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Abstract

We describe a framework for modeling and performing
inference on complex systems, based on an Attributed Pro-
grammed Graph Grammar (APGG) meta-model. We out-
line this APGG framework, and how it can be used. In par-
ticular, show how we can use the underlying system struc-
ture as an organising principle for model specification and
analysis. In addition, we examine the attribution we assign
to the higher-level systems models, namely a constraint-
based language, and how a distributed agent-based ap-
proach can regul ate inference performed asynchronously on
several multi-level models.

1 Introduction

A complex system consists of a collection of interact-
ing, autonomous and/or semi-autonomous sub-systems that
must interact to accomplish atask. A complex system must
be treated holistically, as reducing it to simple sub-systems
or components loses a great deal of its identity. Systems of
this type are difficult to characterise and model mathemati-
cally. Moreover, it is quite difficult to develop a model that
achieves areasonable degree of mathematical precision and
computational tractability, but is still faithful enough to the
system being modeled.

We address the modeling of complex physical systems
in which the structure can be clearly defined. Examples of
such systems include the WWW, mechanical and electri-
cal systems, and biological systems. For such systems, we
specify the functionality using a variety of modeling for-
malisms at multiple levels of specification detail; however,
we will show how we can use the underlying system struc-
ture as an organising principle for model specification and
analysis.
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It is very important to address the two critical aspects
of a complex system, the system’s structure (or topology)
and the system'’s functional interactions. For example, in
assessing the criticality of a puncture wound in a mammal,
itisimportant to know both the severity of thewound and its
location (e.g., proximity to major blood vessels or organs).
Many researchers have described how the multiple levels
of description of a complex system can be specified, e.g.
[6, 23]; however, the literature stresses system functionality
and multi-level functional specification and transformation,
and does not focus enough on the role that structure and
structural invariance across multiple levels can play in such
multi-level functional specification and transformation.

The study of complex systems now indicates that all
complex systems have structures that can be defined in
terms of power-law graphs [17]. Moreover, certain struc-
tural propertiesappear to beinvariant across multiple scales
[5, 11, 12]. In this article we will show how a simple
structural invariant can be used for modeling and inference
across multiple scales.

This article adopts the Attributed Programmed Graph
Grammar (APGG) framework [3]. The APGG framework
can represent both structure and function within a single
framework: the hierarchical graphical structure can capture
the system topology, and attributes assigned to the graph’s
nodes and edges can capture arbitrary functional interac-
tions. In addition, the APGG framework can aso be used
computationally for a variety of purposes, such as a basis
for verification and validation of system properties, or as
a method for defining transformations that occur within a
system.

We summarise the attributes that can be applied to a
complex system by the level of the system. The high level
description of a complex system describes the system in
an abstract sense, where we outline properties such as the
global objectives of the system, and can perform constraint
optimisation. We use a constraint language [22] for this



level. At the other extreme, the low (or detailed) level, we
specify the complex system dynamics of the system at a
fineleve of granularity, and can simulate the continuously-
varying behaviours of the systems. We use dynamical sys-
tems, stochastic dynamical systems or hybrid systems mod-
elsfor describing such attributes.

Given the system structure, we focus on the meta-level
model representation and the higher-level inference mod-
els. Our use of graph grammars for meta-modeling is simi-
lar to that in [9, 21, 24]; our contributions reside not in the
notion or use of meta-modeling, but in our model transfor-
mations and agent-based framework for multi-level model
inference. Our novel contributions include (1) the use of a
fixed-topology meta-model to generate a topologically- and
functionally-consistent set of inference models at multiple
levels, and (2) a distributed, agent-based method for inte-
grating the results of the simultaneous, asynchronous com-
putation of the various multi-level models.

In the following we will describe a meta-model that con-
sists of two main parts: (1) a structural component describ-
ing the system topology, and (2) a semantic component de-
scribing the attributes, such as functional transformations.
We first describe a motivating example, and then outline
the APGG representation that provides aframework for the
entire model. We then we outline high-level models that
represent particular attributes for a complex system, and a
method for performing inference on these modelsin a dis-
tributed fashion.

