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Abstract—In this paper, we propose an SMT-based framework
for scenario coverage verification of single-UAV missions under
bounded environmental assumptions. We present an abstract
mission-level model of a single UAV in a bounded 3D environ-
ment. The model captures mission states, stepwise 3D motion,
battery depletion, obstacles, NFZ, and altitude constraints. Mis-
sion failure is represented by an emergency state corresponding
to loss of safe recoverability. The SMT query searches for an
admissible environment configuration and a corresponding exe-
cution that violates the mission requirements. A satisfiable result
yields a concrete counterexample scenario, while an unsatisfiable
result establishes bounded correctness over the modeled scenario
family. The key contribution is lifting bounded verification from
individual system instances to families of systems defined over
a symbolic environment parameter space, enabling quantified
reasoning over all admissible environment configurations within
a single SMT query. This enables exhaustive scenario coverage
within bounded assumptions, which is not provided by finite
sampling-based validation within the same bounded setting.

Keywords—Uncrewed aerial vehicles, formal verification, sat-
isfiability modulo theories, scenario coverage, bounded model
checking, mission safety, no-fly zones.

I. INTRODUCTION

Uncrewed Aerial Vehicles (UAVs) are increasingly deployed
in safety-critical missions that require autonomous navigation
under operational constraints such as altitude limits, no-fly
zones (NFZs), and obstacle avoidance [1]]. In practice, mission
validation is still largely carried out through simulation and
scenario-based testing, where a finite set of environment
instances is examined [2]. While such testing is useful, it does
not guarantee that a given mission policy remains safe across
all relevant situations within a bounded operating envelope [3]].
This limitation is particularly significant for UAV systems,
where mission safety often depends not only on the vehicle
policy, but also on variations in environmental factors such as
obstacle placement, NFZ geometry, and altitude constraints.

Formal verification offers a complementary perspective by
reasoning over symbolic models rather than a small set of sam-
pled executions. Over the past decades, such techniques have
matured and are widely applied in domains such as hardware
verification [4], [5]], security protocols [[6], and cyber-physical
systems [7]. Recent work has also applied these techniques,
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including Satisfiability Modulo Theories-based (SMT) meth-
ods [8], to UAV planning, mission reasoning, and controller
assurance. However, existing approaches rem‘ain fragmented
across abstraction layers and do not directly address the
following question: given a fixed mission policy for a single
UAYV, do the mission requirements hold for all environment
configurations within explicitly bounded assumptions? This
differs fundamentally from path synthesis, optimization, or
controller design.

In this paper, we propose an SMT-based framework for
scenario coverage verification for single UAV missions. More
concretely, the framework enables modeling of UAV, envi-
ronment (including obstacles and NFZs), and total number
of allowed obstacles and NFZs as abstract models. Mission
execution is represented as a finite state-transition system
consisting of an initial state, intermediate navigation states,
and a landing state. Additionally, a failure state is defined
which represents a mission failure. The system evolves over
discrete steps subject to state-transition rules and bounded
environment assumptions. The framework encodes the envi-
ronment, mission, UAV, and the UAV transition model as
an SMT problem. The verification query asks whether there
exists an environment configuration and execution that violates
the mission requirements. A satisfiable (SAT) result yields a
concrete counterexample consisting of both an environment in-
stance and a UAV trajectory. An unsatisfiable (UNSAT) result
establishes that no violating scenario exists within the specified
bounds, thereby providing bounded correctness guarantees
and mission success. Consequently, the proposed framework
provides scenario coverage verification over a symbolic space
of admissible environment configurations. Specifically, we
provide:

e an abstract mission-level state-transition model for a
single UAV in a bounded 3D environment,

o an SMT encoding of mission requirements together with
bounded environmental parameters, including obstacles,
NFZs, and altitude limits,

« a verification interpretation in which SAT results corre-
spond to concrete violating scenarios and UNSAT results
establish bounded correctness, and

¢ an empirical evaluation demonstrating symbolic scenario
coverage and counterexample extraction under bounded



environment profiles.

The remainder of the paper presents the formal model, SMT
framework, evaluation, and conclusion.

