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Abstract. The Realizable, Responsive, Unobtrusive Unit (R2U2) is a stream-
based runtime monitoring framework that verifies a system’s adherence to
a set of formal system requirements with minimal resource overhead, allow-
ing for real-time, online monitoring on resource-constrained systems. Yet, a
persisting challenge for deploying runtime monitors is eliciting formal specifi-
cations that accurately capture system requirements commonly expressed in
ambiguous natural language; therefore, we employ NASA’s Formal Require-
ments Elicitation Tool (FRET) to configure R2U2 monitors from structured
natural language requirements. We extend FRET to formalize requirements
in Mission-time Linear Temporal Logic (MLTL) - the native specification
logic of R2U2, and we provide 157 MLTL rewrite rules that reduce each
of FRET’s MLTL formalizations by an average of 15 operators, or 36.05%,
decreasing the resources necessary to monitor these requirements with R2U2.
We also introduce a novel SMT-based proof technique for automatically
proving the correctness of these rewrite rules.

Keywords: Mission-time Linear Temporal Logic (MLTL) - Stream-based
runtime monitoring - R2U2 - Rewrite Rules - FRET

1 Introduction

Runtime monitors analyze an input data stream’s adherence to formally specified
requirements. To this extent, runtime monitors can be deployed online such that

This work was authored by employees of Towa State University under NSF:CPS Award
#2038903 and NSF:CCRI Award #2016592.

GOVERNMENT RIGHTS NOTICE. This work was authored by employees of KBR
Wyle Services, LLC under Contract No. 80ARC020D0010 with the National Aeronautics
and Space Administration. The United States Government retains and the publisher, by
accepting the article for publication, acknowledges that the United States Government
retains a non-exclusive, paid-up, irrevocable, worldwide license to reproduce, prepare
derivative works, distribute copies to the public, and perform publicly and display publicly,
or allow others to do so, for United States Government purposes. All other rights are
reserved by the copyright owner.


https://orcid.org/0000-0003-2008-673X
https://orcid.org/0000−0002−7671−2720
https://orcid.org/0000-0001-7013-1100
https://orcid.org/0000-0002-6718-2828
https://orcid.org/0000-0002-8220-7552

2 A. Aurandt et al.

requirement violations are detected in real time to enable appropriate mitigation
actions [II8I25], but these online monitors must frequently fit within tight timing and
memory constraints of the target system [821/41]. Therefore, the resource overhead
of these online monitors must be minimized to enable deployment on resource-
constrained systems. The Realizable, Responsive, Unobtrusive Unit (R2U2) is a
stream-based runtime monitoring framework that is known for its minimal resource
overhead [B5TI55I57I59], and the success of R2U2 has been exemplified by its de-
ployment on several resource-constrained systems such as NASA’s Robonaut2 [41],
NASA’s Lunar Gateway VSM [I6/I7II8/19], NASA’s Swift UAS [26I55I61], and more
[MI2132)34046/47J58/60]. Yet, the resource overhead of R2U2 is contingent on the
formal system requirements being monitored, hence introducing the challenge of
formalizing requirements that are small enough to satisfy the system’s resource con-
straints. Thus, we focus on configuring R2U2 monitors while simultaneously reducing
the resource overhead of the specified requirements themselves.

Another persisting challenge for deploying runtime monitors is the elicitation and
formalization of specifications that accurately capture system requirements [29/56].
Often, system requirements are written in ambiguous natural language; therefore, the
translation to a formal specification language is also ambiguous. To aid in eliciting and
formalizing system requirements for R2U2, the WEST tool provides a visualization
of Mission-time Linear Temporal Logic (MLTL) formulas (i.e., R2U2’s native specifi-
cation language) [66], and the R2U2 Playground provides an interactive visualization
playground for R2U2 monitors [4]. Nevertheless, both of these tools still require the
system requirements to be elicited in the formal specification language of MLTL, and
formalizing requirements in temporal logic is known to be challenging [30/52].

To address the challenges of writing specifications in formal languages (such as tem-
poral logics), the usage of structured natural language has been extensively studied in
requirements engineering [BIT042/45/64]. A structured natural language is a controlled
subset of natural language (plain English) in which sentences follow a prescribed se-
mantic structure. This controlled structure preserves readability for humans but limits
ambiguity, enabling each statement to be translated systematically into an unambigu-
ous formal representation (e.g. temporal logic formula, phase event automaton, etc.)
amenable to formal analysis such as runtime monitoring. The Formal Requirements
Elicitation Tool (FRET) is an open-source framework developed by NASA for the
elicitation, formalization, and analysis of system requirements [27128]. FRET enables
users to specify system requirements utilizing an unambiguous structured natural lan-
guage called FRETISH, which is automatically translated to temporal semantics. This
translation has also been formally verified with the PVS theorem prover [14]. Further-
more, FRET provides visual semantic diagrams and simulation capabilities to aid the
user in validating that the formalization accurately captures the system requirement
[27] and includes several additional analysis tools such as realizability checking [39/48],
test case generation [40], and CoCoSpec requirement export for Simulink model anal-
ysis with CoCoSim [27]. FRET has also been previously extended to produce CoPilot
runtime monitors [51], but R2U2 uniquely differs from CoPilot in many ways such as
R2U2 can monitor both past-time and future-time properties (i.e., CoPilot can only
monitor past-time), provides a unique circular queue architecture to minimize resource
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overhead, and is realized both in C [35] and safe Embedded Rust [2] (i.e., CoPilot only
generates C-based monitors). While there are other tools that allow for elicitation of
formal requirements from natural language (e.g., ASSERT" [15], SpeAR [24], STIM-
ULUS [33], and Req2Spec [50]), we focus on extending FRET due to its popularity,
ease-of-use, and active development. Furthermore, recent efforts to manually configure
R2U2 monitors from FRETISH requirements formalized in FRET (e.g., [23] and [62])
indicate a strong desire for FRET to automatically configure R2U2 monitors.

To address the challenge of configuring R2U2 monitors for resource-constrained
systems, we introduce 157 rewrite rules that reduce each of FRET’s MLTL formaliza-
tions by an average of 15 operators, or 36.05%, per monitored requirement. This builds
upon the previous work of [36], which investigated reducing the memory requirements
of R2U2 monitors by defining parametric rewrites for MLTL formulas. While [36]
offered hand-written proofs that each rewrite preserved the semantics of the original
formula, we introduce a novel SMT-based proof technique for automatically proving
semantic equivalence between the original and rewritten MLTL formulas. Through
our SMT-based technique, we were able to automatically prove 152 of these 157
rewrite rules, while the other 5 simply timed out due to limitations of SMT.

Our contributions are an open-source extension of FRETﬂ that includes (1) a
translation from FRETISH to MLTL (Section [2), (2) a formalization of MLTL avail-
able in both WEST (Section and R2U2 format (Section [2:2), (3) 157 MLTL
rewrite rules to reduce the resource overhead of monitoring these MLTL requirements
(Section , (4) a new SMT-based proof technique to prove the correctness of these
157 MLTL rewrite rules (Section [3.2)), and (5) an export feature to automatically
configure R2U2 monitors (Section and .

2 FRETish to MLTL

Update Requirement - A } TEMPLATES GLOSSARY
Requirement ID - ENFORCED: in the interval defined by the entire execution. TRIGGER: first
ointin the interval if (lift_mode = semi_wing_borne & kias > 100.0) is
LPC_SWB_TO_WB Parent Requirement ID LPC - & e . =t - )
true and any point in the interval where (lift_mode = semi_wing_borne &
kias > 100.0) becomes true (from false). REQUIRES: for every trigger, RES
must hold at the next time step.
Rationale and Comments v Beginning of Time TC
Requirement Description ‘
Arequirement follows the sentence structure displayed below, where fields are optional unless indicated with *+*. For I
information on a field format, click on its corresponding bubble TC = (lift_mode = semi_wing_borne & kias > 100.0), Response =
» (lift_mode = wing_borne).
@ Diagram Semantics v
the vehicle shall at the next timepoint satisfy
lift_mode = wing_borne
Formalization
Future Time LTL v
Past Time LTL v
Future Time Mission-time LTL v

Fig. 1: FRET Edit/Update Requirement Dialog Box

4 \https: // github.com/ NASA-SW-VnV/ fret/ releases/v3.1.0
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Requirements in FRET are composed in a structured natural language called
FRETISH, which is composed of five fields: scope, , component, tim-
ing, and response. Utilizing FRETISH, users can specify a requirement for a specific
component within a certain scope of operation under a particular where
the response must be satisfied within the defined timing constraints. Note that
the scope, , and timing fields are optional, while the component and
response fields are mandatory. FRETISH provides eight possibilities for the scope
field: in/during mode, when/if not in mode, only in/during mode, after mode, only
after mode, before mode, only before mode, and none specified (which is equivalent to
always) such that mode is represented by a Boolean variable. The mode can also be
represented as a Boolean expression, except in the case of in, which must be written
with the keyword while instead. FRETISH also provides three possibilities for the
field: condition holds true, / / /1| condition holds
true after being false (or the condition is true already at the start of the scope inter-
val), and none specified (which is equivalent to always), where condition is a Boolean
variable/expression. Note the keyword is also available, which is equivalent to
not condition. Furthermore, FRETISH provides twelve possibilities for the timing
field: always, eventually, finally, immediately, never, at the next timepoint, after N
time steps, for N time steps, within N time steps, before event, until event, and none
specified (which is equivalent to eventually), where N € Ny and event is a Boolean vari-
able/expression. Fig. [1| provides an example FRETISH requirement LPC_SWB_TO_WB
from the Lift Plus Cruise case study [53/54], which specifies that always the con-
dition of being in semi-wing-borne lift mode and the airspeed (i.e., kias) being greater
than 100.0 knots, the vehicle shall at the next timepoint be in wing-borne lift mode.
The underlying semantics of FRET1SH depend on the scope, ,and tim—
ing fields such that there are 8+«3%12=288 total possible combinations of these field
types that result in 288 template keys (i.e., a template key is a tuple [scope,
timing]) E| Each of these template keys dlrectly map to Real-Time Graphical Interval
Logic (RTGIL) semantics [28], and FRET utilizes the intermediate language called
Structured Assertion Language for Temporal logic (SALT) [9] to automatically trans-
late these RTGIL semantics to infinite-trace pure future-time (fmLTL) and pure past-
time (pmLTL) metric Linear Temporal Logic [ITI28] formulas in nuXmv [I3] format.
R2U2 reasons over MLTL and past-time MLTL (ptMLTL) [2122/43/55] which are
bounded variants of LTL and ptLTL, respectively, where each temporal operator has
an associated temporal interval constraint that is closed and discrete. In this work, we
focus on the future-time logics (i.e., fmLTL and MLTL) as system requirements are
more-commonly expressed in future time (e.g., [4446I65] and even FRETISH itself
is expressed utilizing mainly future-time natural language).