2 Approach

Our proposed methodology (CN+) develops models for
complex systems using three main steps: (1) we use a GUI
to devel op agraphical representation of the system, M ¢ur;
(2) we transform M g1 into an APGG meta-model repre-
sentation for the complex system M 4, using transformation
71; and (3) we generate aset of multi-level inferencemodels
via appropriate model transformations, 7. Figure 1 depicts
the steps of model generation and analysis using CN+.

The meta-model captures the topology that is consistent
across several levels of the model. It also captures the over-
all functional transformations, which may be described us-
ing different languages at the different levels, but in an ab-
stract sense are equival ent specifications. For example, aset
of differential equationsand their associated qualitative dif-
ferential equations[14] are equivalent in an abstract sense.

The meta-model is used to generate three hierarchically-
ordered classes of model, which we call mission-, process-
and machine-level models (in order of decreasing model ab-
straction). Given this hierarchy of models, we group the
models based on function and topology, and use an agent-
based framework to accomplish mission-level optimisation
tasks in a distributed and autonomous fashion.
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Figure 1. Steps of model generation and
analysis using CN+. Top-level hypergraph
decomposition of ship, showing the hyper-
edges between the the Chilled Water sub-
system and other sub-systems.

The metamodel serves as a generator for all models
that perform inference (using the notion of generator from
[21, 24]), and as a representation that will re-generate new
models given changesto the system. This capability isvery
useful during the model design phase, during which sys-
tem each re-design must be mapped to all sub-systems. In
addition, this can be useful when performing inference on
the models. For example, if significant damage is done
to a part of the system, this damage will be recorded in
the meta-model, and new inference models that reflect the
changes necessitated by the damage will be re-generated.
This ensures that inference using consistent models is en-
forced acrossall levels.t

The meta-model’sstructureis based on the systems's un-
derlying invariant structure. We will define this invariant
structure in Section 4.2, and provide examplesin Section 3.
Intuitively, the invariant structure is the structure of a sys-
tem that is invariant across multiple levels of abstraction.
For example, the road network between San Francisco and
Denver has many side-roads at the state and local level, but
the invariant is the interstate link between San Francisco
and Denver, which is preserved at interstate, state and local
levels.

1Less substantial changes may entail just a modification of in-
ference, and thisis facilitated by the meta-model, or may be cov-
ered just be the distributed agent framework.




3 A Simple Shipboard System Process: Each processlevel function block provides a
general ship service (e.g., power generation, propul-
sion, damage control, chilled water, material handling,
HVAC, etc.), and will reconfigureits system operation
based on the performance objectives set by the higher
level mission control. The process blocks also cooper-
ate with other process blocks to satisfy global goals.

This section provides an example of a shipboard system,
which we useto explain our notions of complex hierarchical
systems, and of multi-level inference upon such systems.

3.1 Overall Ship System
Machine: Atthelowest level, the operation of amachineis
represented by amachine block/model (e.g., Generator
1 block in the power generator process). Controllers at
thislevel monitor and control individual machine units
(e.g., apropulsion unit) to maintain machine availabil-
EPTz oo i) ity and achieve the machine setpoints requested by the
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Figure 3. Meta- and constraint-graph mod-
els of chilled water sub-system. We show
the meta-model at the top, with three main
components, supply, transport and demand.
The main part of the figure shows an ab-
stract view of the constraint-graph process-
model, which can be grouped into three sub-
graphs representing demand, transport (pip-
ing/valve) and supply sub-systems.

Mission control: The highest level in the control architec-
ture is represented by a mission control block, which
sets priorities and performance objectives for al ship-
board engineering systems based on the overall mis-
sion goals. For example, in adamage control situation,
resources would be shifted from less critical services,
such as drinking water production, to fire-fighting sys-
tems. In functional terms, this level serves as a global
inter-process coordinator and user level interface.

At this high level of abstraction, the typical computa-
tional tasks, which can be generalised as optimisation

tasks, would include resource allocation and schedul- 3.2 Chilled Water Sub-System
ing. High-level system models would be defined to
solve this class of task; we use constraint-based mod- We now focus on the Chilled Water sub-system (Chw),

elsfor this purpose. in order to be able to describe the models that can be gen-



erated for various tasks that must be performed with this
sub-system.

Figure 4 shows a smplified diagram of a ship’s Chilled
Water sub-system, and how it is connected via piping
systems to severa of the ship's other sub-systems, such
as power generation, combat (radar and sonar systems),
HVAC, etc.

