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[bookmark: _Toc450649300]Scope and Purpose
This document is a case study that describes a plan for the qualification of the Prototype Verification System [1] (PVS) theorem prover as a Tool Qualification Level 5 (TQL-5) tool. It follows the guidance provided in DO-178C: Software Considerations in Airborne Systems and Equipment [2] and DO-330: Software Tool Qualification Considerations document DO-330 [3]. It describes the activities necessary for tool qualification and seeks to provide insight into issues that are unique to the theorem proving, and formal methods in general.
This case study builds upon the work by Darren Cofer and Steven Miller entitled Formal Methods Case Studies for DO-333 [4]. In it, each class of formal methods is used to satisfy DO-178C Software Life Cycle Process objectives following the guidance provided in the DO-333: The Formal Methods Supplement to DO-178C and DO-278A [5]. In the work by Cofer and Miller, a case study for theorem proving demonstrates an approach to verify the requirements for the synchronization logic of a Flight Guidance System (FGS) of the General Avionics Product (GAP). Specifically, theorem proving is used to verify the high-level software requirements (HLRs) regarding synchronization of the FGS’s pilot flying side attribute, and also demonstrate that the system architecture, HLRs, and high-level hardware requirements (HLHRs) comply with the system requirements.
Section 2 gives an overview of the PVS theorem prover and how it is used in the Software Life Cycle processes. Section 3 establishes the need for tool qualification, identifies the DO-178C objectives the tool is used to satisfy, and provides a comprehensive list of tool qualification objectives required for qualification of PVS. Section 3.4 identifies additional objectives that are required due to the use of formal methods, which PVS implements as a form of theorem proving. Section 4 provides an explanation of each objective, how it might be satisfied, and provides additional insight into concerns specific to theorem proving. Section 6 provides estimates on the labor hours required to complete each qualification objective. The remainder of the document references information relevant to the qualification activities, including a set of appendices that contain formal descriptions of the input and output of PVS, installation instructions for PVS, verification and validation test cases for PVS as it is used in this GAP software development process, and expected results from executing these test cases.
[bookmark: _Ref423419027][bookmark: _Ref423419497]