II. PRELIMINARIES

Formal verification has increasingly been applied to
UAV mission planning to provide stronger guarantees than
simulation-based validation. For instance, the framework in [|8]]
applies SMT-based reasoning to verify safety constraints in
UAV flight planning, but focuses primarily on planner-level
correctness rather than robustness across varying environment
configurations.

Verification under explicit environment assumptions has
been explored to highlight the dependence of correctness
on operating conditions. In [1]], bounded verification is per-
formed under predefined assumptions, while [9] introduces
assume-guarantee contracts to model obstacle-related con-
straints. However, these approaches do not support symbolic
reasoning over a parametric family of environments.

Mission-level reasoning has been widely studied using
temporal logic-based specifications. Reactive mission planning
frameworks [10] and UAV-specific specification models [11]],
[12] enable formal representation of sequencing and safety
constraints, while extensions such as [[13|] incorporate uncer-
tainty through probabilistic guarantees. These methods focus
on specification and synthesis rather than exhaustive verifica-
tion under bounded environmental assumptions.

Beyond planning, formal verification of UAV systems has
been explored at multiple levels. Airspace safety and detect-
and-avoid logic are analyzed in [14], while control-level
safety guarantees using SMT-based techniques are presented
in [15]]. At the software level, formal verification has been
applied to autopilot systems and flight-plan generation [16],
[17]. Although these approaches demonstrate the effectiveness
of formal methods, they address different abstraction layers
and do not provide mission-level scenario coverage under
parametric environment models.

Despite these advances, there is no unified framework that
verifies a fixed UAV mission policy across a bounded family
of environment configurations using SMT. Existing approaches
do not simultaneously provide (i) explicit symbolic modeling
of environment parameter spaces, (ii) interpretation of SAT
results as concrete counterexamples, and (iii) systematic rea-
soning over both safe and unsafe regions of the environment.

This gap motivates the proposed framework. Table |I| sum-
marizes the key differences and positions the present work
with respect to existing approaches. Unlike traditional bounded
model checking, which verifies correctness for a fixed system
instance, the proposed framework lifts verification to the level
of environment families, enabling reasoning over a structured
parameter space rather than a single model instance.

Existing approaches either fix the environment and verify
behavior, or sample environment configurations. They do not
treat the environment itself as a symbolic search space subject
to formal reasoning. A key limitation across prior work is that
the environment is either fixed or explored through sampling.

TABLE I
GAP-ORIENTED SUMMARY OF RELATED WORK. (X= No, /= Yes, ~ =
Fartial.)
Ref. | Focus Bounded | Scenario | Scalability | Main limitation w.r.t.
env this work
[8] |UAV  flight ~ X X Planner-level only; no
planning with policy verification; no
NFZ safety bounded env modeling
11, | Verification ~ Limited | Limited |Explicit assumptions;
9] |under no symbolic env
environment modeling; no
assumptions universal SMT
coverage
Mission-level X X X Specification +
[10]-| temporal synthesis only; no
[13] |reasoning and bounded-env
specification verification
Adjacent X X X Layer-specific focus;
[14]—| single- no mission-level
[17] | UAV  formal reasoning; no scenario
verification coverage
This | Single-UAV v v v Unified framework;
work | mission bounded env
policy modeling;
verification scenario-level
using SMT counterexamples;
scalable analysis

As a result, verification guarantees are restricted to individual
instances or probabilistic coverage. In contrast, this work treats
the environment itself as a symbolic parameter space and per-
forms quantified reasoning over all admissible configurations
within bounded assumptions. This enables bounded symbolic
scenario coverage within the modeled environment family.,
which is not supported by existing approaches.

III. FORMAL MODEL AND PROBLEM STATEMENT

We consider a single UAV operating in a bounded 3D grid
environment. The objective is not to synthesize an optimal
path, but to verify whether a fixed mission policy satisfies the
mission requirements for all admissible environment configu-
rations within a bounded horizon.

The model is based on the following deliberate design
choices: 1) the UAV is modeled at the mission level rather than
at the vehicle-dynamics level, making the analysis independent
of platform-specific hardware, 2) the workspace is discretized
as a bounded 3D grid, consistent with standard bounded
model checking practice, 3) obstacles and NFZs are static
during the bounded verification horizon, isolating the effect
of environmental placement from temporal dynamics, and 4)
continuous-time dynamics and speed are not modeled, as one
transition represents one abstract mission-level step. These
choices are intentional, the goal is to verify mission-policy
correctness under environmental uncertainty before commit-
ting to a specific platform or controller design. The following
subsections define the formal model and verification semantics
in detail.