5 Recall that the eventually and none specified options for the timing field are equiv-
alent. Therefore, while we consider all 288 possible template keys to reflect FRET’s
implementation, there are only 8x3+11=264 that map to their own distinct semantics.
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Definition 1 (fmLTL Syntax). The syntax of an fmLTL formula ¢ over a set of
atomic propositions AP is recursively defined as:

pu=true [false |[p | W | Y ANENYVVE| XY | GY | Fy | ULy VE
Gry|Fry|vU§|y Vg

where p€ AP is an atomic proposition, ¥ and & are fmLTL formulas, and I =[lb,ub]
is a closed interval such that Ib<ub and lb,ub€& Ny.

Definition 2 (Infinite Trace). An infinite trace, denoted by 7, is an infinite se-
quence of sets of atomic propositions AP. The i'" set is denoted by (i) and contains
the atomic propositions that are satisfied at the i*" time step. w[lb,ub] denotes the
trace segment 7(I1b),m(l1b+1),...,m(ub).

Definition 3 (fmLTL Semantics). We recursively define mil=p (infinite trace =
starting from time index i>0 satisfies, or “models” fmLTL formula ¢) as

o T il=true
milEp for pe AP iff pen(i)
i iff i
miEY A€ iff milEYy and milEE
milE Xy iff mi+1EY
milE G iff Vj where j > such that 7,5 =1
T Gup,un) W iff Vi € i+1bi-+ub] such that 7,5 =1
milEY U & iff 35 such that w5 =€ where j>1 and Vi<k<j, m.kE=vy

o miEY Uppuy & iff 3j €[i+1bi+ub] such that 7,j =€ and Vi<k<j, k.
Given two fmLTL formulas ¢ and &, they are semantically equivalent (denoted by
v =E&) iff mi ey < mi e for dll infinite traces m and i > 0. To complete
the semantics, false = —true, v V £=—=(—p A =€), =(v U &) = () V =E),
—( U &) =(p Vi =€), -F =G —, and ~Fr v = Gy . fmLTL also
holds the standard operator equivalences of F 1) = (true U ), G o = (false V 1),
F; =(true U ¥), and Gy Yv=(false V; v).

Definition 4 (MLTL Syntax). The syntaz of an MLTL formula ¢ over a set of
atomic propositions AP is recursively defined as:

pu=true |false | p | W |V AE| YOV E|Gry | Fryp| ¢ U &| v Ry &
where p€ AP is an atomic proposition, 1 and & are MLTL formulas, and I = [lbub]
s a closed interval such that Ib<ub and Ib,ubeNj.

Definition 5 (Finite Trace). A finite trace, denoted by 7, is a finite sequence of
sets of atomic propositions AP. The it set is denoted by (i) and contains the atomic
propositions that are satisfied at the i*" time step. || denotes the length of T (where
|| <o0), and w[lbub] denotes the trace segment w(Ib),m(1b+1),...,m(ub).

Definition 6 (MLTL Semantics). We recursively define m,i = (finite trace ©
starting from time index i>0 satisfies, or “models” MLTL formula @) as
o T il=true
milEp for pe AP iff pen(i)
mi e iff e
miEY A & iff milEy and mikEE
T4 Gup,up) W iff || <i+1b or Vi€ [i+1b,i+ub] such that m,j =
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o iy Uppuy & iff || >i+1b and 3j € [i+1bi+ub] such that 7,j =& and Vk<j
where k€ [i+1bi+ub], mkE.
Given two MLTL formulas v and &, they are semantically equivalent (denoted by
W=E) if and only if 10 =Y < m,0EE for all finite traces . To complete the semantics,
false=—true, v V E=—(— A =€), (v U §)=(— Ry =€), and —~F; =G .
MLTL also holds the standard operator equivalences of Fy 1) = (true U v), and
G v=(false Ry ).

Definition 7 (Computation Length [22]67]). Let p€ AP be an atomic proposi-
tion and v and & be MLTL formulas. The computation length (i.e., the minimum
trace length such that no extension of the trace can change the satisfaction of the
formula) is recursively defined as follows:

eplen(p) = 1

cplen(—) = cplen(i)

cplen(v A §) = max(cplen(y)), cplen(§))

eplen(Gpp,uy ) = cplen(y)+ub

cplen(v Uppue) §) = max(cplen(v)—1, cplen(§))+ub

Definition 8 (Mission-time (M) [55]). All MLTL formulas are mission-time
bounded; therefore, let M €Ny denote the end of mission-time (i.e., the time when the
mission ends) such that all trace lengths are restricted by M such that |w|<M+1.

For FRET to configure R2U2 monitors, FRET must produce formalizations in
MLTYL; hence, we provide a translation from fmLTL to MLTL. fmLTL has finite-trace
semantics available that capture end-of-trace behavior (e.g., F ¢ =-LAST U ¢)
[28], similar to MLTL. However, R2U2 monitors never consider end-of-trace behavior
because R2U2 evaluates 7,i = ¢ assuming there will always be an extension to
the trace 7 (and evaluates as soon as sufficient information is available such that
i+Ib<|n|<i+cplen(p)) [2]. Therefore, we translate fmLTL infinite-trace semantics
(Definition [) to MLTL’s native finite-trace semantics (Definition [6).

One &gplﬁcant difference between fmLTL fmLTL ‘ MLTL
and MLTL is that fmLTL allows for unbounded
temporal operators (i.e., temporal operators do
not require an associated temporal interval con-
straint), while MLTL only supports bounded
temporal operators. In fmLTL, the unbounded
temporal operators signify that the temporal in-
terval is over the entire infinite trace 7 starting at
time index i. Therefore, we translate fmLTL’s un-
bounded temporal operators to MLTL bounded P UE ¥ Upan &
temporal operators with an interval constraint YV E ¥ Rpan &
from [0,M] (see Definition [§)) as previously de- Table 1: imLTL and MLTL
fined in [55]. Notably, there is a possibility for ~ Lemporal Operator Equivalents
semantic loss with this translation when fmLTL’s unbounded operators are nested.
For example, consider the fmLTL formula ¢ =F (G %) which will be translated
to o =Foa (Giom ) such that cplen(p)=2M +1. The fmLTL formula states
that ¢ will at some undefined point “stabilize” (i.e., hold indefinitely) along a given
trace, whereas the MLTL formula states that ¢ will hold for at least M consecutive

Xy Fpy
Guo,ur) ¥ | Guvur) ¥
Fupun) ¥ | Frvuy ¢
Y Ujo,u €|¥ Upp,up) §
Y Vio,un §|¥ Rioup) §

Gv¢ | G ¥

Fvy Floa ¢
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time steps within the first M time steps of the trace. The MLTL formula is more
restrictive and therefore accepts fewer traces than the fmLTL formula; in other words,
the translation loses some semantic meaning. Additionally, since the trace length is
restricted to 7| <M +1 (Definition [8) but cplen(p)=2M+1, it’s possible there will
be insufficient information for R2U2 to evaluate if 7,i =¢ within the mission. These
are limitations of translating from unbounded to bounded operators.

The bounded temporal operators of F; and G are equivalent in both fmLTL
and MLTL, but U; and V;/R; are semantically distinct such that in fmLTL the
satisfaction of m,i =1 Upy, i € requires 9 to hold from 4 to the position before £
holds in [i4-1b,i+ub], while in MLTL, ¢ is only required to hold within the interval
[i+1b,i+ub] before & holds. However, these operators are equivalent when (b=0. When
FRET produces formalized fmLTL requirements containing Uy and V7, they only
express [b=0; thus, the translation from FRET’s bounded fmLTL formalizations to
MLTL is direct. Notably, MLTL also discards the next (X)) operator since X =Fy 171
Table [I] lists all the fmLTL and MLTL temporal operator translations.

2.1 MLTL in WEST Format

WEST is an interactive visualization tool designed to aid developers in validating that
their MLTL formula matches the intended system requirement [66]. Similar to R2U2,
WEST also does not consider end-of-trace behavior as it only validates an MLTL
formula ¢ over a finite trace m such that |7|=cplen(y) [22J67]. Therefore, we provide
FRET’s MLTL formalizations in WEST format for further requirement validation in
WEST. Fig. [2] displays the LPC_SWB_TO_WB requirement in WEST format. Notably,
WEST can only reason over atomic propositions and requires all atomic propositions
to be in the format “p(number)”, and when applicable, M will need to be manually
replaced before input into the WEST tool. Fig. |3 exhibits the WEST tool displaying
an example satisfying trace for the LPC_SWB_TO_WB requirement from Fig. [2| with
M set to 5.

Future Time Mission-time LTL A
WEST ~

Format

((Glo,M] (((! po) & (F[1,1] p@)) —> (F[2,2] p1))) & (p@
-> (F[1,1] p1)))

Target: vehicle component.

pO: ((lift_mode = semi_wing_borne) & (kias > 100.0))
p1: (lift_mode = wing_borne)

M: End of Mission-time.

Fig. 2: WEST Format for LPC_SWB_TO_WB
2.2 MLTL in R2U2 Format

When FRET translates FRETISH to a fmLTL or MLTL formula ¢, the formalization
is designed to be evaluated at the beginning of time when the time index ¢ =0
(i.e., designed to only determine the satisfiability of m,0}=¢) [28]. Since R2U2 is a
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[ XN} WEST MLTL Formula Validation Tool
((G[0,4] (((* p0) & (F[1,1] p0)) -> (F[2.2]| | Run Grammar MLTL Formula: (G[0,4] ((p0 & F[1,1] p0) -> F[2,2] p1) & (p0 -> F[1,1] p1))
Optimize Bits. Apply REST trace: 01,10,01,01,10,11,01 Help

Formula: (G[0,4] ((!p0 & F[1,1] p0) -> F[2,2] p1) & (p0 -> F[1,1] p1))
Import trace trace string or path to csv file
Unexpected Formula?

Export trace trace.csv
Please select a subformula to explore: P

(G[0,4] (('p0 & F[1,1]p0) -> F[2,2] p1) & (pO -> F[1,1] p1))

Rand SAT Rand UNSAT
G[0,4] ((*P0 & F[1,1] p0) -> F[2,2] p1)
((tp0 & F{1,1] p0) -> F[2,2] p1) reset | 0 ! 2 34 s 6
(1p0 & F[1,1] p0) [
pl
-> F[1,1]p1
(p0->FiL1]p1) Backbone Analysis
F[2,2] p1
(]

F[1,1] p0 1s,11,1s,1s,1s,58,58

= 1s,11,1s,1s,88,0s,88

1s,11,1s,1s,55,55,51
1s,11,1s,55,05,0s,88
1s,11,1s,88,0s,88,81
1s,11,1s,55,15,51,88
1s,11,1s,55,55,01,88
1s,11,1s,s8,88,51,81

1s,11,5s,05,08,0s,58

Fig. 3: WEST Tool for LPC_SWB_TO_-WB with M =5

stream-based runtime monitoring framework, R2U2 re-evaluates MLTL formulas for
each time index 7; therefore, we need to translate MLTL for stream-based monitoring
with R2U2. There are two translations required: (1) Since R2U2 re-evaluates for each
time index 4, R2U2 creates an implicit Gyo 5z operator on the formula ¢; therefore,
if there is an external Gyy »s operator (i.e., Gyo s @), we simply remove the global
operator (similar to [1], [3], and [I2]). (2) When there is no external Gy 5z operator,
we cannot apply (1) and have to indicate that ¢ must only be evaluated for i=0
by adding an implication, i.e., (i=0)— . Fig. @ demonstrates the LPC_SWB_TO_WB
requirement after this translation in the applicable R2U2 format.