[bookmark: _Ref430339494][bookmark: _Toc450649301]Overview
The Prototype Verification System (PVS) is an environment for formal specification and verification. The input to PVS is a specification language based on classical, typed higher order logic. PVS features an interactive theorem prover that assists the user in reasoning about PVS specifications. It has a collection of inference procedures that a user can apply within a sequent calculus framework in order to prove theorems.  The user interacts with the theorem prover through an Emacs interface to provide commands to the proof engine. The results of applying the inference rule are displayed to the user and recorded in a proof file that is saved during this interactive process. When a proof is obtained (which may require the application of numerous inference rules) the proof file records all of the inference rules applied to obtain the proof. This proof can be replayed by PVS at a later time. The capability of PVS to recheck past proofs is the focus of this qualification effort. Users can interact with PVS to build proofs for the various artifacts necessary to satisfy DO-178C objectives, however for certification simply replaying the proof on the final development artifact is sufficient for demonstrating compliance. Replaying the proof can be accomplished through the use of the ProveIt [6] tool, which performs batch processing of PVS theories and associated proof files.
The PVS proof engine [7] is built from a small set of primitive inference steps. Most of the inference steps are small, but a few involve deep combinations of decision procedures and rewriting. Larger proof strategies can be defined using the primitive ones. Several external proof tools for BDD-based simplification and model checking, monadic second-order reasoning, nonlinear arithmetic, and predicate abstraction have been added to PVS. These external tools are trusted, but the code used in defining strategies need not be trusted since the proofs can be expanded down to the primitive inference steps.
PVS also provides an expressive language [8] for capturing mathematical concepts directly and precisely. The automation available in the form of type-checking and theorem proving is directed at making it easy to construct, debug, verify, and maintain proofs. The PVS specification language is based on a higher-order logic enhanced with predicate subtypes, structural subtypes, dependent types, parametric theories, theory interpretations, and algebraic and coalgebraic datatypes. Typechecking a PVS expression generates proof obligations. These must be proved in order for the expression to be considered well-formed. Subtyping in PVS rules out undefined function applications, division by zero, out-of-bounds array accesses and updates, and misapplied datatype accessors. Theory interpretations can be used to instantiate abstract theories as well as to exhibit models of axiomatic theories. A large fragment of the PVS language is executable. The type system and operational semantics ensure that the execution of a well-typed PVS expression in this fragment cannot trigger a runtime error (other than by exceeding resource limits).
In the Software Life Cycle processes of the GAP’s FGS mode logic PVS is used to verify the outputs of the software requirements process. PVS is used to:
· Verify HLRs regarding the synchronization of the FGS pilot flying side.
· Demonstrate that the system architecture, HLRs, and high level hardware requirements (HLHRs) comply with the system requirements.
This is accomplished by developing PVS theories that describe the various components of the pilot flying software development process and demonstrated by establishing proofs that higher level artifacts are implemented by lower level artifacts. These artifacts are shown in Figure 1.
[image: ]
[bookmark: _Ref427674311][bookmark: _Ref447615799]Figure 1 - Pilot Flying PVS theory organizational structure
Each formal artifact represents a specific part of the software requirements process. Generally each lower artifact is shown to be a more refined, concrete implementation of the higher level artifact. For example, the Side low level software requirements (Item 4 in Figure 1) are shown to implement the Side high level software requirements (Item 3 in Figure 1) via a proof that the implemention in (4) satisfies the axioms in (3). The formalized artifacts used for this software development are:
· The system requirements formalized in the Pilot Flying System Requirements PVS theory (1)
· The system architectural description formalized in the Pilot Flying Architecture PVS theory (2)
· The high level software requirements (HLRs) of the Side Flying computation PVS theory (3)
· The low level software requirements (LLSRs) of the Side Flying computation PVS theory (4)
· Instantiation of the Side Flying LLSRs as an interpretation of the Side Flying HLRs in the Side Intepretation PVS theory (5)
· The high level hardware requirements (HLHRs) of the Cross-channel bus (6)
· The low level hardware requirements (LLHRs) of the Cross-channel bus (7)
· Instantiation of the the Cross-channel bus LLHRs as an interpretation of the Cross-channel bus HLHRs in the Bus Interpretation PVS theory (8)
The comprehensive set of objectives satisfied by the use of PVS in this software development process is discussed in Section 3.
[bookmark: _Ref423419031]

[bookmark: _Ref430339501][bookmark: _Toc450649302]Tool Usage in the Software Life Cycle Processes
In this software development PVS is used to perform verification activities associated with the outputs of the software requirements process related to the computation of the active flying side of the of the FGS. Table 1 shows the DO-178C objectives satisfied by modeling and analyzing the FGS Pilot Flying side system requirements, software requirements, and architecture using the PVS theorem prover.
The following sections address the DO-178C objectives the tool is used ot satisfy, determination of the Tool Qualification Level (TQL), applicable Tool Qualification Objectives, and finally, the additional objectives required due to the usage of formal methods.
[bookmark: _Ref447637771][bookmark: _Toc450649303]DO-178C Objectives Satisfied
Using PVS as described in Figure 1 and Figure 2 from Section 2, objectives from DO-178C Table A.3 can be claimed. Table 1 below identifies the objectives that are satisfied through the use of the tool to be qualified, PVS. The rationale for claiming each objective is obtianed by following the guidance provided in DO-333.
	Objective
	Description
	Reference
	Notes

	A-3.1
	High-level requirements comply with system requirements.
	Section 3.1.1
	

	A-3.2
	High-level requirements are accurate and consistent.
	Section 3.1.2
	

	A-3.4
	High-level requirements are verifiable.
	Section 3.1.3
	

	A-3.5
	High-level requirements conform to standards.
	Section 3.1.4
	Partially satisfied by formalizing the HLRs in the PVS specification language.