A. Scenario Definition

A verification scenario is defined as

S:<M7R75aH7XOa6H7(I)7K>7 (1)



where M is the mission model, R is the UAV resource model,
& is the bounded environment family, II is the fixed mission
policy, Xy is the initial state, dry is the transition relation w.r.t.
fixed policy (see Section [[II-H), ® is the mission requirement,
and K € N is the bounded verification horizon. The solver
checks bounded execution traces of the form X, X1,..., Xk,
where each X is a system state at step k.

Unlike standard bounded model checking, where the system
model is fixed, the proposed formulation treats the environ-
ment as symbolic. Each admissible environment valuation
@ € O instantiates a concrete transition system, so the
verification problem ranges over both executions and environ-
ment configurations. This lifts verification from a single fixed
environment configuration to a parameterized scenario space.

B. Workspace and Environment Model

The UAV operates in a bounded grid workspace
Q=1{0,...,L,} x{0,...,L,} x {0,...,L,} CZ* (2)

The environment is parameterized by a symbolic valuation
0 € O, where © is the set of admissible environment
valuations. Its formal definition is given later in Eq. (9), after
endpoint feasibility has been introduced. For a given 6, the
concrete environment is

E(0) = (Q,0(0), N(0), Az (0)) - 3)

Here, O(0) is the set of obstacles, N'() is the set of
NFZ, and A2 (0) is the environment altitude bound. We
instantiate each verification problem with fixed symbolic ob-
stacle and NFZ slots O(0) = {O1,...,0,,} and N(0) =
{N1,...,Np,}. The parameters of these slots are selected
symbolically by 6. Varying no and ny allows us to study
how solver performance changes as the environment family
becomes larger. The bounded environment family is & =
{E(0) | 6 € ©}. Each obstacle O; is modeled as a rectangular

prism:
0, = ((x?lin, y;rlin70)’ (x?lax7y;nax’ hz))

The obstacle parameter bounds are captured by the predicate

no
ObsBounds(f) <= /\ (0 <™ <aP"™ < L,
= min max (4)
ANO <y <y < Ly
A0 <h; <L).

The obstacle occupancy predicate is
Occo, (x,y,2) < (I?lin <z < x’imax)
ANy <y <y ©)
A\ (O <z< h,) .

Each NFZ N; is modeled as a horizontal forbidden rectangle

NJ — ((m‘rjnin7 y}nin)7 (J;‘rjnax7 y‘;nax)) .
The NFZ parameter bounds are captured by the predicate

ny
NFZBounds(d) <— /\ (0 < x;nin <o <L, ©
j=1

/\0 S y;nin S y;nax S Ly)

Since NFZ membership is independent of altitude in this
abstraction, we define

NFZy, (z,y) <= (:E;-nin <z< zgnax)

AyF™ <y <)
We define the environment bound predicate as the conjunc-
tion of the obstacle bounds (Eq. {)), the NFZ bounds (Eq. (@),
and environment altitude bound:
EnvBounds(f) <= ObsBounds(§) A NFZBounds(f)
ANO < ASY (0) < L.

max

)

®)

For a position p = (z,y, z), we write Occp, (p) as shorthand

for Occo, (,y, z), and similarly write NFZ, (p) as shorthand
for NFZn, (z,y, 2).

C. Mission and Resource Model

The mission model is M = (pgrc, Past, AR ), where pg;e €
Q is the source position, pgsy € €2 is the destination landing
position, and A is the mission altitude limit. We assume

that both source and destination lie on the ground plane, i.e.,
Psrc = (-rsrCa Ysre) O) and pqsy = (xdstv Ydst O)

The UAV resource model is R = (B, AIIW)  where
By € Zx is the initial battery level and Ag\ﬁ( is the hardware
altitude limit. The active altitude bound is

Amax(0) = min{ AHW - gmis = genv (gy1

max? max? max

Using the workspace 2 from Eq. and the obstacle and
NFZ predicates from Eqgs. B) and (@), a position p €  is
clear of environmental constraints when

no nN

ClearEnv(p, ) <— /\ —Occo, (p) A /\ -NFZy;, (p).
i=1 j=1

Then the endpoint-validity predicate is

ValidEndpoints(f) <= ClearEnv(pgyc, 6)
A ClearEnv (pgst, 6)-

The admissible environment-valuation space is defined as
© = {0 | EnvBounds(#) A ValidEndpoints(9)}. (9)