Future Time Mission-time LTL A
R2U2 ~

Format

((((! ((lift_mode == semi_wing_borne) && (kias >

100.0))) && (F[1,1] ((lift_mode == semi_wing_borne) &&
(kias > 100.0)))) —-> (F[2,2] (lift_mode == wing_borne)))
&& (((TAU == 0) && ((lift_mode == semi_wing_borne) &&
(kias > 100.0))) —> (F[1,1] (lift_mode == wing_borne))))

Target: vehicle component.
TAU == 0 : First time point.

Fig. 4: R2U2 Format for LPC_SWB_TO_WB
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3 MLTL Rewrite Rules

R2U2 achieves minimal resource overhead by decomposing MLTL specifications
into subformula nodes represented in an Abstract Syntax Tree (AST). Each node
computes and stores verdict-timestamp tuple(s) Ty, = (v,7) for its subformula ¢,
where v € {true,false} and 7€Ny. A node’s verdict-timestamp tuple(s) are stored in a
shared connection queue (SCQ), where the SCQ is a circular buffer that overwrites
verdict-timestamp tuple(s) in a circular manner. Fig. |5| provides the AST for the
LPC_SWB_TO_WB requirement, where each node has an assigned SCQ. R2U2 reasons
over the AST by evaluating each subformula node from the bottom up and propagating
verdict-timestamp tuples to the parent node(s), computing each verdict according to
the semantics of MLTL (Definition [6) as the input stream progresses [2/41].

Fig. 5: AST for LPC_SWB_TO_WB where
p0:= (lift_mode==semi_wing_borne) A (kias >100.0) and
pl:=(lift_-mode==wing_borne)

These SCQs are minimally sized to ensure information is never overwritten before
its parent node in the tree consumes it. The propagation delay of an MLTL formula
determines when a verdict-timestamp tuple is safe to overwrite, which represents the
time delay between when a set of propositions (%) arrives and when the satisfaction
of 7,i = ¢ can be computed (Definition [9] below). The minimum size for an AST
node ¢’s SCQ is determined by the worst-case propagation delay of its sibling nodes
and its own best-case propagation delay; in the worst case, a node ¢ must store
verdict-timestamp tuple(s) in its SCQ until all of ¢’s siblings have the same timestamp
for these tuples to be consumed by their parent node. Therefore, the size of node
¢’s SCQ corresponds to the maximum timestamp mismatch between node ¢ and
¢’s siblings (Definition [10] below). Consequently, the number of operators in the
formula determines the number of SCQs and the interval size of temporal operators
determines the size of each node’s SCQ. Thus, the number of operators and interval
lengths directly impact memory requirements. Similarly, the number of operators
directly impacts latency requirements, i.e., the more operators to evaluate, the greater
the latency required to evaluate the entire specification [2].
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Definition 9 (MLTL Propagation Delay Semantics [41]). Let ¢ and & be
subformulas of an MLTL formula ¢. The worst-case propagation delay (p.wpd) and
the best-case propagation delay (p.bpd) are recursively defined as follows:

p.wpd=0
p.bpd=0

p.wpd=1v.wpd

oIfgoGAP:{ o.bpd 1. bpd

o If p=—): {
p.wpd=maz(Y.wpd, £ wpd)

o fo=t Vv or o=t A& {%bpd:mm(w.bpd, £.bpd)

p.wpd=1.wpd+ub

o If o= Guo,unty or o= Fppur)¥: {so bpd =1).bpd+1b

p.wpd=max(.wpd, &.wpd)+ub
* Go=9 Uy & or 9=¥ Bupuy & {(p.bpd:mm(i/;.bpd, € bpd)+1b
Definition 10 (SCQ Memory Size [4168]). Let S, be the set of all of ¢’s sibling
nodes, then the size of p’s SCQ is the difference between the mazimum worst-case
propagation delay in S, and ¢’s best-case propagation delay, or zero, whichever is
greater (plus one):
SCQsize () =maz(max{s.wpd | s€S,}—.bpd, 0)+1

After manually inspecting the MLTL formalizations derived from the 288 possible
template keys, we compose a set of 157 rewrite rules to decrease the memory
requirements and latency for each formula by lowering the number of operators and
size of temporal intervals in a given MLTL formula. The rules include: (1) Boolean
operator simplifications, (2) next operator simplifications, (8) temporal operator and
interval simplifications, and (4) reducing redundant conditions based on when in/not
in scope. Some of the rewrite rules are variants of previously-explored parametric
rules [36]. For example, the rewrite rule Fp 1) (Flou) ©) = Fliupg) v in Tablebelow
is an instantiation of rule R1 from [36] F[lbl,ubl](F[lbg,ubz] SD) HF[lb1+lb2,ub1+ub2] ©.
However, many of the 157 rewrite rules are entirely novel (e.g., all those in Tables
and @ The rewrites can therefore be viewed as a major FRET-specific extension to
those in [36]. Furthermore, all rewrites are directly implemented into FRET, where
FRET applies these rewrites by performing a single bottom-up traversal of the AST
for the given MLTL formula, searches for any pattern matches in any of the rewrites,
and then applies a rewrite if it finds one. Investigating more complete approaches
(i.e., addressing confluence [20]) is left to future work.

These rewrite rules also require some way to reason about intervals with symbolic
values (i.e., not just concrete values like [0,5], [1,1], etc.). Therefore, we introduce
the notion of a symbolic MLTL formula (Definition [11| below). Example symbolic
MLTL formulas include G, ip43) ¥ and ¥ Ujg ) &, where Ib,ub€ Var are symbolic
values. We can obtain a concrete MLTL formula from a symbolic one by assigning a
concrete value to each variable in Var, keeping in mind that for each interval [Z;,75)
it must hold that Z; <Z, and Z; >0.

Definition 11 (Symbolic MLTL Formulas). Let Var be a set of symbolic interval
variable names. A symbolic MLTL formula is defined the same as an MLTL formula
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(Definition[4) except that an interval I =T, I,] is defined using symbolic arithmetic
€TPTessions:
I:=n | v | 711 |Il+I2 |IlfI2

where n€Ny, veVar, and Z, I, and Iy are symbolic arithmetic expressions.

Boolean Rewrite Rules. FRET already provides a set of Boolean rewrite rules
that are applied to the fmLTL formalizations. After manually reviewing all of
FRET’s MLTL formalizations derived from the 288 possible template keys, we
identified an additional 15 Boolean rewrite rules that further decrease the number of
operators in these formalizations. Table [2| provides the additional Boolean rewrite
rules. Additionally, the number of times each rewrite rule is applied over all 288
template keys is also included to indicate the prevalence of each rewrite rule.

Table 2: Boolean Operator Rewrite Rules

Original | Rewrite |# Times Applied
p—true true 18
p— false - 8
~p1 Vg2 P12 32
—p1 V. (p1 A p2) P12 103
(1= 2) V o 012 12
01— (2= p3) (1 A p2) =3 111
(1 A p2) = (w2 A 3) V a) (1 A w2) = (w3 V pa) 3
(1 A p3) = ((p1 A @2) V p4) (1 A p3) = (p2 V pa) 3
(1 A (P2 A p3)) = (pa A p3) (1 A (92 A p3)) =04 96
(1 A (w2 A 03)) = (w3 A pa) V o5)|(e1 A (w2 A 3)) = (pa V 5) 6
01— (1 A p2) V p3) 01— (w2 V @3) 3
1= (02 A (3= (1 A pa) V 95))) [p1—= (2 A (93— (pa V ¢5))) 3
(1 A (P2 V g3)) V 3 (1 A p2) V 3 20
w1 A (01 A o) p1 A 92 3
1V (p2 A —p1) P11V o2 32

Next Operator Rewrite Rules. In MLTL, when there is an external next operator
(ie., Fpy 1)) applied to a temporal operator, it’s applicable to simply slide the temporal
interval constraint by +1, e.g., Fpy 11(¢ Uppup) §) =% Uppg1,ubt1] € Notably, this
rewrite rule cannot be applied to fmLTL, i.e., X(¢ Uppup &) Z ¥ Uppg1,upt1] &
Therefore, we identified 14 additional rewrite rules that apply this behavior as shown
in Table [

It is important to note that the first two rewrites in Table [3| actually increase the
number of operators; however, both 1 and ¢- are assumed to be subformulas that in-
clude temporal operators themselves, which would then efficiently apply the subsequent
rewrite rules. To the same extent, we apply an additional 12 rewrite rules that utilize
distributive law to move F[; 1} as an external operator if the internal subformula is tem-
poral as shown in Table@ For example, (F(1 17 1) Ujg ) (Fp11y 02) A (Fpiay 93)) =
Fp1 (o1 U (w2 A @s3))), which then allows the straightforward application
of the rewrite rule Fpy 1j(w1 U ¢2) = @1 Up g @2 from Table 3 to produce
©1 Up,ag (02 A @s3) as the final MLTL formula.

Temporal Operator and Interval Rewrite Rules. We also examined the other
temporal operators (i.e., Gy, Fr, Uy, and Ry) and composed an additional 10 rewrite
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Table 3: Next Operator Rewrite Rules
Original [ Rewrite [# Times Applied
Fuyler Vw2) [(Fuy 1) V (Fu e2) 65
Fruler A w2) [(Fry 1) A (Fag e2) 79
FrFp ») Fpoo ¢ 28
Fp1 1 (Fo,n ©) Fiia @ 12
Friy (F[o,ubﬂ] ©) Fliug ¢ 46
F[l,l] (F[O,ub] <P) F[1,ub+1] 4 24
Fi1 1) (Frus,uy) ©) Flubt1,ub+1] @ 10
Fri,1(Fr,u @) Fouiy ¢ 12
F1,1)(Gjo,m) #) G @ 92
F1,1)(Gpo.u ) G1uvt1 # 31
Fi11(Glub,ub) @) Glub1,ubt1] @ 3
Fp1141(p1 Upo,n 92) w1 Up g o2 55
Fi11(01 Rpo,a 2) ©1 Ry p2 134
Fp11(01 Rpo,up) ©2) 01 Rt upt1] @2 22
Table 4: Next Operator Rewrite Rules via Distributive Law
Original ‘ Rewrite ‘# Times Applied
Gio,m) (Fpiy ) F1,1(Gjo,m) 9) 33
Fupup) (Fi,y ©) Fp1 g (Fus,uy @) 36
(F[l,l] 901) U[O,M] F[1,1] (901 U[O,M] 1
(Fpy ¢2) A (Fy ¢s)) (p2 A ¢3))
(F[l,l] 901) U[O,M] F[l 1] (901 Uo ,M) 2
(Fpy @2) A (Fr,anes)) (2 A (Flo.n) #3)))
(F[l,l]SDI) U[O,M] F[l 1] (901 Uo M] 1
(Fay 2) A (Flo9 #3)) (g2 A (F| )))
(F[l,l] 501) U[O,M] F[l 1] (901 Uo M) 1
(Fray ¢2) A (Fiubi) ©3)) (p2 A (Flo,up) @3)))
(Fr,1 1) Upo,um Fpi (901 Ulo, M 13
((Fry w2) A (G ws) (w2 A (Gpo,m ¥3)))
(Fr,1 1) Upo,n Fi111(¢1 Upo,ug 1
(F p2) A (Gpuvtn) ¢3)) (p2 A (Gpo,u) ¥3)))
(Fiy s01) Upo,nr (Fr,1 @2) A Fu(er UOM (p2 A 1
(Gpu,my p3) A (Fpag <P4))) ((G[, ) A ¢4)))
(F[1 1 ©1)Uo,m Fiiy (901 Uo,M 1
((F[l, 1] ¥ ) (3 R1 M] 1)) (p2 A (903 R[O,]\/I] <P4)))
(Fpu,15 1) Upo,um ((F[l 1] ©2) A F11(p1 Upo,an(p2 A 1
(Fru) v3) V (G[ub+1ub+1 o)) (Floub) ©3) V (Gub,ub) 1))
(Fr,y ©1)Upo,n) (Fpuyg @2) A F1,1(e1 Upo,an(p2 A 1
(3 R1 M] 904) V G, ¢5)) (93 Rio,n) 04) V Goag 95)))
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rules that reduced the number of operators (Table [5) and 5 rewrite rules that reduced
the temporal interval constraint of these temporal operators (Table @ In Table
the first two rules do not reduce the number of operators, but, similar to the first
two rewrite rules in Table [3| allow subsequent rewrite rules to be more easily applied
by transforming to negation normal form.