	A-3.6
	High-level requirements are traceable to system requirements.
	Section 3.1.5
	

	A-3.7
	Algorithms are accurate.
	Section 3.1.6
	


[bookmark: _Ref423353741][bookmark: _Ref423354539][bookmark: _Ref429656567]Table 1 - DO-178C Objectives Claimed through the use of PVS
The ‘Objective’ in Table 1 identifies the DO-178C objective that the row is addressing. The next column provides a description of the objective under consideration. The ‘Discussion’column identifies the section of this document that fully discusses the rationale for why the Check-It tool satisfies the objective. The last column captures any notable information related to the objective.
[bookmark: _GoBack]When using formal methods, the guidance and objectives of DO-178C are modified by DO-333, the Formal Methods Supplement. Each objective is discussed in Sections 3.1.1 - 3.1.6. Each section captures the relevant DO-333 guidance and rationale for how PVS satisfies it.
[bookmark: _Ref447617287][bookmark: _Toc450649304]Objective A.3-1: HLRs comply with System Requirements
DO-333 Section FM.6.3.1.a: If the system requirements and high-level requirements are formally modeled, then formal analysis can be used to show compliance. Formal methods cannot show that derived requirements and the reason for their existence are correctly defined; this should be achieved for review.
This objective is satisfied by proving that the Pilot Flying System Requirements theory (1) is implemented by the architecture defined in Pilot Flying System theory (2), and the HLRs defined in Side HLR (3) theory and the HLHRs defined in Bus HLHR theory (6).
[bookmark: _Ref447617300][bookmark: _Toc450649305]Objective A.3-2: HLRs are accurate and consistent
DO-333 Section FM.6.3.1.b: If the high-level requirements are expressed in a formal notation, then they will be precise and unambiguous. The formal model of high-level requirements can be checked for consistency (the absence of conflicts) and may enable accuracy checks to be carried out using formal analysis.
Accuracy is demonstrated by formalizing the HLRs as axioms in the Side LLSRs (4) PVS theory. Consistency is demonstrated by proving that the concrete implementation in Side LLSR (4) implements the axioms of Side HLR (3). This is accomplished by mapping in theory Side Interpretation (5) each uninterpreted type, constant, and function in Side HLR (4) to its interpreted counterpart in Side LLSR (4) and proving that the axioms are correct implemented.
[bookmark: _Ref447617321][bookmark: _Toc450649306]Objective A.3-4: HLRs are verifiable
DO-333 Section FM.6.3.1.d: Being able to express a high-level requirement in the formal notation defined in the Software Verification Plan is evidence of verifiability.
This is demonstrated by formalizing the HLRs as axioms in the Side HLR (3) theory and proving that the concrete implementation in Side LLSR (4) correctly implements it.
[bookmark: _Ref447617330][bookmark: _Toc450649307]Objective A.3-5: HLRs conform to standards
DO-333 Section FM.6.3.1.e: High-level requirements expressed in a formal notation can be checked for conformance to standards by using formal analysis.
This case study does not have published Software Requirements Standards. The use of PVS to capture the HLRs can be used to demonstrate that conformance to the Software Requirements Standards to the extent that the PVS specification language enforces those standards.
[bookmark: _Ref447617335][bookmark: _Toc450649308]Objective A.3-6: HLRs are traceable to System Requirements
DO-333 Section FM.6.3.1.f: If formal methods are used to meet the objective of section FM.6.3.1.a, this can provide evidence in support of traceability.
This is demonstrated by the activities of objective A-3.1 and then by commenting out each HLR within the Side HLR (3) theory one at a time and showing that the proof of the system requirements within the Pilot Flying System Requirements (1) fail without each high-level requirement.
[bookmark: _Ref447617345][bookmark: _Toc450649309]Objective A.3-7: Algorithms are accurate
DO-333 Section FM.6.3.1.g: If high-level requirements are formally modeled, then they can be checked for accuracy and behavior by using formal analysis.
This is demonstrated by proving that the Pilot Flying System Requirements (1) are implemented in the theory Pilot Flying Architecture (2) when instantiated with the high-level requirements specified in theories Side HLR (3) and Bus HLHR (6).
[bookmark: _Ref447637787][bookmark: _Toc450649310]Tool Qualification Level (TQL) Identification
Per DO-178C Section 12.2.1, qualification of a tool is necessary when it is used to eliminate, reduce, or automate DO-178C processes without the outputs of the tool being verified. PVS is used to obtain credit for the objectives in Table 1. The output of PVS is not verifiable by a human, thus PVS must be qualified according to the guidelines set forth in DO-178C and DO-330. This establishes the need for qualification.
In the Software Life Cycle processes PVS is used to verify outputs of the software requirements process. In this capacity it:
· Cannot insert an error into the airborne software.
· Could fail to detect an error in the airborne software.
· Is not used to justify the elimination or reduction of: 
· Verification processes other than those claimed in Table 1.
· Development processes that could have an impact on the airborne software.
Given this, Per DO-178C, Section 12.2.2 PVS is designated as a Criteria 3 tool. DO-178C Table 12-1 outlines the appropriate Tool Qualification Level (TQL) for a given tool criteria and applicable software level (Level A being most critical to Level D being least critical). PVS is identified as a Criteria 3 tool therefore (regardless of the applicable software level) it must be qualified as a TQL-5 tool.
[bookmark: _Toc450649311]Applicable Tool Qualification Objectives
DO-330 Tables T-0 through T-10 outline the various activities necessary to qualify an arbitrary TQL software tool. Given the classification of TQL-5 for PVS, Table 2 below identifies all of the necessary objectives to be satisfied for tool qualification.
	DO-330 Table
	Objectives