D. Mission States and System State

Mission execution is modeled using the finite set of mission
modes

S = {517 52; 537 S4a 557 Sgbsa Sélfza 57}5

where S; denotes the initial ground state, S5 takeoff, S3
nominal flight, S; destination reached, S5 landed and termi-
nated, Sgbs obstacle avoidance, ngz NFZ avoidance, and S~
emergency or failure. The full state space is

X=SxQxZ (10)

Thus, each system state consists of a mission mode, a grid
position, and a battery value. At each step k € {0,..., K},
the system state is Xy = (qr,pr,br) € X, where g € S
is the mission mode, p; €  is the UAV position, and by



is the battery value. The initial state is Xy = (S1, Psre, Bo)-
The landed state S5 and the failure state S; are terminal
modes, their absorbing behavior is defined in the full transition
relation.

E. Fixed Mission Policy

The mission policy is fixed before verification and is
not synthesized by the solver. We represent it as II =
(Tnom, Tobs, Tnfz), Where Tnom gives the nominal motion
command, Ths gives the obstacle-avoidance command, and
e, gives the NFZ-avoidance command.

The set of admissible nonzero motion commands is

D ={-1,0,1}3\ {(0,0,0)}. (1)

Each command A = (Ax, Ay, Az) € D moves the UAV by at
most one grid cell along each coordinate axis. The command
(0,0,0) is excluded for active flight states, since it represents
no physical movement.

For avoidance behavior, let D),; denote the set of lateral
motion commands. We define

Dlat = {(17070)7 (_17070)a (07 17O)a (07 _17 O)}a
Dobs = Dlat U {(07 07 1)}7 anz = Dlat~

Thus, D,ps allows obstacle avoidance by lateral motion or
by climbing one grid cell, whereas Dy, restricts NFZ avoid-
ance to lateral motion because NFZ membership is altitude-
independent in this abstraction.

The policy functions are deterministic:

Thom : X X © = D, (12)
Tobs © X X © — Dops, (13)
Tofz © X X O — Doty (14)

Here, X denotes the system state space defined in Eq. (T0).
The nominal policy is assumed to be destination-directed,
i.e., during nominal flight, it selects commands that do not
move the UAV farther from the destination, while avoidance
commands may temporarily deviate from this behavior to
avoid obstacles or NFZ. Concretely, m,,, selects the axis-
aligned step minimising Manhattan distance to pgsts Tobs
climbs one grid cell, and mys, steps laterally away from the
NFZ boundary.

FE. Motion and Battery Dynamics

For active physical movement, the UAV applies a nonzero
motion command Ay = (Axy, Ay, Az,) € D, where D is
the admissible motion-command set defined in Eq. (TT). The
position and battery updates are

Pkt1 = Pk + D, (15)
bk+1 = bk - COSt(Ak). (16)

Logical state changes, such as entering an avoidance state
or marking the mission as landed, do not involve physical
movement. For such transitions, we use the zero command
A® = (0,0,0). The uniform motion cost model is

moves A D’
Cost(A) = {C <

0 A=A 1n

Ddest

= flar, ur) 20

[ Pri1 =P+ Ag
b1 = b — Cost(Ay)
- . .

[XkJrl’: <Q\k+17‘1’k+}7bk+‘l>] §

wl b

Fig. 1. One-step UAV transition in the discretized three-dimensional
workspace €. The system state X = (qk,Dk,bx) evolves to Xpyq =
(qk+1sPk+1,bk+1) using the grid update px1 = pr + Ag. Obstacles O;
and NFZ N restrict which transitions are feasible under the environment
valuation 6.

where cpove > 0 is the battery cost of one mission-level
movement step.

Thus, the cost does not depend on whether the UAV
moves horizontally, vertically, or diagonally. All nonzero grid
movements consume the same amount of battery, whereas
zero-motion logical transitions consume no battery.