Table 5: Temporal Operator Rewrite Rules

Original Rewrite irrgfé ZS
~(Flo,ar] ©) Gio,m — 8
(1 Upg,ag ©2) -1 Rio,my (—02) 210
(=1 Ulo,an 1)V (Gio,a—01) true 6
((p1 A 92) V w3) Rpoua] 1 (¢2 V w3) Ry 1 64
(ﬁl))vvw(Q;Qng[ﬁ\L](ZZ)v (o1 V @2)Rio,m1(03 V 1) 20
(o v SOF;QRIQ[ﬁQﬂ ii:;)/\ o))V (p1 V @2) Rioag) (s A pa)| 12
(Gro,m (ko1 A (Fray 1)) —
(Fr,y —e1) Ry 92))) A Gio,ar (1 ¢2) 13
(1 = (Fry ~p1) Rpo,m p2))
(Gpoan (01 A (Fray —e1))—
((F[l,l] 301) R[l,]w] 802)))) A G[o,]w] (ﬁ<p1 —><p2) 27
(=1 = ((F1,1) 1) Rpo,m1 #2))
(Gro,m (k1 A (Fag 901))H (G ((p1—=2) A
((Fu,0 —e1) Ruang 2) A Fuag es) Al ((ker A (B o1)— 12
(1= ((Fra ~e1) R w2) A ws)) | (Fuy ¢s) A (<P1 —3)
(Gpoag (1 A (Fu,1y —p1))— (G[O,M] (=1 —=2) A
(Fray ¢1) Ry w2) A (Frapes)))) A ((p1 A (Fua) 1) — 24
(1= ((Fp,y ¢1) Rpo,m <P2) ©3)) | (Fra 93))) A (mp1—¢s3)
Table 6: Temporal Interval Rewrite Rules
Original Rewrite i;)lhn; ZS
(Gpu ©) V (Goag @) Gp,up) © 32
(Go,up) 1) V (p2 Ripo,m) 1) ©2 Rio,up) 1 64
(Gpoup) =0) A (Fouwssy) ) | (Gour] =9) A (Flubtiuvt] ) 8
(Frou) ©) V (Gpouvty 79) | Frou] @) V (Glust1,ub+1) @) 3
(02 Rpo,up) ~1) A (w2 Rio.up) 1) A 20
(Fo,ub+1) 1) V(Fpo.un) ©2)) [(Fuvt1,ubt1) ©1) V (Floup) 92))

When in/not in scope Rewrite Rules. Within the FRETISH semantics, many
of the scope field options will require the formalization to watch for a rising or
falling edge of being in a mode (i.e., =mode A Fy 1) mode and mode A Fpy 1) —~mode,
respectively). Consider a formalization such as mode — (¢ V Fou (mode A
(F[1,1) —mode))). The right-hand side of the implication is only considered when the
system is in mode at time i+0, and the system will continue to be in mode up to and
including when Fj; 1; =mode holds for the first time since i+-0. Thus, this formalization
can be rewritten as mode— (¢ V Fjo s (Fp1y~mode)). Taking advantage of this
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behavior, we composed 101 rewrite rules that reduce these redundant conditions
based on when in/not in scope (available in Appendix |A)).

3.1 Resource Overhead Analysis

These 157 rewrite rules resulted in an average reduction of 15 operators, or 36.05% less
operators, over all 288 possible template keys; hence, reducing the resource overhead
to monitor FRET’s MLTL formalizations. Fig. [f] demonstrates the distribution of the
percentage decrease of operators across all 288 templates. The reduction in resource
overhead can be directly observed in Fig. [7] where the memory requirements to
monitor each of FRET’s 288 template keys within R2U2 are plotted. The memory
requirements plotted are the memory requirements in kilobytes to store the AST in
R2U2’s Rust realization, given the SCQ sizing in Definition Overall, a decrease in
the number of operators and, thus, a decrease in memory requirements are observed
for all 288 possible template keys.

80

ot D ~I
[an) [an) [en}
s s s

Number of Template Keys
e

X X X X ¥ X X X X X X X X X X X X X X =
i o n ) el =3 n (=3 n (=3 n =3 n o 0 =3 n o ie o
s = S5 e Qo0 FOo§ OB o 3 S KE K o b & & S
e Y T V- S SN Y- S S R < S - S = SR Y- S < S B S S STy
e - BT B T B -1 S S FE K % B &

% of Operators Removed

Fig. 6: Percentage of Operators Removed: The x-axis represents the percentage of
operators removed from the original template key after applying the 157 rewrite rules.
The y-axis represents the number of template keys with that percentage of operators
removed.

3.2 Correctness of Rewrite Rules

To prove that each of the rewrites is correct, we present a new SMT-based proof
technique for showing the equivalence of MLTL formulas with symbolic intervals
(Definition . Given two MLTL formulas ¢ and 1, a rewrite rule @1 is defined
as correct if ¢ =1). Definition [f] defines equivalence such that ¢ =1 if and only if
(7,0 = ) <> (7,0 =19p) for all finite traces w. However, the rewrite rules target a
monitoring context where we always assume an extension to the trace m up to a
maximum length of M +1. We therefore modify the notion of equivalence so that
p=1 if and only if (7,0 =) <> (7,0=1) for all finite traces m where |r|=M+1 if
M 1is present in either ¢ or v, or |r|=max(cplen(yp), cplen(v))) otherwise.
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FRET’s 288 Template Keys

Fig. 7: Memory in Kilobytes Removed: The x-axis represents FRET’s 288 template
keys in increasing order of memory size. The y-axis demonstrates the memory required
for monitoring a single template key in R2U2 before (blue) and after (red) rewrites
were applied with increasing values of M (i.e., M =100, M =1000, and M =10000),
assuming that all scope, , and response fields are over Boolean variables
(i.e., not Boolean expressions which would require extra varied memory from R2U2’s
Booleanizer module [35]) and N =20 for any applicable timing fields.

One way to prove equivalence is via MLTL satisfiability checking, an NEXPTIME-
complete problem [43]. For an MLTL formula ¢, satisfiability checking is the problem
of computing whether 3r.(m,0 = ¢). If there does not exist a trace m that satisfies ¢
and does not satisfy ¢ (or vice-versa), then we can conclude ¢ =1).

Lemma 1 (MLTL Equivalence Checking via Satisfiability [38]). Given two
MLTL formulas ¢ and v, the formula —(p <) is unsatisfiable if and only if p=1).

Proof. If =(p<>1)) is satisfiable, then there exists a trace 7 such that 7,0 = and
m,0E 1 (or vice-versa). Conversely, if =(p 4> 1) is unsatisfiable, then no such trace
exists, implying that the two formulas agree on every trace. ad

Existing techniques for MLTL satisfiability checking include reductions to LTL
and LTLf model checking [43], Boolean satisfiability [31], and SMT, specifically
UFLIA [43] and QF BV [37] encodings. Any of these techniques can prove that two
MLTL formulas are equivalent; however, we are interested in proving that two symbolic
MLTL formulas are equivalent (i.e., are equivalent for all valid assignments to the
interval variables). The UFLIA encoding admits quantifiers, uninterpreted functions,
and (crucially) linear integer arithmetic [7]; therefore, we extend this encoding to
check if a symbolic MLTL formula ¢ is satisfiable. Let Intvi(y) be the set of all
temporal intervals I that appear in ¢, then our extension is as follows:

— For each pe AP, declare an uninterpreted function f,:No— Bool, representing
whether p holds at a given index of a trace.

— For each v€Var, declare an uninterpreted constant ¢, € Ny.

— For each interval I=[Z;,T,] € Intvl(p), assert that Z; <7, and Z; >0.
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— Recursively define the function SAT (i, 4, len) for an MLTL formula ¢, time
index ¢, and length of the trace len, where i, len €Ny, as follows:
o SAT(true, i, len)=true
SAT (false, i, len) =false
SAT (p, i, len) = f,(i)
SAT(—\w, i len)—ﬂSAT(w, i, len)
SAT (o A 1, i, len)=SAT (i, i, len) A SAT(%, i, len)
SAT(p V %, i, len)=SAT (¢, i, len) V SAT (¢, i, len)
SAT(Fiz, 1,) ¥, i, len)=(len>i+1y) A 3j.(T1 <j<I) N SAT(¢, j, len—j)
SAT(Gz, z,] ¥, i, len) = (len<i+Zy) V Vj.(Iy <j <To) = SAT (¥, j, len—j)
SAT (¢ Uiz, 1,) ¥, i, len)=(len>i+11) A 3j.(T1 <j<Ty) A SAT(¢, j, len—

J) A V(T <k<])—>$/—\T( , k, len—Fk)
o SAT(¢ Riz, 7, ¥, i, len)=(len<i+Ty) V Vj.(T1y < j <T) = SAT (¥, j, len—
J)V Fk(Ti<k<j) A SAT(y, k, len—k)

Theorem 1. Let ¢ and v be two symbolic MLTL formulas with symbolic interval
variables over Var. If M appears in @ or v, then let L = M + 1, otherwise let
L=mazx(cplen(p), cplen(v))). Then ¢=1 for all valid assignments to the variables
in Var if and only if SAT(—(p <), 0, L) is unsatisfiable.

Proof. The SAT encoding is the same as in Section 4.3 of [43] except that symbolic
intervals are in place of concrete ones. The encoding also checks for a valid assignment
to each variable in Var (ie., that cause Z; <7y and Z; > 0 for each interval in
Intvl(p)UIntvl(y))). We can therefore extend Theorem 6 of [43] to state that given
a symbolic MLTL formula £, there exists a valid assignment to the variables in Var
that make ¢ satisfiable iff 3len.SAT(E, 0, len) is satisfiable. Conversely, there is no
assignment to the variables in Var that make £ satisfiable iff 3len.SAT(E, 0, len) is
unsatisfiable.