The ChW system can be decomposed into three main
classes: the supply components (chillers), the fluid trans-
port components (pipes and valves), and the demand com-
ponents (loads on the system, such as combat sub-system,
propulsion sub-system, etc.). Thestructural invariant for the
ChW system consists of a simple graph shown at the top of
Figure 3. The graph consists of nodesfor supply, transport,
and demand, since the ChW system provides chilled wa-
ter (the supply) to a set of ship sub-systems (the demand),
through a complex set of pipes distributed throughout the
ship (the transport mechanism).

The ChW supply components consist of two chillers
(Chl and Ch2), shown at the right of Figure 4. The two
chillers are the two sources of chilled water, and typically
serve as redundant units; they can work together to satisfy
high loads. Figure 4 depicts the piping elements, showing
the supply pipes as dotted blue lines, and the return pipes as
solid red lines. We have decomposed the piping system into
acollection of contiguous piping sections, noted P through
Py in the figure. In addition, we have assigned the valves
into five valve groups, noted V; through V5. The grouping
is done for computational purposes, i.e., to guarantee fast
inference on each individual group, and to enable an agent
to be assigned to each group. We denote the demand com+
ponents (loads on the system, such as combat sub-system,
propulsion sub-system, etc.), using L through L.

3.3 Shipboard System Model

We build a formal model of the shipboard system by fo-
cusing on two aspects of the system: the system topology,
and the system functionality.

In terms of the topology, we can build a hypergraph
model G of the interconnections of the components of the
shipboard system. The set of inference modelsin Figure 1
depict a top-level view of such a hypergraph, which is de-
fined around a functional decomposition of the system. In
the figure we focus on the hyper-edges between the the
Chilled Water sub-system and other sub-systems, and omit
the other hyper-edges for the purposes of exposition.

This structure captured by the hypergraph model G pro-
videsthe basis for building various model s of aspects of the
ship. For example, at the top-level this model focuses on
resource all ocation and scheduling, and G capturestherela
tions between supply and demand entities. At the bottom-
level, where we focus on building a dynamical systems
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Figure 4. Engineering schematic of the
Chilled Water sub-system. The lines in the
figure represent pipes, whose flow (from the
chillers to the loads) is mediated by valves.
The various classes of sub-system are tabu-
lated underneath the schematic.

model to simulate fluid flow within the chilled water sys-
tem, the identical hypergraph model G provides the basis
for building a dynamical systems model, in that it specifies
the fluid flow relations, e.g., which pumps in the chillers
force chilled water through pipes to various loads.

4 Attributed Programmed Graph Gram-
mars

Graph grammars are used for systems modeling because
of their ability to naturally depict complex situations in
an intuitive, perceptually-clear manner. Graph grammars
originally were derived to generalise formal language the-
ory, as based on strings and the theory of term rewrit-
ing [19]. Graph grammars introduce a precise mathemat-
ical methodology for locally transforming structures repre-
sented as graphs.

An attributed graph consists of two components, (1) a
structural component and (2) a semantic component de-
scribing the attributes. We adopt the notation of Bunke [3]
for describing attributed graph grammars, and extend it by
defining a hierarchical graph structure.

Definition 1 Let Z and W be two alphabets for labeling
the nodes and the edges. An unattributed structure graph
(s-graph)isa 3-tuple G = (V, E, \) where:



e V isthefinite set of vertices;

e £ ={E,}wew isatupleof relations such that £ C
V x V foreachw € W;

e )\ :V — Z isthenodelabeling function

Apair (V,V') C E,, isinterpreted as a directed edge
fromnode V' to node V' having label w.

4.1 Hierarchical Structure

We adopt the hierarchical hypergraph representation of
[8]. This representation defines hyperedges, called frames,
which contain hypergraphs that can themselves be hierar-
chical, with an arbitrary depth of nesting.