For compactness, we define the execution predicate

Exec(Xk, Ak, Xpt1) <= (Pr1 =pr + Ag)
A (bk+1 = by — COSt(Ak)) .
(18)
Fig.[T)illustrates the geometric interpretation of one mission-
level transition. The UAV operates on a bounded three-
dimensional grid workspace (), and each state X; =
(qk, pr, b) contains the current mission mode, grid position,
and battery level. At each step, the policy selects a mo-
tion command Ay, and the position is updated according to
Eq. (T3). The transition is feasible only if the resulting grid
position satisfies the workspace, altitude, obstacle, NFZ, and
battery constraints. Thus, Fig. [T] provides an intuitive view of
how the motion model, environment valuation @, and transition
relation §yy interact during one bounded execution step.

G. Safety Predicates

For p = (z,y, z) and 6 € O, the pointwise physical safety
predicate is

PosSafe(p,l) < p € QAN0< 2z < Apax(0)
A ClearEnv(p, 6).

The predicate PosSafe(p, ) specifies whether a grid po-
sition is physically safe under environment valuation 6. A
position is safe if it lies inside the bounded workspace, satisfies
the active altitude bound, does not intersect any obstacle, and
does not lie inside any NFZ. The full state-safety predicate is

Safe(Xy,0) <= PosSafe(pg,8) A bx > 0.
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Fig. 2. Mission-level state diagram of the UAV showing nominal execution,
obstacle avoidance, NFZ avoidance, landing, and emergency transitions.

Since the model is a mission-level discrete abstraction,
safety is checked only at the grid positions visited by the
UAV. The continuous swept volume between two consecutive
grid positions is not modeled. We use the following auxiliary
predicates for step safety and environment blocking:

StepSafe(p, A,0) <= PosSafe(p + A, 9),
no
ObsBlock(p, §) < \/Occoi(p)7
i=1

NFZBlock(p,0) <= \/ NFZy,(p).

j=1

A commanded move is feasible if the resulting grid position
is safe and, using the battery update in Eq. (I6), the successor
battery value satisfies by1 > 0.

Feas(Xy, A,0) < StepSafe(pg, A, ) Ab —Cost(A) > 0.
(19

H. Full Transition Relation

The full transition relation d; defines how the UAV state
evolves under the fixed mission policy. It combines mission-
mode transitions, policy-selected motion commands, position
updates, battery updates, and failure handling. Fig. [2] gives
the corresponding mission-mode view, the UAV progresses
from initialization and takeoff to nominal flight, may enter
obstacle or NFZ avoidance when the corresponding guard is
triggered, reaches landing through the goal state, or transitions
to failure when an emergency guard holds. Let A° = (0,0, 0)
denote the zero-motion command and A = (0,0, 1) denote
the takeoff command. For a@ € {nom,obs,nfz}, the policy-
selected motion command and its candidate successor position
are

? = Tq (Xka 6)7
Prt1 =Pk + A
Here, 7, denotes the corresponding nominal, obstacle-

avoidance, or NFZ-avoidance policy component from
Egs. (12)—(14), and the candidate successor position follows

TABLE II
GUARDED MISSION-STATE TRANSITIONS.

From | To | Guard meaning
S1 S5 | mission begins and the UAV enters takeoff mode
Sa Ss | takeoff command is feasible and the UAV be-
comes airborne
S3 S3 | nominal flight continues safely
S3 Sy | destination position is reached
S4 S5 | landing is completed at the destination
S3 Sgbs nominal successor intersects an obstacle
SgP= [ SeP= | obstacle avoidance is still required
Se Ps [ G5 [ obstacle is cleared and nominal flight may resume
S3 Sgtz nominal successor intersects a NFZ
Szt | Spt [ NFZ avoidance is still required
Szt | S3 | NFZ is avoided and nominal flight may resume
S; S7 | emergency or infeasible command, where S; €
{82, 537 Sgbs7 ngZ}

the update rule in Eq. (I3). The main guards used in the
transition relation are

Yobs (X, 0) <= ObsBlock(pp37, 6),
Ytz (Xk,0) <= —ObsBlock(pp77,0)
A NFZBlock(pp3, ),
NomClear(Xy, ) <= Feas(Xk, Thom(Xk, 0),0),
Vemg (Xk, A, 0) <= —Feas(Xy, A, 0).