If we let £ = —(p > ¢), then by Lemma |1} ¢ =« iff there is no assignment
to the variables in Var that make —(¢ <+ 1) satisfiable iff 3en.SAT(,0,len) is
unsatisfiable. Since the re-definition of = only considers traces of length L, then =1
iff SAT(=(p 1), 0, L) is unsatisfiable. O

We implemented our new encoding into R2U2’s formula compiler, the Config-
uration Compiler for Property Organization (C2PO) [35], which takes as input a
pair of MLTL formulas ¢ and v and outputs an SMTLIB2 file corresponding to
SAT(—(p+ 1), 0, L). E|We then verify the satisfiability of the SMTLIB?2 file using
CVC5 [6], which we employ because it specifically supports a parallel portfolio mode.
CVC5 proves 152 of the 157 rewrite rules equivalent in under 5 seconds each using
24 parallel processes, meaning this fully-automated approach proved ~96.8% of the
rewrites correct without any manual intervention.

The other five rewrite rule proofs timed out after an hour and all feature some
form of V/3 quantifier alternation in their SAT encoding, which we suspect is the
reason for CVC5 failing to prove them under the timeout. Four of these are the
final four rules in Table [5| These are the only rules that have nested mission-time

S \https: // github.com/ R2U2/ r2u2/ tree/ fret-rewrites/ compiler/ scripts/ fret
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bounded temporal intervals (i.e., a Ry operator nested in a Gig ), which
has each quantifier range over values from 0 to M. The final unproven rule is
(21 V w2) A w3) Rioar 1 (92 V 93) Rio,a) 1, which also includes quantifier
alternation, but it is unclear exactly why CVC5 struggles to prove it.

4 FRET-R2U2 Integration

The complete workflow of going from FRET to R2U2 monitors is shown in Fig. 8]
From FRETIsH and FRET’s fmLTL formalizations, MLTL formalizations (Section
above) and important variable data (Section below) are employed to produce the
correct export files required to configure R2U2 monitors (Section .

FRET

- FRETsh | | - _____
d

FRET Export \|

C2PO
Specification

/1 CSV Trace Header
! or Map File

Target System

Input Data
Stream
R2U2

Configuration

Output
Verdicts

C2PO

iy |

NEEEEEvE

c
» Variables Data

Fig. 8: FRET to R2U2 Workflow: The gray boxes indicate the FRET pipeline, the
blue boxes indicate the process required to configure R2U2, the red boxes indicate the
pieces required to execute R2U2, and dashed lines indicate the newly added features
in the workflow.

4.1 Variables Data Mapping

To configure R2U2 monitors from
FRET, users must indicate necessary in-
formation about the variables included

Update Variable

FRET Projec FRET Component

in their FRETISH requirements such as | *° veniete

the variable type (i.e., input, output, or S

internal), the data type (i.e., boolean, —

integer, or double), and the internal | (""" o )

variable assignment (when applicable).
Internal variables are expressions over
other input/output variables, and an in-
tegrated parser will indicate whether the
internal variable assignment follows the
correct syntax as shown in Fig. [§] With
R2U2 selected as the export language,
a green check will mark each properly
mapped variable as complete and the ex-
port button will only be enabled once all
variables have been marked as complete,
as displayed in Fig.

4.2 FRET Export

Data Type*
integer -

rate’, '(, ‘min, ‘max’, prev’, ‘", 'F, 'H, ‘0’, NUMERAL, DECIMAL, SYMBOL

[J Lustre [] CoPilot §4 R2U2 SMV
De

3

CANCEL

Fig. 9: FRET Update Variable Dialog Box

C2PO provides a structured specification language with separate sections for defining
inputs (i.e., INPUT), variables (i.e., DEFINE), and MLTL formulas (i.e., FTSPEC)
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Requirement Variables to Model Mapping: LPC
Export Language *
R2U2 - [
vehicle -
Corresponding Model Component - -
FRET Variable Name - Model Variable Name Variable Type Data Type Complete Description
cr Output boolean @
dr Output boolean @
fes Output boolean @
hover_contrel_mode Output boolean @
kags Output double @
kias Qutput double @
lift_mode Qutput integer @
rearprop Output boolean @
semi_thrust_borne Internal integer @ 1
semi_wing_borne Internal integer @ 2
thrust_borne Internal integer @ 0
wind_speed Input double @
wing_borne Internal integer @ 3

Fig. 10: FRET Variable Mapping Window

[35]. FRET generates a C2PO specification where the INPUT section includes the
input/output variables mapped in Section the DEFINE section includes the
internal variables assigned in Section [£.1] and the FTSPEC section includes the MLTL
formalizations in R2U2 format from Section The C2PO specification for the
LPC_SWB_TO_WB requirement is shown in Fig. Additionally, for each MLTL
formula that includes M in the temporal interval constraint of a temporal operator,
a comment will appear before the formula in the C2PO specification that alerts the
user of two things: (1) a large M value can result in high memory usage (refer to Fig.
[7] to observe the effect of a large M) and (2) M must be manually specified. (Refer
to Appendix [B| for an example of this comment.)

When R2U2 executes, the input data stream is consumed by R2U2 as a vector at
each execution step. FRET generates an example CSV trace header (Fig. and
map file (Fig. that indicate the mapping of this input data stream vector to
CQPOE After FRET exports these files, C2PO can encode the C2PO specification
and an input vector mapping (i.e., provided by the CSV trace header or map file) into
a R2U2 configuration binary. The R2U2 configuration binary will configure either

" Full FRET export for the Lift Plus Cruise case study [53154] is available in Appendix
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R2U2’s C or Rust realization to produce the corresponding output verdicts for the
defined MLTL formulas.

1| -- C2P0 Specification Valid with C2P0/R2U2 v4.0 or greater

2| INPUT

3 kias: float;

4 lift_mode: int;

5| DEFINE

6 semi_wing_borne := 2;

7 wing_borne := 3;

8| FTSPEC

9 LPC_SWB_TO_WB: ((((! ((lift_mode == semi_wing_borne) && (kias >
100.0))) && (F[1,1] ((lift_mode == semi_wing_borne) && (kias >
100.0)))) -> (F[2,2] (lift_mode == wing_bormne))) && (((TAU == 0)
&& ((lift_mode == semi_wing_borne) && (kias > 100.0))) -> (F
[1,1] (lift_mode == wing_bormne))));

Fig. 11: C2PO Specification Exported by FRET

kias:0
2| 1ift_mode:1

\‘ # kias, 1ift_mode

Fig. 12: Example CSV Trace Header Fig. 13: Example Map File Exported by
Exported by FRET. FRET.

5 Conclusion

We extended FRET to provide a translation from FRETISH natural language require-
ments to MLTL in both WEST and R2U2 format, minimized the resource overhead
of these MLTL formalizations with SMT-proved rewrite rules, and provided an ex-
port that configures R2U2 runtime monitors for deployment on resource-constrained
systems. In the future, we plan to extend FRET to provide formalizations in ptMLTL
and, with FRET’s recent support of probabilistic FRETISH requirements [49], predic-
tive MLTL (PMLTL) [3] to configure R2U2 monitors over past-time and probabilistic
properties, respectively. We also seek to improve the rewriting of MLTL formula
further by applying techniques such as equality saturation [63].
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From Natural Language Requirements to Runtime Monitors
A Additional Rewrite Rules
Table 7: Rewrite Rules to Reduce When In/Not in scope (Part I)
Original Rewrite #A&I;I;lnula ZS
1= (2 VFpub—1 (21 A(F,791)) | 1= (02 VFub—1)(F1,1-¢1)) 1
1 = (P2 VF 0wy (01 A(F191))) | ~01 = (02 VFous—1)(F1,01)) 2
(p1Ap3)— (1 Ap3)— 9
(02VFub—11 (01 A(F,117¢01))) (p2VF(g.up—1](Fp1,17¢1))
(—p1Ap3) — (=1 A\ p3) — 4
(p2VFo,ub—1) (1 A(F11)01))) (P2 VF(0,ub-1)(F1.11))
1 — p1— 1
((p2V (Fro,up—1) o1 AF1,13901)))Vees) | ((p2V (Fio.ub—1)(F1,1191))) Vees)
(mp1Aps) — (mp1 Aps) — 9
((p2V (Fro,up—1) 01 AF1,1901)))Vepa) | ((2V (Fio,ub—1](F1,1101))) Vepa)
w1 — ©1— 1
(paN (@2 VF0,up-1) (01 A(F1—91))) | (paA(p2VFi0 w1 (Fa—er)))
(1Ap3) = (P1/\pa) — 5
(Pan(p2VFEp w1 (01 AFp1—¢1)) | (paA(p2VF0ub—1)(Fa—¢1)))
—p1—> Y1 —> 1
(a2 VFEub—1] (o1 A(F1,1191)))) | (aA(p2VFoub—1)(Fi1¢1)))
(mp1Aps) — (=1 Aps) — 9
(paA (2 VEoub—1] (o1 A(F1,1191)))) | (paA(p2VFoub—1)(Fi1y¢1)))
1= (p2V(Gio,n (1 A(F,1y01))) |71 — (02 V(Gpoan (Fuy—wr)))| 33
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Table 8: Rewrite Rules to Reduce When In/Not in scope (Part II)

