Both
together allow us to reason about the current context of
an entity, based on its recent situation as well as on its
history. For the rest of this paper however, we focus on
the aspects of the location and movement of ambients
rather than on processes while the concepts introduced
in this paper can be easily applied also to processes and
their movements.

3. Formal Change of Context

The system of ambients can be expressed as graph
G ={V,E} where the nodes V(G) represent the
ambients and the edges E(G) represent their spatial
relationships. Mobile Ambients provide a set of
mobility primitives to describe the movement of
ambients and processes within the system. Based on
these primitives, we define a set of operations to be
applied on G.

Definition (open): A node v with parent v' is deleted
from its parent by revealing its boundaries. The
children of v are inserted as subset as children of v'.

Definition (insert): A node v is inserted as child into
node v'. v’ thus becomes the parent node of v.

Definition (remove): A node v is removed from its
parent node v’ without revealing its content.

The open operation is equivalent to its
corresponding capability in the Ambient Calculus. The
movement capabilities (namely in and out) of an
ambient can be expressed as combinations of insert
and remove operations along the edges of the tree
structure. Therefore, each edge is marked with a
weight function w(e) where e € E(G), representing
the costs by moving along the particular edge. Since
each ambient requires a unique name, the graph can be
understood as a rooted, labeled unordered tree. Tree
edit operations such as insert and delete are well
studied in the tree-to-tree correction problem [5]. This
approach allows determining the optimal costs for
transforming a tree T into an a tree T'. These costs can
be computed for ordered labeled trees [6]. For
unordered labeled trees these problems are hard to
solve, some of the problems are even NP-complete [5].
Introducing a constrained edit distance e.g. Zhang
proposed an algorithm to solve these costs for
unordered labeled trees in sequential time [7].

Due to movement capabilities in the Ambient
Calculus an ambient has to follow a distinct path
within the ambient hierarchy. The movement of an
ambient can be identified as the shortest path between
its origin and destination within the graph [8]. Based
on these assumptions we can calculate the costs for
altering the context of ambients as shown in the next
section.

4. Quantifying Environment-Awareness

While context-awareness is for example understood
to be based on relevant information of an solely entity



[1], it varies by different perspectives of different
entities due to the corresponding collection of nearby
objects and their changes over time [3], as depicted in
Figure 4. Consequently, the edge between nodes n,
and n, can have different meanings to either n or n,.
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Figure 4. Different Context due to the relevant
information of an entity providing different meanings to
entities.

Environment-awareness however shall provide a
holistic approach to deal with context in a global
manner, based on information available all over the
system. Therefore, it should allow a direct comparison
of situation regardless of the particular perspective.
Hence, we have to propose a way to evaluate context
of different entities in a consistent way as proposed in
the following section.

5 Ambient-based Costs-Function

The approach to quantify context changes in a
ambient-based hierarchy is based on the research by
Tai on the tree-to-tree correction problem [6].

Let X be the alphabet over the ambient names in a
given system while ¢ is an empty symbol with € ¢ X.
That way we can define X, := 2 U ¢. Following [6], we
define an edit operation s as n; —» n, where (ny,n,) €
(Z, X Z,)\(& &) on names nq,n, € X,. The operation
is an insertion if n; = ¢ and an open operation if
n, = . If ny,n, € X the operation is a movement
operation where n; is the subject moved in or out of
n,where n, is an ancestor of n; for an out movement
or nq,n, are siblings for an in movement.

Let S be a sequence of edit operations
S1,S2, -, Spywhere m = |S| is the number of steps in
the sequence. We define a cost function y: (Z, X Z,)\
(g,€) = R. Thus, y(n; = n,) assigns to s(n; - n,) a
real number representing the costs of this edit
operation and s(n; - n,) gives us the edge e
involved in this movement operation. For each
movement operation along an edge e we have to
consider the eventual additional costs w(e) arising by
this operation. Furthermore, two general assumptions
can be made about the cost-function y:

A reflexive edit operation on a node n; does not cause
costs at all:

vy = n) =0

Secondly, the tree structure implicates that the
composition of edit operations cannot exceed the costs
of their single operations:

y(ng » ny) +y(ny » n3) 2 y(ng - n3)

Finally, for a sequence S of edit steps we get the total
costs
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where w (e ) = 0 Ve = @ with j € [1,|E(G)]].

In the next section we show how these costs allow
us to reason about the potential context changes in a
given system.