The definition of ~,¢, gives obstacle avoidance priority when
the nominal successor intersects both an obstacle and an NFZ.
At the mission level, the allowed mode changes are represented
by the guarded mode-transition relation

0s TS xI'x S, (20)
where I is the set of transition guards. The guarded transitions
are summarized in Table [[]| where each row represents a transi-
tion (Sg, v, Sp) that is enabled when the guard condition holds.
They are interpreted at the mission level. We distinguish two
kinds of one-step transitions. A transition is either mode-only
or movement-based. Mode-only transitions change only the
mission mode and satisfy px41 = py, and b1 = by, examples
include entering avoidance mode, marking the destination as
reached, and completing landing. Movement transitions apply
a nonzero motion command selected by the fixed policy and
satisfy Eq. (I8). Let 7 denote the guarded transitions in
Table [l The full transition relation is

0r1(Xx, Xpg1,0) <= \/ Enabled,(Xy, Xj41,0). (21)
reT

For each row r, Enabled, encodes the corresponding source
mode, target mode, guard, and update rule. Infeasible move-
ment commands, according to Eq. (]ED, transition to S;. The
terminal modes S5 and S7 are absorbing, so Xj41 = Xj.



1. Mission Requirements

The safety requirement states that every state in the bounded
execution must satisfy the physical safety constraints:

K
Deate(Xo:ie,0) < /\ Safe(Xy,0).
k=0

(22)

The mission-completion requirement states that the UAV
must reach the landed state at the destination within the
bounded horizon, and must never enter the failure state:

K K
Dgont(Xo:x) = |\ (ar = S5 Apk = pase) | M| /\ ax # Sz

k=0 k=0
(23)
The full mission requirement is
® = (I)safe A (pgoab (24)
Thus, a successful execution is one that reaches the landed
state at the destination within the bounded horizon, never

enters the failure state, and satisfies all safety constraints
throughout the run.

J. Bounded Verification Problem

The bounded scenario coverage verification problem asks
whether the fixed mission policy satisfies the mission require-
ment for every admissible environment configuration 6 € ©
within the chosen horizon K. Let Xo.x = (Xo,...,Xk)
denote a bounded execution trace. For a given 6, the trace is
valid if it starts from the initial state and follows the transition
relation at every step:

Rung (Xo:x,0) <= Xo = (S1,Psre; Bo)
K-1
A\ /\ 6H(Xk;Xk+176)~
k=0

The verification property is that every valid bounded exe-
cution satisfies the mission requirement:

VO € O, VXo.x € XE+L.

Equivalently, the SMT solver checks the counterexample
query

30 € 0, IXo.x : Rung(Xo.x,0) A 2P(Xo.x,0). (25)

If Eq. is SAT, the satisfying assignment gives an
admissible environment configuration and bounded execution
that violate the mission requirement, i.e., a concrete counterex-
ample scenario. If it is UNSAT, then no violating scenario
exists for the fixed policy within the specified environment
bounds and horizon.

Rung (Xo.x,0) = ®(Xo.x,6)-

IV. PROPOSED SMT-BASED FRAMEWORK

The overall verification workflow is illustrated in Fig.
It summarizes the end-to-end pipeline, mission specifications
and bounded environment assumptions are abstracted into
a mission-level UAV model and symbolic environment pa-
rameterization, which are then encoded as a bounded SMT
verification problem. The solver outcome is interpreted as
either a SAT counterexample scenario, consisting of a concrete
environment configuration and UAV trajectory, or an UN-
SAT bounded-correctness result. The framework also supports
scalability analysis by varying obstacle density, NFZ size,
and obstacle height. The proposed SMT-based framework
performs scenario coverage verification for a fixed single-UAV
mission policy under bounded environmental assumptions.
Rather than evaluating fixed environment configurations one
at a time, the mission model and environment parameters are
encoded symbolically, enabling reasoning over all admissible
configurations in the parameter space ©.

The framework integrates three key components: (i) the
mission-level UAV model, which captures mission modes,
motion, resource usage, and safety constraints; (ii) the sym-
bolic environment parameterization, which defines bounded
obstacle, NFZ, and altitude configurations; and (iii) the SMT-
based counterexample query, which combines the mission
model and environment parameters into a unified verification
problem. The transition relation dyy in Eq. (ZI) and the mission
requirement ® in Eq. (24) are encoded symbolically together
with the bounded environment assumptions.