Original Rewrite i;ﬁ; ZS
(o1 A(Fp1,171)) — (o1 A(Fp1—e1)) =
(F(p2— Fr(p2— 2
(3V (Fou—1 (1 AFpaye1)))) (w3V (Frou—1)(Frue1)))))
(=1 A(Fp 1)) — (=1 A (Fi1p1)) =
(Fr,(p2— (Fry(p2— 1
3V (Fpo,ub—1 (1 A(F,17%1)))))) (3V (Fio,ub—1)(F1,1791)))))
(o1 A(Fp1,171)) = (o1 A(Fp1—e1)) =
(F,(p2— (Fra(p2— 1
(paN @3V (Froub—1 (1 AFL191))))| (e @3V (Fou—1(Fu191))))))
(o1 A(F 1)) — (1 A(F 1)) —
(1:‘[1,1](902—> (F[1,1](<P2—> 1
(s (@3V (Foup—11 (1 AFL11701)))))) | (02A (03 V (Fro,up—1)(Fi1,17¢1))))))
(1 A(Fp,—e1)) — (o1 A(Fp1—1)) =
(Fr,(p3— (Fr(p3— 1
(o5 V (Fio,ub—1) (01 AFp,101))) V)| (5 V (Flo,ub—1)(F,1101))) Ve2)))
(o1 A(Fp117ep1)) — (1 A(Fp—ep1)) — 9
(2 VE[,ub) (—1 A (Fi1,11))) (P2 VF 10y (Fp1,191))
(1 A (3 A (paA(F 1)) — (o1 A(3 A (@aAN(F1 1)) — 9
(5 V (Fup) (01 AR 11))) (5 V (Fr1up)(Faer))
(o1 A(F, 1)) = (o1 A(Fp,191)) — 1
(02 VF 10 (01 A(Fp111-91))) (2 VF 108 (Fpi,1—¢1))
(1A (3N (PaA(Fp111)))) — (o1 A (@3N (@aN(F1¢1)))) = 1
(s V (Frup (01 AFpyy—1)))) (5 V (F1,up)(Fa—e1)))
(1 A(Fp117ep1)) — (1 A(F 1)) — 1
(Pa N (2 V1 ) (01 A(F 1 y¢01)))) (aN(@2VF ) (Fi1,1y01)))
(1 A (3 A (paA(F 1)) — (o1 A (@3 A (@aN(F,17¢1)))) = 1
(2 A (05 V (Fru) (01 A(Fpa91))))) (02N (@5 V (Fi1,up (Fr,1501))))
(o1 A(F, 1)) — (=1 A(Fp,191)) — 1
(s A (P2 VF [ u) (1 A(F 1)) (0a N (w2 V1 ) (F1,1701)))
(1 A (3 A (PaA(Fp11¢1)))) — (1 A (@3N (aN(F i1 11)))) — 1
(2 A (5 V (Frun (01 AFp—91)) | (A (s V(Fpu (F,n—e1))))
(o1 A(Fp1,1—1)) — (o1 A(Fp1—1)) — 1
((p2V(Fu) (o1 AF 1)) Ves) ((p2V (Fp,un) (F,ue1))) Vees)
(1 A(p3 A (pa A (Fp117ep1)))) — (=1 A(@3 A (paA(Fpi—e1)))) — 1
(s V (F,ub) (01 AF,1)01)))) Vep2) (o5 V (F,un) (Fp,191))) Vepr)
p1—> p1—
(=(r A(Fp1,17401))) Ulo, ) p2) (Fp,1%1)Ujo,n2) ?
(p1/Ap3)— (p1/Ap3)— 9
(=(pr AF 1 —91))Upo, my02) (Fp,9e1)Upp,mp2)
% 4 %
(1 AFae0)) Uoanyo2) (Flae)Upp.ar2) !
(=1 Ap3) — (=1 A p3) — 4
(=(=1 A(F1,1191)))Upo, my02) ((Fr,~%1)Ujo,an02)
(o1 A(Fp,17ep1)) = (o1 A(F 1)) — 4
(=1 AF,191) U ub2) ((F,—%1)Upupp2)
(P2 A (3 A (F,101))) — (P2 A (3 AN(F 1)) = 8

((_‘(_‘901 A (F[l,l] ®1 )))U[l,ub] ©Ya)

(Fre,1791)Upue)p4)




(P2 (3= (o1 A(F1y01))Rpo,an104)))

(P2 (3= (F,91)Ryo,a1)04)))

From Natural Language Requirements to Runtime Monitors
Table 9: Rewrite Rules to Reduce When In/Not in scope (Part III)
Original Rewrite #AI;ISIIIula ZS
(o1 A(F 1)) — (o1 AFpaen)) — 9
(1 AF(1,11701))) U ur] 02) (Fr9e1)Upuye2)
(L2 (@3N (F1,1501))) = (2N (s (Fri 1)) — 4
(=1 A(F1,1741)))Upn b p4) (Fr.1901)Upupea)
w1 —> w1 —
(P2 (p3— (P2 (p3— 2
(=(p1 A(F1791))) Ugo,an)04))) ((Fu91)Ujo,aa)))
—p1—> 2 d
(P2 (p3— (p2A(p3— 4
(o1 AFR,191)) Ul an4))) (F,~%1)Ujo,np4)))
(er A(Fp117ep1)) — (1 AN (Fp—ep1)) —
(P2 A(Fp,1) (03— (2 A(F 1,1y (p3— 4
(=1 A(Fp191)))Upo,a)#4)))) (Fp,~¢1)Up,a4))))
(=1 A (Fap1)) = (~or1 A(Fp 1)) =
(o2 AN(F 17 (p3 = (P2 A (Fp,y(p3— 2
((=(pr A(Fp ~1)))U [0,0]%4)))) ((F,u91)Ujo,a4))))
—p1—> (((_‘(“Pl ANFp, 1]901)))U[ 0,M] =1 = ((F,1-%1)Upo,a 33
(=1 A (F,1501)) Aps)) Vep2) (F,11)Ap3))Vep2)
o1 P12 13
(L1 A(F1~01)) Ry, a1 2) ((F,1—1)Rio, a1 2)
(¢ 1/\<P3) (p1Aps)— 3
(1 A(F1,11791))Rpo, m102) (Fp,~¢1)Rpo,m02)
e e 27
((—'tp1/\(F[1,1]<P1))R[0,1v1] 802) ((F[1,1]S01)R[0,M] 902)
(mp1Aps) — (mp1 As) — 6
((—‘tp1A(F[1,1]<P1))R[0,M] 802) ((F[1,1]S01)R[0,M] 502)
L P 12
(1 A(Fp,1701))Ryo,a3) Apa) (Fr,—91)Rio,m13) Apa)
TP G 24
(=1 A(F1101))Ryo,a0)03) Apa) (Fre1)Rio,nm)93) Apa)
w1 — w1 — 9
((p2V (1 A(Fp,1~¢1))) Rpo,m13) ((p2V (Fp,1~¢1))Rpo,m¢3)
(p1Ap3)— (1 Aps) — 4
((p2V (1 A(F1,1701)) ) Ryo, 1 04) ((w2V (Fr,—@1))Rpo,m14)
QY1 —> —p1— 3
((p2V (=1 A(F,191)) )Ry, m103) ((p2V (Fay01))Rio,m03)
(—p1Ap3) = (mp1Ap3) = 6
((p2V (1 A(F1,11)) ) Rpo, 011 04) ((p2V(F,191))Rio,m4)
QY1 —> —p1— 1
((p2 = (1 A(F1,101)) ) Rpo,my3) (2= (F,111) ) Ryo, m163)
(—p1Aps) — (mp1 Aps) — 9
(o2 = (=1 A(F1,1301)))Rio, 1) 04) ((p2 = (F117901))Rio, 1) p4)
p1— p1— 3
(P2 (3 = (L1 AF,11791)) Rjo,an94))) [ (02 A (s = (B —e1) Rpo,m104)))
Q1 — —p1— 6
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Table 10: Rewrite Rules to Reduce When In/Not in scope (Part IV)
.. . # Times
Original Rewrite Applied
(1 A(F1,1¢1)) — (1 A(F,y—g1)) =
(P2 A (Fpi1y(ps— (P2 A (Fpa 1 (s — 6
(1 A(F1391))Rio,a1)94)))) (Fr,y91)Rio,a194))))
(=1 A (Fi1y1)) = (1 A(F 1)) —
(2N (Fp1 1y (p3— (P2 A(Fpa, 1 (03— 3
(L1 A(F1,791))Ryo,m14)))) (Fr—e1)Rp,mp4))))
01— ((F1,171)Rio, m1 01— ((F1,1701)Rio, M1
(2 A (P3N (1 A(Fp,1701))))) = (2N (3 A (Fp 1)) = 12
©4)) \ps5) ©1)) \ps)
=01 = ((F1,191)Rio, =1 = ((F1,191)Rio, 1)
(P2 A (s A (= (o1 A(F 1)) — ((<P2/\(s03/\(F[1 1p1))) — 24
©4)) \ps) s04))A<p5)
p1— p1— 1
(2 V(1 A(F11,1701)) Ryo,ub)#3)) (2 V((Fp—e1)Rpou#3))
(p1Ap3)— (p1Ap3)— 5
(e2V (L1 AFp,1-¢1))Rpo,ub)4)) (2 V((Fp,1~e1)Rpo,unp4))
P11 1= 9
(2 V(=1 A(F,191)) Ryo,ub)#3)) (o2 V((Fpae1)Rpo,ut)93))
(—p1Ap3) = (mp1Ap3) — 4
(2 V(=1 A(F,191)) Ryo,ub)Pa)) (o2 V((Fpae1)Rpo,ub)p4))
—p1— Q1 — 1
(2 V(3 V(=1 A(F,1191)) Rio,unp4))) | (p2V 03V (Frue1)Rio,ub)$4)))
(mp1Ap3) = (—p1Ap3) = 5
(2 V (paV (=1 A(F,1191)) Rio,un)5))) | (p2V (0aV (F,ue1)Rio,ub)¥5)))
p1— p1— 1
((p2V (L1 A(F1701))Ryo,ut)93)) Apa) [((02V (Fpa—e1)Rio,ub03)) Apa)
(p1Ap3)— (p1Ap3)— 5
((p2V (L1 A(F1,1701))Ryo,ut) 1)) Aws) (w2 V (Fpa—91)Rio,ub0a)) Aws)
1 —> 1 — 1
((p2V (=1 A(FE1901))Rio,ub03)) Apa) | ((02V (Fr,1901)Rio,ub)ps)) Apa)
(mp1Ap3) = (mp1Ap3) = 9
((p2V (=1 A(F11901))Rio,ubpa)) Aws) | ((w2V (Fu,19e1)Rio,ub) 1)) Aps)
(o1 A(Fp1—ep1)) — (1 A(Fp117p1)) — 1
(2= (o1 A(F ,191))) Ryt ub)03) (2= (Fe1))Risup)93)
(o1 A(Fp 1)) = (o1 A (Fp, 1)) =
(F[ 1 ]((,03*) (F[l,l] (@3*) 3
((p2V=o1 A(F[11191))Rio,m04))) ((p2V(F,1101))Rpo,m4)))
(o1 A(F 1)) — (o1 A(F 1)) —
(Fy(p3— (F1,y(p3— 2
((p2V (1 A(Fp1,1791)))Rio,a1104))) ((p2V (F,1791))Ryo,ar104)))
(1 A(Fp1 1)) — (1 A (Fpa—1)) —
(Fray(p3s— (Fr,y(p3— 1
((p2 =1 A(F1,11901))Rpo, m104))) ((p2 = (F,¢1))Rio,anp4)))
(1 A(Fp1—ep1)) — (o1 A(Fp11—ep1)) —
(Fry(p2— (Fr,y(p2— 2

(3 V(1 A(F 1, 1901))Rio,ub#a))))

(3 V((Frye1)Rio.up 1))
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Table 11: Rewrite Rules to Reduce When In/Not in scope (Part V)