A hierarchical graph consists of a graph, the root of the
hierarchy (which we call the primal graph), a designated
subset of its edges, called the frames, and a mapping as-
signing to each frame its contents, which are either a hier-
archical graph or avariable. We formalize this as follows:

Definition 2 Let V' be a set of variables represented by
nodes in a graph. The class G(V') of hierarchical graphs
with variablesin V' consistsof triplesG = (G, T, x), where
Gisagraph, I"istheset of frames,and x : I' — G(X)UV
assignsto each frame~ € T"itscontents x(y) € G(V)U V.
Each hierarchical graph G;(V) € G(V) is defined induc-
tively as follows:

e AtripleG = (G, T, x) asaboveisin Go(V) ifI' = 0.
o Fori > 0,G € Gi(V)if x(v) € Gi—1(V) for every
frame~ e T

4.2 Structural Invariance

The graph grammar specification of Section 4.1 provides
only the syntax for a system whose hierarchical structureis
known. In this section we summarise our method for defin-
ing the semantics of the hierarchical structure and the struc-
tural invariantsthat can generate the hierarchy.

Littlework existsin the literature on the semantics of hi-
erarchical system structures. One areain which the seman-
tics of system structure and its impact on functionality has
been addressed isin reverse engineering. For example, Cre-
mer [4] has developed a set of tools for reverse engineering
systems by using the system structure to extract functional-
ity. This methodology has been applied to telecommunca-
tionssystemsin [15]. Thiswork takes asimilar approach to
ours, in that it addresses systems with structural invariants,
and makes use of those invariants. However, rather than
discovering the system’s structure and functionality, we as-
sume that we know these, and use them for multi-level sys-
tem specification and analysis.

A second area has been the theoretical analysis of graph
invariants across multiple scales, eg., [10]. We adopt

the notion of structure-preserving graphical hierarchical de-
compositions of [10]. These notions of structure-preserving
decompositions provide a clear semantics for the transfor-
mations across different representational levels, and of the
propertiesthat are preserved by the transformations.

We denote a collection V¢ of nodes of G(V') asacluster
&. The nodes in a cluster ¢ are said to be covered by &;
we denote v € V being covered by £ using v < £. This
notion of covering provides a semantic counterpart for the
syntactic notion of aframe -y and its contents x ().

If we restrict the base hierarchical graph G to be atree,
then we can define a set of structure-preserving hierarchical
decompositions [10] with respect to a property P. More-
over, these decompositions can map precisely onto the set
T of framesof G(V).

For example, consider the meta- and constraint-graph
models of Figure 3. The meta-graphis said to be a contrac-
tion of the constraint-graph in which the demand node con-
sists of the cluster {radar, HVAC1, HVAC2, sonar, combat-
equipment}. Similarly, the meta-graph nodes for transport
and supply consist of clusters of corresponding constraint-
graph nodes. In performing this clustering process, the
property P that we preserve is the type attribute of a node,
i.e., whether the type is demand, supply or transport. Note
that this contraction process preserves several properties,
for example graph connectivity, across the levels: if nodes
v; and v; are connected (by a path) in the constraint-graph,
andv; < & andv; < &, then &, and &; will be connected
(by a path) in the meta-graph. Thisis true for the nodes of
Figure 3.

We can formalise this as follows. Z is a covering of
graph G iff foreachv € V Funique¢ € = suchthat v < &.
We can use this notion of covering to define semantic con-
ditions under which G; (V') isacontraction graph of G, (V).
Henceagraph G; (V') isacontractionof G; (V) if i < j and
the nodes of G; (V') are covered by those of G;(V), i < j.
In this shipboard application, by using coverings based on
the type attributes, we can preserve the supply-transport-
demand properties of the hypergraph model for all levels
G;(V), for igeqO.

4.3 Attributed Graphs

This section describes how we assigned attributes to the
hierarchical structure of G. Let A and B be two sets of at-
tributes, where an attributeis afunction associating attribute
values with nodes or edges.

Definition 3 An attributed graph (a-graph) isatuple G =
(V,E,\ T, x, «, 3) where:

o V. E \T,yxarethesameasin Definitions 1 and 2;
e a: N — 24 isafunction that assigns to each node a
set of node attributes;



e 3= {Bu}wew isatupleof functions 3,, : £, — 25
associating a set of edge attributes with each w-edge.

According to Definitions 2 and 3, an attributed graph
consists of two components:

e a syntactic or structural part described by
(V, E,\, T, x), denoting the underlying hierarchica
graph (s-graph), and

e asemantic part given by the node and edge attributes

(@, B).