The transition system is unrolled over a finite horizon K,
producing a symbolic execution trace Xy, X1,..., Xg. The
initial state X is fixed by the mission definition, while each
successor state is constrained by the transition relation. Envi-
ronment parameters, including obstacle corners, NFZ bounds,
and altitude limits, are declared as symbolic integer variables
constrained by EnvBounds(f). The resulting SMT query
is the counterexample formulation in Eq. (23, discharged
using Z3. A SAT result yields a concrete violating scenario
consisting of an admissible environment configuration and a
corresponding UAV trajectory. An UNSAT result establishes
that no violating scenario exists for the fixed mission policy
within the specified environment bounds and horizon. Thus,
the framework provides exhaustive scenario coverage over the
modeled bounded environment family rather than validation
over sampled configurations.

V. EXPERIMENTAL EVALUATION

This section evaluates the proposed SMT-based scenario
coverage verification framework under varying environmental
bounds and grid sizes. We describe the experimental setup,
present scalability results across five workspace configurations,
and analyse the verification outcomes in detail, including two
concrete case interpretations.

A. Experimental Setup

The evaluation is conducted over a bounded environment
parameter space © (Eq. [9), which defines the admissible
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Fig. 3. SMT-based scenario coverage verification framework. SAT yields a violating scenario, while UNSAT establishes bounded correctness.
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Fig. 4. Environment parameter ranges for obstacle slots O; and no-fly-zone
slots N; in SAFE and RISKY regions. Obstacle slots are denoted by O;, and
no-fly-zone slots are denoted by N;. The variables = and y define horizontal
placement, while h; denotes obstacle height along the z-axis. The quantities
Ax and Ay represent the horizontal extents (widths) of obstacles and no-fly
zones, used to derive ™2* and y™&* from the corresponding lower bounds.
NFZ constraints are independent of altitude.

placement and size ranges of obstacle slots O; and NFZ slots
N;. The number of obstacle and NFZ slots is varied over
no,nn € 1,2,3,4, resulting in 16 configurations per grid
and region. Each configuration corresponds to a single SMT
query in which all obstacle and NFZ parameters are treated
as bounded integer variables.

The parameter space is further divided into SAFE and
RISKY regions, as illustrated in Fig. ] These regions are
defined relative to the nominal mission corridor followed by
the fixed policy in the absence of environmental conflicts.
SAFE bounds place obstacles and NFZs away from this
corridor, whereas RISKY bounds place them near or along
the corridor, making mission violations more likely when the
fixed policy cannot safely recover.

We evaluate five workspace grids: 25x25x25, 50x50x50,
T5xT75x 75, 100x100%x100, and 125x125x125. All queries

are solved using Z3 (v4.12) via Python, with a per-query
timeout of 10 minutes and a total evaluation budget of 4 hours
per grid. For each SAFE or RISKY region, the SMT query
ranges over all admissible valuations 6§ € O satisfying the
corresponding bounds. Thus, each query reasons symbolically
over the bounded environment family rather than evaluating a
single sampled instance.

B. Experimental Results

Table m summarizes the solver outcomes across grid sizes,
environment regions, and obstacle/NFZ slot counts. Within the
four-hour budget, the number of completed queries decreases
as the grid size increases, reflecting the growing complexity of
the SMT instances. SAFE-region queries predominantly return
UNSAT, indicating that no violating scenario exists within
the specified bounded symbolic region, whereas RISKY-region
queries return SAT when the solver finds an admissible vio-
lating environment valuation. The longest runtimes occur for
dense configurations with (no,ny) = (4,4), while sparse
configurations with (no,ny) = (1,1) terminate fastest.
Dashes in Table [T indicate non-comparable aggregates for
early-terminating RISKY runs rather than missing data.