Original

Rewrite

# Times
Applied

(o1 A(F 1)) =

(o1 A(F 1)) —

(F[1,1](902—> (F[l,l](902—> 1
(3 V(L1 A(F11,1701)Ryo,ub)4))))) (3 V((F,1~91)Rio,ub)pa))))
(1 A(Fp1—ep1)) — (1 A(Fp1 1)) —
Fra(p2— (Fr,y(p2— 1
(3V (s V(=1 A(F,1101)) Rio,ub)94)))))| (w3 V (05 V (F,191) Rio,ub)$4)))))
(o1 A(Fp1,7ep1)) — (er A(Fp117ep1)) —
Fralpz— Fralpz— 1
((p3V((=p1 A (Fp 11@1)) 0.:5)24)) Ap6)))| ((w3V ((Fraen)Rio.ub)p4)) Aps)))
(ﬂsﬂl/\(F[l,l]wl)) (o1 A(F 1)) —
(F[1,1](902—> (]5—‘[1,1](4,02—> 1
((p3V (1 A(F11,1701)Rpo,u)0a) ) Aws))) [((03V (Fr—1)Rious 1)) Aws)))
(o1 A(Fpy,1—1)) — (1 A(Fp 1)) — o7
(o1 AF1,101) )Ry, ub)02) (Frye) Ry p2)
(2 A (3 A(Fpy—ep1))) — (P2 A (P3N (F,—1))) — 19
(1 A(F 1]%01)) [1,ub]P4) (Fr,e1)Risupp4)
(—'4,01/\(F[ ](,01)) (~p1 A (Fi91)) = 13
(1A (Fpy ﬁ@l))R 1ub]P2) (Fry—e0) Ry upp2)
(sazA(ws/\(Fu y$1))) = (2 (P3N (Fpp1p1))) = 6
(L1 A(Fa—01)) R, ub 1) (Fry—01) Ry ubpe)
(SOIA(F[l 17p1)) = (o1 A(Fp,1—1)) = 9
(2 V(=1 A(F,91)) Riz,ub)#3)) (o2 V((Fpye) Ry es))
(o1 A(F 1)) = (o1 A(F, 1)) = 1
(p2V (1 A(F1,1701))Ryzub)03)) (o2 V((Fp—e1) Ry ub93))
(o1 A(Fp 1)) = (o1 A(Fp,—1)) = o4
(=1 A(F1y01)) Ry ub)p3) Apa) (Fp 801)R[1 ub]P3) \pa)
(=1 A(Fp 1)) — (=1 A(Fp 1)) — 19
(1 A(F1,11701)) Ry, up03) Apa) ((Fr,1701)Ry1,up)03) Apa)
(1 A(Fp1 1)) — (1 A(Fp1 1)) —
(F,=01)Ryzue) (w2 A (s A (= (1A (((F[1,1P<P1)R[1,ub (P2 A (3N 12
(Fp,—e1)))) = ¢4)) Agps) (Fpae1)) = e4)) Aps)
(o1 A(F 1)) — (er A(F 1 17ep1)) —
(F,591) Rz un) (92 A (w3 (Fr2,91)Riz,un) (02 A (03 24
(=1 A(F191)))) = ¢4)) Aws) (F1,17%1))) = @) Aps)
(er A(Fp,1—ep1)) — (er A (F 1)) — 1
(L2 V(o1 A(Fp,21))Rpup3)) Awa) | (w2 vV (F1,91) Riu3)) Apa)
(o1 A(F 1)) — (W’l/\(F[l 1)) — 1
(2 V(1 A(F,101))Rinup)3)) Awa) | ((p2V(Fpa ﬁ@l)R[l wb]®3)) Npa)
(o1 A(Fp,1—ep1)) — (er A (Fp,1—ep1)) — 1
(w2 V (w3V (=1 A(F1,191))Rupp4))) (¢2V(¢3V((F[1 121 Rup 1))
(1A (F ﬁ@l))—> (1 A(F m]ﬂﬁl)) 3
((p2V (o1 A(Fp 1]&01)))R[1 ub]P3) ((p2V (Fr1,191))Ri1,ub)3)
(=1 A(F 1)) = (1 A(Fp 1)) — 9
((p2V(p1 A(Fpn 1]ﬁ<P1))) [1,ub]P3) ((p2V(Fr,1791))Ri1,ub)03)
(%01/\(903/\(%74/\ Fp 1)) — (L1 A (p3A(paN(F, 1]%01))))—> 9
((<P5V(<P1/\(F[1,1P<P1)))R 1,ub]P2) (05 V (Fp1,1791))Rpub 02)
(=1 A (3 A(paAN(Fpa—p1)))) = (=1 A (3 A (paA(F wl))))—> 3

(s V(1 A(F,1191)))Ris,up ©2)

(=3 V(F[1,1J<P1))R[1,ub]<p2)
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Table 12: Rewrite Rules to Reduce When In/Not in scope (Part VI)

Original Rewrite %I:I’)Tpllrlr,le ZS
(o1 A (s A (e A —en)))) = | (i ApaA(paAFry=en)) = |
(5 V(=1 A(F,191)) Rip,ub)02)) (o5 V((Fpp)Ri,ub2))
(1 A (@3 A(paN(Fp11y01)))) — (L1 A (@3 A (PaA(Fpi 1)) — 1

(5 V (1 A(F1,1701))Rpaub)02))

( ((F[l 1 _‘Sﬁl)R[l ub] 902))

(=1 A (3 A(PaN(F(11701)))) —

(1 A (3 A (paA(F i1 17e01)))) —

(
((e5V (-1 A (F i) Ris e As)| (5 (Fpuen) Ry anea))Ags) |
(1 A (P3N (PaA(Fp 1)) — (wlA(tpsA(m/\(F[l 161)))) — 1
(o5 V(L1 A(F1,11701)) R p2) ) Aws) | (05 V (F a1 1) R ub 02)) As)
(=1 A (P3N (PaA(Fp1—1)))) — (_‘SOIA(LPSA(‘Pll/\(F[l 1] ﬁtpl))))% 1
(w5 V(w6 V (=1 A(F1,101))Ripunj2)) | (05 V (06 V(Fren) Riuse2)))
(=1 A (3 A(paA(F 1)) — (_‘901/\(903A(904/\(F[1 e =
(5= (=1 A(F1a @1)))R[1 ub)P2) ((p5 = (Fp1a <P1))R[1 ub)P2)
(901/\(F[1 1)) — (er A(Fp,17ep1)) —
(902/\(F[1,1](<P3—> (P2 A (F(ps— 2
(1 A(Fa91))Vea)))) (Frye1)Ves))))
(1 A(F 1)) — (o1 AN(F 1)) —
(P2 A (Fp,1y (03— (P2 A (F,1 (s — 1

(p1 A (Fp17p1))Veps))))

(F,1—%1)Ves))))
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B Lift Plus Cruise (LPC) Case Study Output

The following figures include the files generated from FRET after the R2U2 export
button is selected for the Lift Plus Cruise case study [53/54].

-- C2P0 Specification Valid with C2P0/R2U2 v4.0 or greater
INPUT
cr: bool;
dr: bool;
fcs: bool;
hover_control_mode: bool;
kgs: float;
kias: float;
lift_mode: int;
rearprop: bool;
wind_speed: float;
DEFINE
semi_thrust_borne :=
semi_wing_borne := 2;
thrust_borne := 0;
wing_borne := 3;
FTSPEC
LPC_TB_STAY_ON_NEXT: ((((lift_mode == thrust_bormne) && (kgs <=
20.0)) && hover_control_mode) -> (F[1,1] (lift_mode ==
thrust_borne)));

1;

LPC_STB_STAY_ON_NEXT: ((((lift_mode == semi_thrust_bormne) && (kias
<= 40.0)) && ((kgs > 20.0) || (! hover_control_mode))) -> (F
[1,1] (1lift_mode == semi_thrust_borne)));

LPC_REACH_HOVER_13: ((TAU == 0) -> (F[0,13] (lift_mode ==
thrust_borne)));

LPC_WB_STAY_ON_pre: (prev(false,((lift_mode == wing_bormne) && (
kias > 90.0))) -> (lift_mode == wing_bormne));

LPC_REACH_NOT_FCS_10: ((TAU == 0) -> (F[0,10] (! fcs)));

LPC_REACH_HOVER_14: ((TAU == 0) -> (F[0,14] (lift_mode ==

thrust_borne)));

LPC_CR_STAY_OFF: (prev(false,((! cr) && (kias >= 90.0))) -> (! cr)
)

LPC_SWB_STAY_ON_pre: (prev(false,(((lift_mode == semi_wing_borne)
&& (kias <= 100.0)) && (kias > 30.0))) -> (lift_mode ==
semi_wing_borne));

LPC_REACH_HOVER_15: ((TAU == 0) -> (F[0,15] (lift_mode ==
thrust_borne)));

LPC_FCS_TURN_OFF: ((((! (fcs && (kias < 30.0))) && (F[1,1] (fcs &&

(kias < 30.0)))) -> (F[2,2] (! fcs))) && (((TAU == 0) && (fcs
&& (kias < 30.0))) -> (F[1,1] (! fcs))));

LPC_DR_STAY_OFF: (prev(false,((! dr) && (kias >= 60.0))) -> (! dr)
)

LPC_REACH_HOVER_10: ((TAU == 0) -> (F[0,10] (lift_mode ==
thrust_borne)));

LPC_REACH_HOVER_12: ((TAU
thrust_borne)));

LPC_REACH_HOVER_11: ((TAU
thrust_borne)));

LPC_REARPROP: (rearprop xor hover_control_mode);

= 0) -> (F[0,12] (lift_mode =

= 0) -> (F[0,11] (lift_mode =

Fig. 14: C2PO Specification Exported by FRET (Part I)
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33 LPC_SWB_TO_STB: ((((! ((lift_mode == semi_wing_borne) && (kias <=

30.0))) && (F[1,1] ((lift_mode == semi_wing_borne) && (kias <=
30.0)))) -> (F[2,2] (lift_mode == semi_thrust_borne))) && (((TAU
== 0) && ((lift_mode == semi_wing_borne) && (kias <= 30.0))) ->
(F[1,1] (lift_mode == semi_thrust_borne))));
34 LPC_INIT_FCS: ((TAU == 0) -> (fcs <-> (kias > 40.0)));
35 -- WARNING: The following spec (LPC_SWB_STAY_ON_until) includes M

(i.e., end of mission-time) in a temporal interval.
36 -- If M is large, this specification may result in high memory

usage .
37 -- Please specify M manually in this file or with the --mission-
time flag in C2PO.
38 LPC_SWB_STAY_ON_until: ((((! (((lift_mode == semi_wing_borne) &&

(30.0 < kias)) && (kias <= 100.0))) && (F[1,1] (((lift_mode ==
semi_wing_borne) && (30.0 < kias)) && (kias <= 100.0)))) -> (((
lift_mode == semi_wing_borme) && ((kias <= 30.0) || (kias >
100.0))) R[1,M] ((lift_mode == semi_wing_borme) || ((lift_mode
== semi_wing_borne) && ((kias <= 30.0) || (kias > 100.0)))))) &&
(((TAU == 0) && (((lift_mode == semi_wing_borne) && (30.0 <
kias)) && (kias <= 100.0))) -> (((lift_mode == semi_wing_borne)

&& ((kias <= 30.0) || (kias > 100.0))) R[0,M] ((lift_mode ==

semi_wing_borne) || ((lift_mode == semi_wing_borne) && ((kias <=
30.0) |l (kias > 100.0)))))));

39 LPC_STB_TO_SWB: ((((! ((lift_mode == semi_thrust_borne) && (kias >
40.0))) && (F[1,1] ((lift_mode == semi_thrust_bormne) && (kias >
40.0)))) -> (F[2,2] (lift_mode == semi_wing_bormne))) && (((TAU

== 0) && ((lift_mode == semi_thrust_borne) && (kias > 40.0))) ->
(F[1,1] (lift_mode == semi_wing_bormne))));

10 -- WARNING: The following spec (LPC_STB_STAY_ON_until) includes M

(i.e., end of mission-time) in a temporal interval.