	T-0 Tool Operational Processes (D0-330 p. 66)
	1,2,3,5,6,7

	T-8 Tool Configuration Management Process (DO-330 p. 74)
	1,4

	T-9 Tool Qualify Assurance Process (DO-330 p. 75)
	2,5

	T-10 Tool Qualification Liaison Process (DO-330 p. 76)
	1,2,3,4


[bookmark: _Ref423355885][bookmark: _Ref423355890]Table 2- DO-330 Objectives for TQL-5 Tools
Discussion: DO-330 Table T-0 addresses the operation of the tool in the Software Life Cycle Processes. It is here where the tool’s intended usage is described, the tool’s operational environment is defined, and the tool operational requirements are defined. Further it addresses how these requirements are verified and validated, as part of the tool qualification.
DO-330 Tables T-1, T-2, T-3, T-4, T-5, T-6, and T-7 address the processes used to development the tool. For a TQL-5 effort, these processes are not relevant. DO-330 Tables T-8, T-9, and T-10 address configuration management, quality assurance, and aspects of the qualification liaison process.
[bookmark: _Ref427054086][bookmark: _Ref430098348][bookmark: _Toc450649312]DO-333 Considerations
The use of formal methods introduces additional objectives that are defined in DO-333 [5] the Formal Methods Supplement to DO-178C. These objectives are not satisfied through the use of the PVS, however the use of PVS (a formal method, theorem proving or deductive methods, implemented in a tool) does require that they be satisfied. The objectives for PVS in this case study are shown in Table 3.
	[bookmark: _Ref426542095]Objective
	Description

	FM.A-3.8
	Formal analysis cases and procedures are correct.

	FM.A-3.9
	Formal analysis results are correct and discrepancies explained.

	FM.A-3.10
	Requirements formalization is correct.

	FM.A-3.11
	Formal method is correctly defined, justified, and appropriate.


