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①  The Problem ②  Soteria at a Glance ④  Plans as Guarded Transition Systems①  The Problem

An LLM agent that executes multi-step tool calls must meet two 
objectives at once:

Utility Complete the user’s task.

Conformance Every tool call meets its contract and every 
policy rule holds over the trace.

They are in tension: blocking an unsafe call prevents the violation 
but can strand the agent, sometimes unrecoverably.

Runtime guardrails alone are not enough

LLM judges a second model checks each action: easy to 
deploy, but there is no formal guarantee.

Runtime monitors contracts and trajectory invariants checked at 
runtime: provides guarantees at runtime, but 
cannot enforce liveness; no verified recovery 
path when a call is blocked.

Key insight

Agents can be safe without sacrificing utility by constructing 
a verified, specification-conformant plan before any tool is 
invoked; then using that plan at runtime as both an 
execution roadmap and a recovery guide.

②  Soteria at a Glance

Verified Subplan Library

Domain Policy
Cancellation cannot be approved after 24
hrs of booking unless insured

Reservation update must keep the same
origin and destination

...

Tools
update_reservation(res_id: str, flights: list)

cancel_reservation(res_id: str, refund: str)

book_reservation(flights: list, card: str)

...

Formal Specifications

Reusable Subplans
def do_cancel(res_id: str, current_time: str):
        Output(r=Reservation)
        requires(res_id != '')
        ensures(r.status == 'cancelled')
        ....

def do_update(...)

def do_booking(...)
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Figure 1: Overview of SOTERIA

contracts are generated with LLM assistance, then manually validated against the policy (§2.1).
Given a task, the SOTERIA Planner composes a hierarchical plan from a library of reusable, pre-
verified sub-plans and verifies it against the specifications. Plan verification checks: tool contracts
(every call satisfies its precondition), progress (the plan cannot get stuck), and policy correctness
(every execution satisfies all specifications). Failed checks produce targeted diagnostics that prompt
the planner to repair and re-verify within a fixed retry budget; when full verification is not achievable,
SOTERIA proceeds with the strongest partially verified plan as a fallback. To guarantee conformance
regardless of verification outcome or executor deviation, SOTERIA integrates a runtime SpecMonitor
that checks each proposed tool call against the specifications and blocks it if unsafe. When a call is
blocked, the executor consults the verified plan for alternatives and recovers along a guided path.

On 207 tasks across three challenging benchmarks, SOTERIA achieves 100% conformance across
all four models, while baseline conformance reaches at most 93%. SOTERIA also improves task
success by 4.7–43.9 percentage points over the best baseline (1.7 times on average) for each model–
benchmark pair, where the verified plan provides continuous guidance on the correct action sequence
even when the executor deviates.

Our results highlight two benefits of verified plans over runtime monitoring alone. First, they provide
global foresight: plan verification checks whether action sequences satisfy specifications, including
required future actions, before execution begins. Second, they provide recovery guidance: when
a call is blocked, the verified plan supplies an alternative path toward task completion. SOTERIA
combines both benefits by using the verified plan as an execution roadmap and a recovery guide
when the SpecMonitor blocks a call.

Contributions.
• We introduce SOTERIA, a framework that achieves both safety and utility for LLM agents through

verified hierarchical planning and runtime specification enforcement.
• We propose a verified planning approach (§2) that composes reusable sub-plans into hierarchical

plans and statically verifies them against tool contracts, progress, and policy correctness specifi-
cations using a verifier-in-the-loop that steers the planner toward correct plans.

• We propose plan-guided runtime enforcement (§3), where a SpecMonitor blocks specification-
violating tool calls before execution, and the verified plan provides the executor with a concrete
recovery path.

• We evaluate SOTERIA on 207 tasks across three benchmarks and four LLMs (§4). SOTERIA
achieves 1.7 times the average task success rate of the best baselines, with zero specification
violations (100% conformance).

