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Extended Abstract

The solution of any problem is based on understanding the behavior of the system in which that problem
lives. This is as true for scientists understanding global climate change as it is for engineers making
nanoscale transistors, policy-makers arguing over nations or doctors diagnosing a newborn infant. Hu-
man understanding of these systems is construed in the form of models, which describe how the arrange-
ment of a system’s elements produces the behavior observed of the holistic system [28]]. Though history
provides abundant examples of modelers describing complex relationships such as between space and
time or smoking and lung cancer, these models are still limited by one of the most vexing problems of
systems engineering [15) 2]]: how to have models that can be readily combined to show the behavior of
an extended system [20]. This ability for a model to combine with another has been treated under writers
referring to it as composability [S 12} 21]], modularity [13} 26,22} [1]], extensibility [24! 30, [7], integration
[8}[14]], and interoperability [20, 6].

One key to the problem is given by Willems [27], who represented system behavior as a function
mapping the state variables of a system. Under this definition, a model of a system consists of a set of
variables and the functions mapping between them. This forms a monoidal category [17], with function
composition as its joining operation. The insight obtained by treating a system as a function has lead
to many domain-specific solutions to interoperability [9} 26, 23| 14} 3 29 25]]. This paper builds upon
the approaches of these scientists by discussing a graphical approach for deconstructing models into
the function compositions that describe the system’s behavior. First discussed (in an early form) by
Friedman [10} [11], this framework represents the state variables of the system as nodes and the functions
that constrain them as directed hyperedges (to represent the multiple-arity nature of system relationships).
Every path through the hypergraph represents a chain of composed functions. Paths starting from and
ending at the same node commute (as in a wiring diagram). The authors refer to this framework as a
constraint hypergraph, detailed here [[19].

The work of systems engineering is broken into two categories: to define a system and its patterns of
behavior, and to simulate a system. The former is the work of theoreticians, the latter is the application of
theory. By constructing a system as a hypergraph, the system can be arbitrarily simulated by a pathfinding
algorithm that searches for paths from a set of known nodes (inputs) to an unknown node (the output).
The provision of an automatic path-constructor allows the system to be simulating generally, allowing
for declarative system modeling rather than imperative approaches. In essence, the constraint hypergraph
describes all possible simulations that can be conducted upon the system.

The hypergraph framework requires additional measures to correspond to real-world systems. The
first major modification is the ability to handle modeling validity frames, where a constraint applies for
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only a portion of a state variable’s possible values, consequently limiting the domain of the corresponding
function to a subset of a variable. These cases are handled by live pathfinding of the graph, so that the
discovered path is guaranteed to be valid for the simulation’s input values. The limitation of this ability
is that graphs cannot be pre-solved for various input-combinations, since the existence of a valid path
depends upon the input values provided at run time.

The second measure is the ability to handle cycles. Most, if not all [[16], real systems are causal.
A cycle in a constraint hypergraph indicates that a state variable can be calculated from its own value,
a violation of causality. Although this would indicate that cycles should not exist in a hypergraph, in
practice most models depict reoccurring phenomena where the behavior of the system does not change
over some periodic frame of reference. In imperative modeling frameworks, such as block diagrams,
this is handled by updating the state of the system upon reevaluation. Constraint hypergraphs, which
are declarative, maintain immutable states to maintain causality. Serialized data is handled by imposing
a frame of reference upon each node, so that edges can only be composed between nodes sharing a
common frame of reference. Paths that contain cycles are required to update the frame of reference at
every iteration of the cycle, allowing a model to express arbitrary periodic behavior without requiring
explicit reinstantiation of the variables for frame in the simulation.

These measures are implemented in an open-source Python library called ConstraintHg [[18]], which
allows for modelers to represent any system as a constraint hypergraph then perform arbitrary simulation
upon that system via an algorithm employing Breadth-First Search. The implementation handles nested
and intercrossing cycles, model validity frames, and weighted edges (for optimized pathfinding). It
has been demonstrated in a variety of multi-domain models, including a hybrid elevator model that
combines elements of a discrete-event simulation, a continuous PID controller, and a general dynamic
model. The software serves as a basis to explore avenues of general system interoperability by enabling
general system representation, so that models in disparate worlds can be combined into a single, practical
framework.
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