[bookmark: _Ref429656562]Table 3 - DO-333 Objectives Resulting from the use of Theorem Proving
[bookmark: _Ref426631469]

[bookmark: _Ref429658251][bookmark: _Toc450649313]Tool Qualification Objectives (TQOs)
Table 2 outlines the comprehensive set of objectives outlined by DO-330 for qualifying a TQL-5 tool. TQL-5 tool qualifications do not address the processes used to develop the tool, instead focusing on the use of the tool in the intended operational environment. Essentially, the tool can be treated as a black box. It is only evaluated by how it achieves its stated Tool Operational Requirements; aspects of how the tool was designed, developed, and verified are ignored. 
This section of the document addresses the relevant TQL-5 objectives and describe the activities necessary to meet each for the PVS theorem proving tool.
[bookmark: _Toc450649314]Table T-0 Tool Operational Processes
Table T-0 of DO-330 addresses the Tool Operational Processes. The objectives in this table establish the operational processes of the tool. The relevant objectives are shown below.
	Objective
	Description
	DO-330 Section
	Discussion 

	T-0.1
	Tool qualification need is established.
	4.1
	Error! Reference source not found.

	T-0.2
	Tool Operational Requirements (TORs) are defined.
	5.1.1a
	Error! Reference source not found.

	T-0.3
	Tool Executable Object Code is installed in the tool operational environment
	5.3.1a
	Error! Reference source not found.

	T-0.5
	Tool operation complies with the Tool Operational Requirements
	6.2.1.b
	Error! Reference source not found.

	T-0.6
	Tool Operational Requirements are sufficient and correct
	6.2.1.aa
	Error! Reference source not found.

	T-0.7
	Software life cycle process needs are met by the tool
	6.2.1.bb
	Error! Reference source not found.


Table 4 - TQL-5 Objectives from DO-330 Table T-0
[bookmark: _Toc450649315]Objective 1 – Determining the Tool Qualification Need
This objective is satisfied in a previous section of this document. Section 2 provides an overview of the tool to be qualified, and how it is used to satisfy Software Life Cycle Processes. Section 3.1 identifies the DO-178C objectives automated by the use of the tool, and Section 3.2 identifies the appropriate Tool Qualification Level for this qualification.
[bookmark: _Toc450649316]Objective 2 – Definition of the Tool Operational Requirements (TORs)
This objective requires the applicant to define the Tool Operational Requirements. This includes:
· Description of the context of the tool use, including interfaces with other tools.
· Description of the tool operational environment.
· Description of input files, including format, language definition, etc.
· Descrption of of output files, including format and contents.
· Requirements for all tool functions and technical features used to satisfy the software lifecycle processes.
· User information, such as a user manual and installation guide.
· Description of the operational use of the tool (including selection options, parameters values, command line, etc.)
· Performance requirements specifying the behavior of the tool output.
Sections 4.1.2.1 - 4.1.2.6 discuss all of the aspects necessary to satisfy this objective.
Discussion: The PVS specification language can be used to specify a very rich set of software behaviors. The methods used for achieving DO-178C objectives might not always align with the traditional usage of the tools. For example, PVS is used to demonstrate traceability between the system requirements and HLRs by first establishing a proof (which satisfies objective A-3.1) that the HLRs are required as axioms to prove that the theorems within the Pilot Flying System Requirements (1 in Figure 1) are true. Traceability is then established by removing each HLR axiom, one at a time, and showing that the theorems in the Pilot Flying System Requirements theory are not provable. This demonstrates that the HLRs are traceable to the system requirements. This should be taken into account in defining the TORs.
[bookmark: _Ref426466943]Tool Usage Context and Interface
The context of tool usage is described in Section 2 and illustrated in Figure 2. It is anticipated that the user will interact with PVS and manually prove theorems. When the theorem is proven the proof file will be saved and can be used to reprove the theories in a given file. We take this approach in this software development. PVS can be used to interactively prove the theorems that satisfy certification objectives. Once the theorem is proven, the batch mode of PVS can be used to automatically reprove the theorems present in a PVS theory file. It is this batch mode of operation that is the focus of this tool qualification.
[image: ]
[bookmark: _Ref429659128]Figure 2 - Tool Usage Context for PVS
This batch tool, called ProveIt [6] is a command line interface for PVS that will replay the proof steps found in a proof file for a given theory.
Discussion: PVS is used to model the interaction between the system requirements, HLRs, and HLHRs. Some credit for the objectives in Table 1 is obtained by modeling the artifacts, some credit is obtained through establishing the theorems contained within the respective artifacts are true, and lastly credit is achieved for demonstrating that axioms implemented in some files are required to prove theorems in another. From the perspective of qualification we are concerned that the tool logically does the correct thing; that is, it proves theorems that are actually true, and it does not prove theorems that are actually false.
Tool Operational Environment
PVS is installed on an x86_64 machine architecture on the Ubuntu 14.04.2 LTS operating system.
Tool Inputs and Outputs
PVS accepts inputs that conform to the grammar of the PVS specification language. It also accepts the PVS proof file as an input for the Tool Usage Context described in Section 4.1.2.1. Example 1 is a simple PVS theory (taken from the PVS users manual) that defines a recursive function that computes the sum of natural numbers from 1 to N, where N is an input parameter of the function.
	1
2
3
4
5
6
7
8
9
10
11
12
	sum: THEORY
 BEGIN