41 -- If M is large, this specification may result in high memory

usage .

12 -- Please specify M manually in this file or with the --mission-

time flag in C2PO.

13 LPC_STB_STAY_ON_until: ((((! (((lift_mode == semi_thrust_borne) &&
(kias <= 40.0)) && (hover_control_mode -> (kgs > 20.0)))) && (F

[1,1] (((lift_mode == semi_thrust_borne) && (kias <= 40.0)) && (

hover_control_mode -> (kgs > 20.0))))) -> (((lift_mode ==

semi_thrust_borne) && ((kias > 40.0) || ((kgs <= 20.0) &&
hover_control_mode))) R[1,M] ((lift_mode == semi_thrust_borne)

|l ((lift_mode == semi_thrust_borne) && ((kias > 40.0) || ((kgs

<= 20.0) && hover_control_mode)))))) && (((TAU == 0) && (((

lift_mode == semi_thrust_borne) && (kias <= 40.0)) && (
hover_control_mode -> (kgs > 20.0)))) -> (((lift_mode ==
semi_thrust_borne) && ((kias > 40.0) || ((kgs <= 20.0) &&
hover_control_mode))) R[O,M] ((lift_mode == semi_thrust_borne)

Il ((lift_mode == semi_thrust_borne) && ((kias > 40.0) || ((kgs

<= 20.0) && hover_control_mode)))))));

Fig. 15: C2PO Specification Exported by FRET (Part II)
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LPC_STB_TO_TB: ((((! (((lift_mode == semi_thrust_borne) &&

hover_control_mode) && (kgs <= 20.0))) && (F[1,1] (((lift_mode
== semi_thrust_borne) && hover_control_mode) && (kgs <= 20.0))))

-> (F[2,2] (lift_mode == thrust_borme))) && (((TAU == 0) && (((
lift_mode == semi_thrust_borne) && hover_control_mode) && (kgs
<= 20.0))) -> (F[1,1] (lift_mode == thrust_bormne))));

LPC_SWB_TO_WB: ((((! ((lift_mode == semi_wing_borne) && (kias >
100.0))) && (F[1,1] ((lift_mode == semi_wing_borne) && (kias >
100.0)))) -> (F[2,2] (lift_mode == wing_bormne))) && (((TAU == 0)

n

&& ((lift_mode == semi_wing_bor
[1,1] (lift_mode == wing_bormne))));

LPC_INIT_DR: ((TAU == 0) -> (dr <-> (kias < 60.0)));

LPC_TB_TO_STB: ((((! ((lift_mode == thrust_borne) && (
hover_control_mode -> (kgs > 20.0)))) && (F[1,1] ((lift_mode
thrust_borne) && (hover_control_mode -> (kgs > 20.0))))) ->
[2,2] (lift_mode == semi_thrust_borne))) && (((TAU == 0) &&
lift_mode == thrust_borne) && (hover_control_mode -> (kgs >
20.0)))) -> (F[1,1] (lift_mode == semi_thrust_borne))));

LPC_INIT_LIFT_MODE: ((TAU == 0) -> ((lift_mode == wing_borne)
(kias >= 90.0)));

LPC_LIFT_MODE: ((((lift_mode == thrust_borne) || (lift_mode =
semi_thrust_borne)) || (lift_mode == semi_wing_borne)) || (
lift_mode == wing_borne));

LPC_INIT_KIAS: ((TAU == 0) -> (kias == 120.0));

-- WARNING: The following spec (LPC_TB_STAY_ON_until) includes
i.e., end of mission-time) in a temporal interval.

-- If M is large, this specification may result in high memory

usage .

;) && (kias > 100.0))) -> (F
)

F
(C

<=>

M (

-- Please specify M manually in this file or with the --mission-

time flag in C2PO.
LPC_TB_STAY_ON_until: ((((! (((lift_mode == thrust_borne) &&

hover_control_mode) && (kgs <= 20.0))) && (F[1,1] (((lift_mode

== thrust_borne) && hover_control_mode) && (kgs <= 20.0))))
(((lift_mode == thrust_bormne) && ((kgs > 20.0) || (!
hover_control_mode))) R[1,M] ((lift_mode == thrust_bormne) ||
lift_mode == thrust_bormne) && ((kgs > 20.0) || (!
hover_control_mode)))))) && (((TAU == 0) && (((lift_mode ==
thrust_borne) && hover_control_mode) && (kgs <= 20.0))) -> (
lift_mode == thrust_borme) && ((kgs > 20.0) || (!
hover_control_mode))) R[O,M] ((lift_mode == thrust_bormne) ||
lift_mode == thrust_bormne) && ((kgs > 20.0) || (!

hover_control_mode)))))));

->

(

(
(

Fig. 16: C2PO Specification Exported by FRET (Part III)
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-- WARNING: The following spec (LPC_WB_STAY_ON_until) includes M (
i.e., end of mission-time) in a temporal interval.

-- If M is large, this specification may result in high memory
usage.

-- Please specify M manually in this file or with the --mission-
time flag in C2PO.

LPC_WB_STAY_ON_until: ((((! ((lift_mode == wing_borne) && (kias >
90.0))) && (F[1,1] ((lift_mode == wing_bormne) && (kias > 90.0)))
) -> (((lift_mode == wing_borne) && (kias <= 90.0)) R[1,M] ((
lift_mode == wing_borne) || ((lift_mode == wing_bormne) && (kias
<= 90.0))))) && (((TAU == 0) && ((lift_mode == wing_borne) && (
kias > 90.0))) -> (((lift_mode == wing_borne) && (kias <= 90.0))

R[0O,M] ((lift_mode == wing_bormne) || ((lift_mode == wing_bormne)
&& (kias <= 90.0))))));

LPC_KIAS_KGS: (kias == kgs);

LPC_INIT_CR: ((TAU == 0) -> (cr <-> (kias < 90.0)));

LPC_KIAS_DERIVATIVE: ((TAU == 0) || (abs((prev(0.0,kias) - kias))
<= 10.0));

LPC_WB_TO_SWB: ((((! ((lift_mode == wing_borne) && (kias <= 90.0))
) && (F[1,1] ((lift_mode == wing_borme) && (kias <= 90.0)))) ->
(F[2,2] (lift_mode == semi_wing_bormne))) && (((TAU == 0) && ((
lift_mode == wing_bormne) && (kias <= 90.0))) -> (F[1,1] (
lift_mode == semi_wing_borne))));

LPC_REACH_HOVER_06: ((TAU == 0) -> (F[0,6] (lift_mode ==
thrust_borne)));

LPC_INIT_HOVER_MODE: ((TAU == 0) -> (hover_control_mode <-> (kgs <

20.0)));

LPC_FCS_STAY_OFF: (prev(false,((! fcs) && (kias <= 40.0))) -> (!
fcs));

LPC_CR_STAY_ON: (prev(false,(cr && (kias <= 100.0))) -> cr);

LPC_INIT_WIND_SPEED_assumption: ((TAU == 0) -> (wind_speed ==
10.0));

LPC_DR_STAY_ON: (prev(false,(dr && (kias <= 70.0))) -> dr);

LPC_REACH_HOVER_16: ((TAU == 0) -> (F[0,16] (lift_mode ==

thrust_borne)));
LPC_WIND_SPEED_30_assumption: ((-30.0 <= wind_speed) && (
wind_speed <= 30.0));
LPC_FCS_TURN_ON: ((((! ((! fcs) && (kias > 40.0))) && (F[1,1] ((!
fcs) && (kias > 40.0)))) -> (F[2,2] fcs)) && (((TAU == 0) && ((!
fcs) && (kias > 40.0))) -> (F[1,1] fcs)));
LPC_CR_TURN_ON: ((((! ((! cr) && (kias < 90.0))) && (F[1,1] ((! cr

) && (kias < 90.0)))) -> (F[2,2] cr)) && (((TAU == 0) && ((! cr)
&& (kias < 90.0))) -> (F[1,1]1 cr)));
LPC_KIAS_KGS_WIND_SPEED: (kgs == (kias + wind_speed));

LPC_FCS_STAY_ON: (prev(false,(fcs && (kias >= 30.0))) -> fcs);
LPC_CR_TURN_OFF: ((((! (cr && (kias > 100.0))) && (F[1,1] (cr && (

kias > 100.0)))) -> (F[2,2] (! cr))) && (((TAU == 0) && (cr && (
kias > 100.0))) -> (F[1,1]1 (! cr))));
LPC_WIND_SPEED_DERIV_assumption: ((TAU == 0) || (abs((prev(0.0,

wind_speed) - wind_speed)) <= 10.0));
LPC_KIAS_O0: (kias >= 0.0);
LPC_REACH_NOT_FCS_11: ((TAU == 0) -> (F[0,11] (! fcs)));

Fig. 17: C2PO Specification Exported by FRET (Part IV)
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LPC_STB_STAY_ON_pre: (prev(false,(((lift_mode == semi_thrust_borne
) && (kias <= 40.0)) && ((kgs > 20.0) || (! hover_control_mode))
)) -> (lift_mode == semi_thrust_borne));

LPC_TB_STAY_ON_pre: (prev(false,(((lift_mode == thrust_bormne) && (

kgs <= 20.0)) && hover_control_mode)) -> (lift_mode ==
thrust_borne));
LPC_WIND_SPEED_20_assumption: (abs(wind_speed) <= 20.0);
LPC_DR_TURN_ON: ((((! ((! dr) && (kias < 60.0))) && (F[1,1] ((! dr
) && (kias < 60.0)))) -> (F[2,2] dr)) && (((TAU == 0) && ((! dr)
&& (kias < 60.0))) -> (F[1,1] dr)));
LPC_DR_TURN_OFF: ((((! (dr && (kias > 70.0))) && (F[1,1] (dr && (

kias > 70.0)))) -> (F[2,2] (! dr))) && (((TAU == 0) && (dr && (
kias > 70.0))) -> (F[1,1]1 (! dr))));
LPC_REACH_NOT_FCS_09: ((TAU == 0) -> (F[0,9] (! fcs)));
LPC_SWB_STAY_ON_NEXT: ((((lift_mode == semi_wing_bormne) && (kias

<= 100.0)) && (kias > 30.0)) -> (F[1,1] (lift_mode ==
semi_wing_borne)));

LPC_WB_STAY_ON_NEXT: (((lift_mode == wing_borne) && (kias > 90.0))
-> (F[1,1] (lift_mode == wing_borne)));

Fig. 18: C2PO Specification Exported by FRET (Part V)

# cr, dr, fcs, hover_control_mode, kgs, kias, lift_mode, rearprop,

wind_speed

Fig. 19: Example CSV Header File Exported by FRET

cr:0

dr:1

fcs:2
hover_control_mode :3
kgs:4

kias:5

lift_mode:6
rearprop:7
wind_speed:8

Fig. 20: Example Map File Exported by FRET
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