We illustrate the verification outcomes with two representa-
tive cases from experiments with grid size 100x100x100. An
UNSAT instance from the SAFE region and a SAT instance
from the RISKY region. Each case specifies the bounded
environment profile, the solver outcome, and its geometric
interpretation.

a) UNSAT case (SAFE region, 100x100x100): A bound
profile with (no,ny) = (2,2) and horizon K = 30 was
evaluated. The obstacle and NFZ parameters were constrained
to SAFE ranges that lie above the UAV trajectory corridor. Z3
returned UNSAT, indicating that no admissible placement of
two obstacles and two NFZs within these bounds can violate
the mission constraints. Geometrically, all constraints satisfy
y™n > 38, placing them entirely above the horizontal arm
(y = 0) and beyond the turning region of the trajectory.
The UAV trajectory traverses y € {0,4,16,28} along the
vertical segment, all of which lie strictly below the minimum
y-bound of any constraint. Therefore, no intersection between
the trajectory and environment constraints is possible. This



TABLE III
VERIFICATION OUTCOMES ACROSS GRID SIZES AND ENVIRONMENT REGIONS.

Grid Region #Total #SAT #UNSAT TO Avg RT (s) Longest (s) (no,nnN) Shortest (s) (no,nnN)
25X25x%x25 SAFE 39,051 0 39,050 1 0.200-0.64 1.84 4,4) 0.035 (L,1)
25X25x%x25 RISKY — 0 — — 0.060-0.18 0.44 4,4) 0.035 (1,1)
50x50x50 SAFE 18,089 0 18,088 1 0.410-1.97 4.62 4,4) 0.049 (1,1)
50x50x50 RISKY — 0 — — 0.090-0.22 0.50 4,4) 0.049 (1,1)
T5XT75X75 SAFE 7,908 0 7,908 0 0.140-2.37 743 4.4 0.140 (1,1)
T5XT5X 75 RISKY 4,861 4,861 0 0 0.067-1.07 2.20 4,4) 0.067 (1,1)
100x100x100 SAFE 3,643 0 3,643 — 1.060-5.43 9.59 4.4) 0.320 (1,1)
100x100x100 RISKY 3,526 3,526 0 — 0.180-1.24 2.30 4,4) 0.077 (1,1)
125x125x125 SAFE 2,285 0 2,285 1 0.680-9.42 16.43 4,4) 0.680 (1,1)
125x125x125 RISKY 2,379 2,379 0 0 0.106-1.61 3.04 4,4) 0.106 (1,1)

UNSAT result provides a bounded correctness guarantee over
the entire admissible region of ©, covering all configurations
consistent with the specified bounds.

b) SAT case (RISKY region, 100x100x100).: A bound
profile with (no,ny) = (2,1) and horizon K = 14 was
evaluated under the RISKY parameter ranges. Z3 returned
SAT in 0.41 s and produced a concrete counterexample. In the
satisfying assignment, the NFZ is placed within the RISKY
bounds so that its horizontal footprint intersects the initial
nominal mission corridor. For example, the admissible choice
x;-ni“ = 12, Az; = 8, y;-“in = 0, and Ay; = 6 yields the
NFZ footprint = € [12,20] and y € [0,6]. Under the fixed
policy, the bounded execution reaches a corridor point whose
horizontal coordinates lie inside this NFZ footprint. Since NFZ
membership is altitude-independent in the model, this state
violates the safety requirement. Thus, the SAT assignment
provides a concrete violation scenario. The rapid SAT runtime
reflects the nature of satisfiable queries, where the solver
terminates after finding one violating configuration.

VI. CONCLUSION AND FUTURE WORK

This paper presented an SMT-based framework for symbolic
scenario coverage verification of single-UAV mission policies
under bounded environmental assumptions. Unlike simulation-
based validation, which evaluates a finite set of sampled
scenarios, the proposed approach treats the environment as
a symbolic parameter space, enabling exhaustive reasoning
over all admissible configurations within specified bounds. The
results demonstrate that safety is not uniformly guaranteed
across environment configurations, but depends critically on
the interaction between UAV motion, resource constraints, and
environment geometry. The framework systematically iden-
tifies violating configurations through SAT counterexamples
and provides bounded correctness guarantees through UNSAT
results. Scalability analysis shows that solver performance
is influenced by grid size and configuration density, with
predictable increases in runtime for larger and denser envi-
ronments. Nevertheless, the framework remains tractable for
practical mission-level verification, with most queries complet-
ing within seconds and only limited timeouts at the largest
grid scale. Future work will extend the framework along
several directions. These include multi-UAV verification using
compositional or assume—guarantee reasoning, incorporation

of dynamic and uncertain environments, and refinement toward
continuous or hybrid models.
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