A graph (s-graph/a-graph) G’ is a subgraph of G, i.e.,
G’ C G, if al nodes and edges belonging to G’ also belong
to G. Additionaly, corresponding nodes and edges must
have identical labels and attributes. If G’ C Glet G\ G’
denote the graph that remains after removing G’ from G.

Definition 4 The edges between G’ and G \ G’ are denoted
asthe embedding of G’ inG’, EMB(G’, G).

Definition 5 A production
(G1,G,,T, 7, F) where.:

is a b5tuple »p =

e G, and G, are s-graphs (left - and right-hand side of
the production)

o T'={Ly, Ry|w € W} isthe embedding transforma-
tionwith L,,, R, € N; x V,;

e 7 :T — [ TRUE,FALSE) isthe applicability predicate

e Fisafinite set of partial functions f, : V., — D, and
fo: E,UEMB(G,,g) — Dywitha € Aandb € B.

f. denote the node attribute and f;, the edge attribute
transfer functions.

Function F' describesthe embedding of G- into G\ G, The
attribute transfer functions f, and f; change the attributes
of G,.. m summarises the conditionsthat have to be fulfilled
by the left-hand side in order to apply the production p.

Definition 6 The direct derivation of a graph G’ from a
graph G by means of a production p, denoted G 2 ¢/, is
defined as follows:

1. Check a possible occurrence of G; as a subgraph of G
and the applicability predicate r; if both TRUE goto
2.

2. ReplaceG; by G, ing.

3. Embed G, inG\ G;,using T.

4. Changethe attributes of G,., according to f, and f3.

Example 1 Figure 5 depicts the results of applying a pro-
duction p to a sub-graph of the shipboard domain. This pro-
duction entails adding amode for a failure mode of the pip-
ing system to agraph. In thisresultant graph, the constraint
over the variablefor theload now includes theload, the pip-
ing variable and the failure-mode variable.

(b2) Initial graph G

(b2)Resulting graph G'

Figure 5. (a) shows a production p, and (b)
shows the application of p to an initial graph,
together with the resulting graph.

Definitions 1 to 6 describe an attributed graph grammar
(AGG). Nothing has been said about the order in which the
productionsshould be applied. We can extend this represen-
tation to include an ordering for applying productions, using
a control diagram [20]. This control knowledge is used to
expand an AGG to a programmed graph grammar, thereby
improving the efficiency of the model transformation [13].

5 GUI- and Meta-M odel Specification

This section describes the representations and transfor-
mations that we adopt for the GUI- and Meta-Model. We
summarise the model representationsin Table 1. The GUI-
and meta-model are quite similar: the GUI model hasasim-

| Model | Representation |

Meaur (B,E(B), p)
My (B,E(B), F)
Mcsp (X,D,C)

Table 1. Different model representations.

ilar hierarchical framework asthat of the meta-model; how-
ever, the GUI model attributes are GUI-specific, and consist
of GUI data g, that describe the size, colour, position, etc.
of GUI objects.

Model construction and analysis consists of two main
stages, as shown in Figure 1: (1) model construction, us-
ing the GUI; and (2) model inference, using the multi-level
models. This process involves two main classes of model
transformation:

e transform the GUI model to the meta-model, using
transformation 7 : Mqgur — M4, and



o transform the meta-model to the multi-level model(s),
using transformation 7o : M4 — Mcgsp.

The meta-model representsthe system components, their
connectivity, and the functional transformations performed
by each component. We are interested in systems in which
the hierarchical and topologica structure plays an impor-
tant role, and the meta-model must capture that. Our meta-
model differs from other meta-models, such as that of [24],
which uses an entity-relation model for the meta-model rep-
resentation. In addition, we assume that the primary model
structure remains fixed, in contrast to the dynamic model
structure addressed in [1].

For ease of exposition, we present our representation
as an abstracted version of the DEVS framework of [26].2
We represent this information using the tuple (B, £(B), F),
where B represents the system components, £(B) is the set
of interconnections, and F is the set of component func-
tional transformations, which are explicitly defined in afor-
mal language. We assume that each system entity trans-
formsaset of inputsinto a set of outputs using a functional
transformation.

This model also incorporates the hierarchical informa-
tion present in the model. We do not assume that this model
isinaform for directly performing inference on it, but that
it contains the information necessary to transform it into a
version on which inference can be performed.