2 Verified Hierarchical Planning

2.1 Specifications for Agent Correctness

An LLM agent operates with a backbone model, a set of tools (APIs it can call), and an external
environment (e.g., a database) that tools may read from or write to. Given a user task described
in natural language, the agent completes it by carrying out a sequence of tool calls, producing an
execution trace that records each tool invoked, its arguments, and the returned result. We provide a
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One-time setup (left): an auto-formalizer turns policy documents and tool definitions into specifications and reusable sub-plans, validated by hand. 
Per task (right): the Planner composes a hierarchical plan, the Plan Verifier verifies it agains policy specifications and returns repair diagnostics, and the Executor executes 

the plan under runtime enforcement of the specifications.

③  Specifications for Agent Correctness
Tool contracts a precondition on each tool’s inputs and a postcondition on its outputs, constraining individual calls.

Policy correctness first-order formulas over the execution trace capturing temporal order (≺), relational predicates and value 
flow (⇝) between calls.

  Policy rule  (τ²-Airline) Formalized specification

Check flown status before cancelling. ∀ c:Cancel-Resv. ∃ c′:No-Flown.   c′ ≺ c  ∧  c′.rid = c.rid  ∧  c′.r = true

Refund must derive from the reservation. ∀ c:Refund-Resv. ∃ c′:Get-Resv.   c′.r ⇝ c.amount  ∧  c.rid = c′.rid

Upper: Any call to cancel reservation needs to be proceeded by a check that the flight has not been flown (≺ denotes happens-before);  
Lower: The amount of refund must be derived from an actual reservation that is looked up earlier (⇝ denotes value-flows)

④  Plans as Guarded Transition Systems

A plan is a directed graph: states are stages of a procedure, 
transitions are tool calls, and every transition is gated by a guard: a 
Boolean condition over data collected at runtime. Plans are written 
in a Python-like DSL, making branching, sequencing and data 
dependence explicit and machine-checkable.

Figure 2: A parent plan composing the CANCEL and REFUND sub-plans. The planner generates the
top-level plan; each sub-plan encapsulates one procedure and is reused across tasks.

re-encoding their internal logic. Figure 2 illustrates this concept: the request “cancel my reservation
and refund me” is handled by composing a cancellation sub-plan with a refund sub-plan into a top-
level plan. The planner generates only the top-level composition, producing simpler plans that are
easier to get right (§4.3).

2.3 Plans as Guarded Transition Systems

Figure 3: A cancellation plan
as a GTS.

Each plan must specify which tools (or sub-plans) to call, in what
order, and under what conditions. SOTERIA represents plans as
Guarded Transition Systems (GTS), directed graphs whose nodes
are states representing steps or stages in the standard procedure and
whose edges are transitions representing tool calls. Each transition
is gated by a guard: a Boolean condition over data collected dur-
ing execution (e.g., the result of a prior tool call) that determines
whether the transition may fire. This representation makes branch-
ing, sequencing, and data-dependent decisions explicit and machine-
checkable, enabling the static verification described in §2.4.

Example. Consider the task “Cancel reservation RES123.” The do-
main policy requires, among other rules: (ω1) Before cancelling a
reservation, the agent must verify that no flights have already been
flown. (ω2) A reservation may be cancelled only if the booking was
made within 24 hours.

Figure 3 shows a GTS for this task using tools for looking up reser-
vations, cancelling them, checking flown status, and computing time
differences. The contract (dashed boxes) specifies a precondition (a
valid reservation ID) and a postcondition guaranteeing either that the
reservation is cancelled or unchanged if the request is not permitted.
The plan looks up the reservation, checks the time since booking, and
branches: cancelling if within 24 hours, denying otherwise. How-
ever, this plan is incorrect: it skips the flown-status check required
by ω1. Because the plan is a formal artifact, SOTERIA detects this
violation statically before any tool is invoked; its plan verifier (§2.4) rejects the plan and steers the
planner to repair it.

DSL for Plans. SOTERIA requires the agent planner to generate its plan in a domain-specific lan-
guage (DSL). Figure 4 shows this plan written in SOTERIA’s DSL for plans (formal syntax in Ap-
pendix A.2). We briefly describe the DSL features.