5.1 Cost-based Decisions

The quantification of ambient movements in form
of the metric cost-function y allows us directly to
compare the utility of possible changes in context as
shown in the following example, describing the
movement of an ambient n; through the ambient
hierarchy.

ny [ mv nzin ns|ny[mv nzout ny. 0lns[ 1|ny[1]Ins[ 1]
- ny[mv nzin ng|ny[na[ 1]Ins[1Ins[1]

- nl[nz[n4[]]|n5[n3[]]]

For the movements depicted in Figure 5 we can
calculate the costs as

Y1 = Your (M3,12) + w(ey) + ¥in (n3,15) + w(es).

With n, being a possible alternative to n; we state a
second cost function based on the movements of n,

Y2 = Your M4, N2) + w(es) + Vi (N4, s) + w(es).

Comparing the various costs y, for p possibilities, we
can chose from a set of competitive alternatives.
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Figure 5. Simple ambient movement



5.2 Addressing Ambiguous Movements

Movement capabilities in the Ambient Calculus are
ambiguous. Thus, it is not foreseeable which capability
eventually executes.
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Figure 6. Ambiguous Movements.

Figure 6 shows such ambiguousness. Therefore ng
is defined as below. When n; enters the scope of nsg
either of the possible capabilities execute.

ng[nymv in ng. 0 [ngmv in n;. 0]

Such issues are addressed as plain and grave
interferences by Levi and Sangori in [9]. The proposed
solution in form of co-actions binds each action to its
counterpart. However, this is hard to be applied to real
systems, since it requires a-prior knowledge of the
system’s components interactions. Instead, computing
the costs valid alternatives of these actions provides an
additional factor to make the decision which
opportunity to choose.

The decision to follow the path es or e4 can thus be
supported by evaluating the costs of the corresponding
movements of node n;.

5.3 Influenced by Limited Resources

In many theoretical approaches, resources are
considered to be available unlimited. For example in
the Ambient Calculus, the replication primitive ! P can
be used to replicate a unlimited number of processes P.
In a real system, however, we face very strict
constraints in terms of resources such as memory,
bandwidth, CPU cyles and of course power
consumption. When thinking of costs to modify the
setup of an environment we should think of available
budgets, budget restrictions as well as the utility of
resources. Therefore, we consider the systems of
interest as closed ecosystems with a limited number of
resources and participants. That way, we can study
interesting mechanisms within such a system.

For our model, the assumption is made that no
system component offers resources to its own benefit.
Rather the ambition of the system is to avoid idle
resources. Thus, irrespectively of the costs the
available devices do not vary. Based on this

postulation, we can depict the supply curve as vertical
line.

The demand curve represents the required amount
of resource for any possible costs. One possible
demand curve such as in Figure 7 shows a negative
gradient. The number of required resources though is
limited by x,.., representing the actual needed
resources within the systemError! Reference source
not found.. Additional resources appear to be idle, not
being used within the system nevertheless if they have
no costs. On the other side, the minimum of required
resources is indicated by x,;,. This amount of
resources is required to provide the minimum
functionality of the system. This minimum can be
understood as an indispensable requirement of
resources, for example to avoid system failures. Hence,
the actual costs to satisfy these needs are
insignificantly.
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Figure 7. Satisfying the demand by adding further
resources to a system.

A lack of resources can simply resolved by scaling-
up or scaling-out of the required resources. Due to a
higher availability, the supply curve shifts to the right.
Satisfying all demands by simply increasing the
amount of available resources is an intuitive approach
but in generally not to be accomplishable.

Increasing the amount of available resources is not
always possible. For example time to get a respond
cannot be affected directly and many other resources
such as power consumption are exogenous factors not
to be influenced at all. Allocation of additional
hardware for satisfying requests is often related to
monetary expenditure or not possible in a short-term.
Therefore, an optimum choice of resources already
provided is required.

The availability of resources within such a system is
well studied in different areas of research such as the
transport economy [10]. There, a utility function U(¢)
of attributes is used to describe the demands of
individuals. The vector ¢ = (cy, ¢y, ..., ¢,) thus can be
used to describe the various costs of the resources. The
attributes might be CPU cycles, memory, storage or
certain sensing capabilities, latency but also qualitative
attributes such as simplicity to use a certain API or



interoperability of a system. The utility function can
thus be expressed as a linear function with unknown
coefficients a4, a5, ..., a,. These coefficients describe
the weight of the costs of each attribute.

U(cy, €y s C) = 1€ + azCy + -+ @y

With a sufficient large set of observations, the
coefficients can be identified based on statistical
methods as proposed in [10]. The application of a
utility function thus, is also qualified to support
decisions based on the quantification of resources.
Consequently, the evaluation is not only restricted to a
single resource, furthermore a combination of all
required resources can be evaluated to draw a decision.

6. Summary and Outlook

In this paper we introduced the quantitative
construction of context changes based on the Ambient
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