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1. The Hybrid System Explanation Problem

A hybrid system (HS) is a dynamical system that exhibits a discrete and continuous behaviour,
and captures the control of continuously evolving physical activities typical in automated
manufacturing, chemical engineering and robotics systems. A hybrid trajectory is a particular
execution of the HS that interleaves discrete and continuous behaviour. We aim to solve the
problem of finding a hybrid trajectory that matches a sequence of observations of an HS. This
problem, which we name the HS Explanation (HSE hereinafter) problem [1], is related to the
Decoding [2] and Plan Recognition problems [3] studied in purely symbolic settings and enables
the extension of such theories to hybrid settings [4, 5, 6, 7]. Figure 1 illustrates the HSE problem
in a motion domain in planar space where observations are circular regions parameterized by a
radius r € {5, 10, 20, 40}. The black line represents the true trajectory while colored lines are
explanations that match the observations for different values of r.
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Figure 1: Original trajectory (black) and explanations (colored).

Our proposal is to leverage the formalism of hybrid automata (HA) [8] to formulate the
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Thermostat Platoon Flight
Size| HC dR |HSE_P|HSE_P,|dR|HSE_P|HSE_P,| dR |[HSE_P|HSE_P,
2 [10(0.1)[10 (0.2)[10 (0.5)[ 10 (0.5)| 0 |10 (1.1)[10 (0.6) |10 (0.3)[10 (0.6)[ 10 (0.5)
4 110(0.5)|10 (0.5)|10 (0.6)| 10 (0.6)| 0 |10 (1.0)| 10 (0.6)| 1 (14) |10 (2.8)| 10 (0.7)
6 [10(0.7)| 8 (44) |10 (0.6)[ 10 (0.6)| 0 |10 (0.7)[10(0.6)| 0 [10(1.3)[10 (0.8)
8 110(1.3)| 3(15) |10 (0.6)[10 (0.6)| 0 |10 (0.8)[10 (0.6)| 0 |10 (1.6)[10 (0.8)
10 10(1.6)| 0 [10(0.7)[10(0.6)] 0 |10 (4.3)|10(0.7)] 0 [10(17)|10 (0.8)
20 10(11) | 0 [10(1.4)[10(0.7)] 0 [10(3.9)[10(0.9)| 0o | 7(74) |10(1.3)
30 11060)| 0 [10@3D)|10(1.0)| 0| 8(67) |10(1.1)| 0 |1(127)|10(1.6)
40 [10(118)] 0 [10(5.2)[10(1.1)] 0 [1(191)[10 (1.4)| 0O 0 [10(1.9)
50 [5(61)| o [1082)]1003)|0| o [10a5)] o 0 [10(23)
60| 0 0o |10314)|1001.6)| 0 1009 o 0 |10(3.5)
70| o 0 [1000)]1001.8)|0] o [1022)]| o 0 [10(@4.3)
80| o 0o |10@)|1009]0] o [1024]| o 0 [10(5.8)
9| o0 0 [1038)|1022)0]| 0o [10(28)]| o 0 [10(9.4)
100 0 0 |10@9)|10@25]0] o [10@D] o 0 |10(14)

Table 1
Coverage and run-time results. Each entry reports the number of solved problems, and the median time
in seconds for each system. dR stands for dReach, HC for HyComp.

problem and to use the planning technology to solve it. We formulate the HSE problem through
two HA: one automaton models the behaviour of the HS, and the other one tracks the run of
the HS and checks when the produced trajectory matches the observations. The composition
of both HA effectively restricts the trajectories of the HS to those that are consistent with the
observations, that is, to the language of explanations. We then formalize the HSE problem as an
optimization problem that looks over the language of explanations to find the most suitable
one. In principle, this problem can be solved as a model checking (MC) problem but MC tools
struggle to find concrete trajectories, assume limited knowledge of the systems dynamics, or
only handle simple dynamics. To overcome this limitation, we further provide a formal mapping
from HA to PDDL+ [9], which enables the use of off-the-shelf automated planners and powerful
AJ Planning heuristics that have in the past proven very effective for finding trajectories [10].

2. Empirical Analysis

We evaluate our approach on three domains with different types of dynamics: Thermostat (piece-
wise constant), Platoon (linear) and Flight (nonlinear) and with problem sizes ranging from 2 to
100 observations. As baselines we use dReach [11] and HyComp' [12], two MC tools that are
able to generate counter-examples (explanations in our setting). We used the ENHSP planner
[13, 14, 15] for the 2 configurations of our planning approach: a basic translation (HSE_P)
and an optimisation (HSE_P,) supported by [1, Theorem 3.7]. Table 1 reports the number of
problems solved (out of 10) and the median time over successful runs (shown in parentheses)
using a time budget of 300s per problem. We observe that HyComp and dReach scale up poorly
and were only able to solve the smaller instances. HSE_P shows better performance than the
MC tools, but is still unable to solve the full suite of problems as computation times quickly
ramp up for the linear and nonlinear domains. HSE_P,, however, solves all the problems while
keeping run-time low, hinting that it would be able to scale up to larger instances.

!No results for Platoon and Flight are shown for HyComp as it only supports the piece-wise constant dynamics.
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