Plan variables, states, and transitions. A plan declares typed plan variables as parameters (e.g.,
uid, rid in Figure 4) and binds new ones from tool-call results (e.g., resv, hrs); variables are
visible across all states. Each state (marked @state) contains one or more transitions; a transition
performs at most one action, followed by optional variable updates and a goto to the next state.
Terminal states are accepting (task completed successfully) or halting (cannot proceed safely).

Actions. Actions include tool calls (e.g., call(Get-Resv, rid) in Figure 4) and sub-plan
invokes (Figure 2). Other supported actions are shown in Appendix A.2.
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Hierarchical sub-plans

Each standard procedure is a pre-
verified sub-plan with its own contract, 
invoked like a tool. The planner 
generates only the top-level 
composition, and verification is 
modular: a parent only reasons about a 
sub-plan’s contract.

⑤  Static Plan Verification
Soteria propagates a symbolic state Σ(s) over plan variables and 
discharges three families of verification conditions with Dafny:

1 Tool contracts — Σ(s) ∧ g ⇒ Pₐ at every call: no tool is invoked 

with invalid arguments.

2 Progress — Σ(s) is satisfiable at every state (no dead code) and 
Σ(s) ⇒ g₁ ∨ … ∨ gₙ (no dead ends).

3 Policy correctness — a ghost state (step counter, call logs, 
provenance map) encodes ≺, relational and ⇝ predicates; 
assertions must hold on every accepting path.

Failures return targeted diagnostics that steer the planner to repair 
and re-verify within a budget of 8 retries; otherwise Soteria falls 
back to the strongest partially verified plan.

⑥  Runtime Enforcement
The plan is handed to the executor as a worklist: a flowchart 
progressively simplified as results arrive, collapsing the decided 
branch and showing only what remains.

Plan Worklist
Plan Worklist

Figure 5: Calling Hours-Diff resolves the guard (h=26 > 24), collapsing the taken branch.

calling Get-Resv (line 6) and Hours-Diff (line 11), then satisfying the guard hrs → 24 (line 16).
If any check fails, the plan may get stuck at intermediate steps and is therefore rejected upfront.

Policy Correctness. SOTERIA rejects plans that may violate any policy specification by encoding
each ω ↑ ! as a VC. To encode ω, SOTERIA maintains a ghost state alongside ”, consisting of:
(a) a monotonic step counter incremented after each action; (b) per-action call logs, recording the
step, typed inputs, and result of each call; and (c) a provenance map tracking which action out-
puts contributed to a variable’s current value. Specification predicates are encoded over this ghost
state: quantifiers range over call-log indices, temporal predicates (↓) become step comparisons, re-
lational predicates become assertions over call-record fields, and value-flow predicates (↭) become
provenance-map membership checks. The resulting assertions are placed at each accepting state and
must hold for all paths reaching it.

Modular verification. When verifying a plan that invokes sub-plans, SOTERIA treats each sub-plan
as a tool call whose behavior is characterized solely by its contract (precondition and postcondition).
The parent plan’s VCs thus reason about sub-plan interfaces rather than their internal logic.

3 Runtime Enforcement

A fully verified plan guarantees that any execution following it satisfies all specifications. In practice,
however, two factors can compromise this: verification may be incomplete (some specifications
remain unverified after the retry budget is exhausted), and the executor (an LLM agent) may deviate
from the plan due to its stochastic nature. Either factor can lead to specification violations at runtime.
SOTERIA addresses this gap with a SpecMonitor that checks each proposed tool call against tool
contracts and policy specifications, blocking its execution if a violation would result.

Using the Plan as Guidance. To maintain progress toward task completion, SOTERIA presents the
plan to the executor as a worklist: a flowchart that is progressively simplified as tool results arrive,
showing only the remaining steps and their guard conditions (Figure 5). When a result resolves
a guard, the worklist collapses the decided branch and advances, keeping the executor focused on
what to do next. The executor retains full discretion over tool selection; the worklist guides but
does not constrain. For high-stakes workflows where deviation is unacceptable, SOTERIA also sup-
ports a strict plan-enforcement mode that permits only transitions whose guard and precondition are
satisfied (Appendix A.4).