The entities of our meta-model, or blocks 53, are denoted
using the tuple (I, O, f, i, £), representing inputs I, out-
puts O, function f, mode 1, and connections £. We denote
afunction f by O = f(I,u). f may be represented as a
(flat) set of constraints, or it may be represented as a nested
set of sub-blocks and interconnections among them

The primary thing that we need to specify for a block
(and its transformation f) is whether it contains any sub-
blocks as part of its representation. We define a block
(function f) as primitive if it contains no sub-blocks (sub-
functions).

A block B isgivenby (1,0, f,u,&). For a composite
block, the inputs I and outputs O remain the same, but we
have to specify the function f and modes 1 differently, as
described below.

Primitive function: We define a composite function for
block B in terms of the sub-functionsdefined in B for each
output port. If we assume that B has k output ports, then
for output port 7, we have aset of inputsZ ;, interconnections
E;, and function f;, suchthat, fori =1, ..., k:

Oi = fi(Zimu)7

Ei = {(L,Oi) | S Ii}

20ur framework is fully compatible with the DEV'S representation.

Composite function: A composite function has an in-
ternal set of sub-blocks, so we have to define the func-
tion definitions for output ports in a different manner. We
define a composite function for block B; in terms of the
sub-functions and their order of composition. Thisin turn
is computed from B;’s sub-blocks, B;, and their inter-
connectivity &, .

6 Multi-Level Inference Models

6.1 Chilled Water System Mission-Model

This section summarises the attributes we adopt for the
higher levels of a complex system model, constraints. We
embed a constraint attribute model within the graph gram-
mar framework. To do this, we use the constraint graph
representation [7], since this specifies constraints within a
graphical framework.

6.1.1 Constraint Problem Formulation

We first define a constraint problem [22], and then show the
constraint-graph formulation of this representation.

Definition 7 A Constraint Satisfaction Problem (CSP) IT =
(V,D,C) consists of:

e asetofvariablesV = {vy,..., v, };

o for each variable v;, a finite set D; of possible values
(its domain);

e andaset C of constraintsrestricting the valuesthat the
variables can simultaneously take. A constraint ¢; isa
relation defined on a subset V'’ of the variables, that is,
c; 2 Xj{’Uj 1V € V/}

A solution to a constraint problem is an assignment that
satisfies all the constraints. An assignment is a mapping
6 from the set of domain variables V' € V to their corre-
sponding domains, i.e, 8(v;) € D, for v; € V'. The set of
all assignmentson V'’ is denoted by ©. In the following
we need the notion of parents of anodein agraph. Given a
directed graph G(V, E), we define the parents v(v) of ver-
tex v € V asthosev’ € V' \ v suchthat (v',v) € E.

We now define a constraint system over adirected graph
G [7]. Note that that this is a non-hierarchica model,
since no hierarchical constraint representation, nor algo-
rithms that could make use of hierarchies, exist.

Definition 8 An attributed constraint graph G(V, E) is a
graph over vertices V' and edges E' in which the attributes
are assigned to V' such that:

e if v € V hasno parents in G, then the constraint is
unary;,



e if v € V has parents in G given by o(v), then the
constraints over v, ¢, will involve variables v U o(v)
and no others.

6.1.2 Valuation and Optimisation

In order to rank the solutions, and thus perform constraint
optimisation, we introduce a valuation over the constraints
in terms of c-semiring operations [2]. A valuation denotes
theimportanceof aconstraint. We represent avaluation of a
constraint ¢ using 9¥(c). In the probabilistic case, for exam-
ple, our valuation is taken from the interval [0, 1] with total
order <, and ¢ associates a probability with each constraint.

Given this framework, we can define an optimisation
task given avaluation over aset of constraints. We solvethis
optimisation task in a distributed fashion, using an agent-
based approach [25].

6.1.3 Mapping Constraintsas Attributes

Given aconstraint graph, or aconstraint hypergraph, we can
assign a constraint-based attribute to every variable at the
higher-level representations. Given the constraint specifica
tion just described, we define a constraint-based attribute as
follows:

Definition 9 A constraint-based attribute for variable v
consists of the tuple (p,,, D,,, C,,, ¥,,), Where:

po 1sthe name for v;

D, isthe domain for v;

C, isthe set of constraints for v;

1, isthe valuation over the constraints for v.