Conformance checks via SpecMonitor. To guarantee conformance to tool contracts and policy
specifications, SOTERIA interposes a SpecMonitor before every tool execution. First, it checks the
tool’s precondition against the inputs. If the precondition is not satisfied, the call is blocked before
execution, preventing invalid invocations. Then, SpecMonitor evaluates each specification con-
cretely: it takes the current trace prefix (all committed tool calls so far), extends it with the proposed
call and its arguments, and checks whether any specification would be violated (Appendix A.5). If
so, the call is blocked before it executes, guaranteeing conformance regardless of whether the plan
was fully verified. When a tool call is approved and executed, SpecMonitor checks the tool results
against the tool’s postcondition. If this check fails, the execution is aborted because a postcondition
violation means the tool contracts are unsound, and results of plan verification cannot be trusted.

Recovery from blocked actions. When a tool call is blocked by the SpecMonitor, the executor must
recover. The worklist shows the current plan state and remaining transitions, allowing the executor
to select an alternative action that keeps the task on track. For a fully verified plan, a block means
the executor deviated; the worklist shows the plan’s intended next step. For a partially verified plan,
specifications that were not successfully verified are surfaced as explicit warnings in the executor’s
prompt, instructing the executor to proactively avoid the violations. In both cases, the executor uses
the worklist to find alternative branches; if none exist, it falls back to its own reasoning, informed
by the plan context and the reason for the block.
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SpecMonitor before every call, check the precondition, then 
evaluate every specification on the committed 
trace prefix extended with the proposed call. A 
call that would violate a spec is blocked before 
executing. Here, conformance holds whether 
or not the plan verified.

Recovery a blocked call sends the executor back to the 
worklist for an alternative branch instead of 
stranding it.

⑦  Results   on   207 tasks  ·  3 benchmarks  ·  4 LLMs

100%
conformance in all 12 model × benchmark settings

0
specification violations  (baselines: 5–42)

1.7×
the average success rate of the best baseline

τ²-Airline  (50) GPT 
5.4-mini

Gemini 
3 Flash

Haiku 
4.5

Opus 
4.6

No Guardrail 34.0 28.0 30.0 52.0

NeMo 40.0 32.0 24.0 54.0

AgentSpec 50.0 36.0 26.0 56.0

ABC 48.0 26.0 22.0 50.0

Soteria 60.0 62.0 70.0 88.0

τ²-Retail  (114) GPT 
5.4-mini

Gemini 
3 Flash

Haiku 
4.5

Opus 
4.6

No Guardrail 20.2 34.2 31.6 46.5

NeMo 18.4 28.1 23.7 38.6

AgentSpec 19.3 32.5 29.8 37.7

ABC 15.8 38.6 28.1 29.8

Soteria 35.1 45.6 56.1 90.4

Toolathon  (43) GPT 
5.4-mini

Gemini 
3 Flash

Haiku 
4.5

Opus 
4.6

No Guardrail 2.3 2.3 4.7 11.6

NeMo 0.0 0.0 0.0 9.3

AgentSpec 0.0 0.0 2.3 9.3

ABC 2.3 0.0 2.3 4.7

Soteria 11.6 16.3 9.3 18.6

Conformance-gated task success rate (%), Soteria in bold; best baseline conformance is 93.0% (ABC + Gemini 3 Flash, τ²-Retail). 
  
Ablation (τ²-Airline, GPT-5.4-mini): flat unverified plan 44% success / 74% conformance;  + verification 46 / 80;  + sub-plans 50 / 80;  + SpecMonitor 60 / 100. Sub-
plans cut the median plan from 11 to 8 states and nearly double verified plans (65/68 vs 38/60).

Plan written in Soteria Plan DSL: State definitions, Actions, 
Guards and Plan Variables
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