Given a model with constraint-based attributes, it is
simple to prove that we can map it into a constraint-
optimisation task, and solve a variety of optimisation tasks,
such as scheduling, diagnosis, function optimisation, etc.,
given an appropriate objective function [25].

6.1.4 ResourceAllocation Optimisation

The mission-model of the chilled water system focuses on
resource allocation and scheduling: given a fixed set of
chilled-water resources and loads, the objective is to min-
imise energy usage (based on an energy function &), i.e, to
schedule turning on one or both chillers to best satisfy the
(prioritised) demands from the various loads. If at time ¢
we supply Jii(t) units of chilled water to load 7, when the
actual demandis L;(t), then our objectivefunctionis

min {ﬁ(t) + Zwilﬁi(t) - Lz‘(t)|} ; D

where w; is a penalty function for supplying too much or
too little chilled water to load i.

This model thus consists of: (@) variables for supplies
(Chl and Ch2) and loads (L, through Lg), each with do-
main values {0, nominal, max}, together with (b) con-
straints that record the topology of the interconnections of
loads and supplies, which note which loads can acquire
chilled water from which chilling units.

6.2 Chilled Water System Process-Model

The process-model of Chilled Water System focuses on
describing how the chilled water system can actually supply
all theloads. In other words, it consists of a discrete-event
control and diagnostics model that specifies the chiller and
valve settings necessary to optimally supply a give set of
loads.

This section describes a simplified constraint process-
model of the chilled water system, described as an attributed
constraint graph.

Graph Nodes: The nodes of the graph consist of vari-
ables for supply (Chl and Ch2), loads (L, through L),
piping segments (P; through Pg), and valves (V; through
Vs). For each component that can fail, we have an asso-
ciated fallure-mode variable, and for the controllable ele-
ments (supply and valve nodes), we have an associated con-
trol variable.

Graph Topology: we can build a hypergraph model
G of the interconnections of the components of the ship-
board system. Figure 3 depicts both a top-level view of
the chilled-water system hypergraph, as well as a more de-
tailed representation. In this figure we focus on the hyper-
edges between the Chilled Water sub-system and other sub-
systems. This constraint model captures much of the Chw
structure shown in Figure 4. For example, it shows the
two chiller units (Chl and Ch2), the piping connecting the
chillers to the loads (both piping for flows from a chiller to
aload and the return flows), as well as a subset of the loads.

Graph Attributes. Table 2 shows some attributes that
can be assigned to the constraint graph: subsystem p; do-
main D; constraint C; and transport-system capacity ¢. For
each subsystem, we list a triplet of (Cy,C2,C3) of con-
straints in C, in terms of acceptable tuples. The elements
of each triplet denote the (mode, capacity) values. These
correspond to: (1) for supply (Chw1, Chw2), each tu-
ple denotes the pair {mode, supply}; (2) for load (radar,
sonar), each tuple denotes the pair {mode, demand}; (3) for
transport-system, each tuple denotes the pair {mode, capac-
ity}. For example, for the Chw1 subsystem, the possible
values of this chiller are {high, nominal, off}; in its operat-
ing mode of high, it can put out 10 units of chilled water, in
its its operating mode of nominal, it can put out 5 units of
chilled water, etc.

We use this constraint model to compute an optimal con-
trol setting, given theloads, chiller capacities and fault con-



subsystem domain constraint
P D C
Chw1 {high, nominal, off} | {high, 10}
{nominal, 5}
{low, 2}
{high, 10}
{nominal, 5}
{low, 2}
{high, 15}
{nominal, 5}
{low, 2}
{high, 7}
{nominal, 5}
{low, 1}

Chw2 {high, nominal, off}

radar {high, nominal, off}

pipe {nominal, leak}

Table 2. Attributes for ChW constraint graph.
The constraints denote allowable tuples for
the model.

ditions at time ¢t. We use a distributed inference approach
based on the frameworks described in [16] and in [18].
Model

6.3 Machine-Level of Chilled-

Water System

In this Chw application, at the machine level we solve
fluid transport equationsfor the system, in order to: (1) De-
termine if we can fulfill the required demands for chilled
water; (2) Compute the time to deliver ChW to various De-
mands; and (3) Incorporate system modes in order to be
able to reason about system mode configurations, e.g., bat-
tle mode specifies port/starboard partitioning, and various
failure modes specify faults that can cause problems with
delivery of chilled water, e.g., Chiller1-failure specifies that
only Chiller2 can supply chilled water.

We have used a qualitative abstraction of dynamical sys-
tems, qualitative differential equations [14], to model our
system at the machine level. We use qualitative differen-
tial equationsto model only the qualitatively significant dif-
ferences. We represent such significant differencesusing a
qualitative range of values, such as {low, normal, high}.

For example, for apipe, we can approximatethe pressure
drop along a length [ of pipe with diameter d, flow F' and
friction coefficient i, using the difference between the inlet
and outlet pressures, P;,, — Poy::

128 %y x 1
mxdtx F

Using our qualitative approach, we can define this pres-
sure difference AP as being either nominal, low or high,
and then relate these values to the presence of leaks and/or
faultsin upstream pumps. For example, if we have possible

AP:Pin_Pout:

modes of apipe M p as {OK, blocked, leak}, then we might
have the equations:
[Mp = OK] A [AP = nominal] = [P,y = nominal]
[Mp = blocked] N [AP = nominal] = [Pout = low]
[Mp = leak] A [AP = nominal] = [Pour = low]

Each local component computes its status (both mode
and operating parameters), and reports it to its neighbours.
Using the distributed agent framework to be summarised in
the following section, all of these component status values
are synthesized and coordinated, in order to solve the global
system optimisation task (Equation 1).

7 Distributed Agent Framework

We use an agent-based approach for multi-model infer-
ence, where each agent represents a physical process or
component and coordinates its operation with other agents.
Control actions are the result of coordinated decisions
among al agents.

The agent structure consists of a collection of agents at
each level: mission-level, process-level, and machine-level.
Each agent at each level receives performance goalsfrom a
higher-level agent, and uses its internal model (whether it
be amission-, process-, or machine-level model) to achieve
the desired performance goal, and/or diagnose problems.

We assign a process-level agent to each of a set of ele-
ments of the ChW system by decomposing the ChW system
based on function and topology. Figure 4 showsthis decom-
position, where the entities in the decomposition consist of:
supply elements (Chl and Ch2), loads (L 1 through L), pip-
ing segments (P, through Pg), and valves (V7 through V).
In addition, we have an agent governing the entire Chw
“mission”, as well as multiple machine-level agents.

When arequested performance goal cannot be achieved,
agentsinitiate distributed problem solving actionsto find al-
ternative solutions that best meet the system’s goals. Based
on the physical relationships among machine agents (as
specified by the system topol ogy), the agents devel op feasi-
ble plans that satisfy both local and shared constraints.

Agent-based inference is asynchronous, but is coordi-
nated via an event-based mechanism: each agent acts inde-
pendently unless an event occurs that requires inter-agent
communication. For example, if an agent assigned to a
valve detects that the valve has failed, it sends that failure
event to its neighbours at the same level, and to its higher-
level (parent) agent(s).

Another key feature of this agent architecture is that it
integrates inference performed simultaneously on several
multi-level models. For example, in the Chilled Water sys-
tem, agents deal with constraint-based models for discrete-
event control and steady-state diagnostics, as well as dy-
namical systems models for transient analysis/FDI.



This agent-based approach has proven itself successful
at deriving an energy-minimal control regime for the Chw
system (Equation 1), under a variety of operating condi-
tions. In particular, it quickly introduces appropriate control
reconfigurations given faults injected into the system, such
as simulated pipe leaks and chiller failures.

Cooperative software agents permit the creation of
highly flexible control systems based on both autonomy and
cooperation. The agent framework is well suited for solv-
ing resource allocation problems on distributed hardware
[16]. Autonomous capabilities are directly designed into
each agent so that it can continue to operate in the event of
failuresin the other agents.

8 Conclusions

We have described a framework for modeling complex
systems, based on an Attributed Programmed Graph Gram-
mar (APGG) meta-model, and on performing inference on
a set of multi-level models generated from the meta-model
via model transformations. In particular, we examined
higher-level constraint-based models as applied to a ship-
board application, and how a distributed agent-based frame-
work can coordinate inference performed asynchronously
on these multi-level models.
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