 n: VAR nat

 sum(n): RECURSIVE nat =
  (IF n = 0 THEN 0 ELSE n + sum(n - 1) ENDIF)
  MEASURE id

 closed_form: THEOREM sum(n) = (n * (n + 1))/2
 
 END sum


[bookmark: _Ref429656697]Example 1 - A simple PVS theory
This function is defined on lines 6-8 of Example 1. There is one theorem in this theory, named closed_form, and it is defined on line 10. The theorem closed_form states that the sum of natural numbers from 1 to N is equivalent to the closed form solution shown in Figure 3:
[image: ]
[bookmark: _Ref428794815]Figure 3 – Closed form solution for the sum of natural numbers from 1 to N
PVS provides support for building interactive proofs with an array of commands that automate part of the proving process. First, it undergoes a type-checking process that results in a set of type correctness conditions (TCCs) that the user must prove. After these TCCs are addressed, the user then attempts to prove the theorem statements contained within the theory. Type-checking PVS specifications is algorithmically undecidable. Thus, proof obligations regarding the typing of the model must be addressed by the user. The TCCs for Example 1 are shown in Example 2 as proof obligations sum_TCC1 and sum_TCC2.
	% Subtype TCC generated (at line 7, column 32) for  n - 1
    % expected type  nat
  % unchecked
sum_TCC1: OBLIGATION FORALL (n: nat): NOT n = 0 IMPLIES n - 1 >= 0;

% Termination TCC generated (at line 7, column 28) for  sum(n - 1)
  % unchecked
sum_TCC2: OBLIGATION
  FORALL (n: nat): NOT n = 0 IMPLIES id[int](n - 1) < id[int](n);



[bookmark: _Ref429983143][bookmark: _Ref428865948]Example 2 - Type correctness conditions for Example 1
These TCCs can be easily proven automatically by PVS by executing the command (typecheck-prove). This command provides the user with some automated capabilities to discharge TCCs. It is not guaranteed to prove every TCC but is often useful for proving many simple ones.
The theorem closed_form can be proven with just a few user inputs. A proof tree that demonstrates the steps necessary prove the closed_form theorem is shown in Figure 4.
[image: ]
[bookmark: _Ref428800710]Figure 4 - Proof Tree for the proof of Example 1 
In this proof tree, the user first elects to induct on the natural number n. This yields two subgoals; prove the obligations of the base case and the inductive step. This is established by issuing the command (induct “n”). The left side of the proof tree shows the base case, which is easily solvable by expanding the definition of the recursive function sum. This command is issued by entering the command (expand “sum”) and application of it yields a trivially true result, which terminates the subgoal. The other subgoal, the inductive step, is solvable by issuing the command (grind). Grind is a macro command that repeatedly performs rewriting, term expansion, and arithmetic, quantifier, and equality reasoning to solve proof goals. Grind is another example of a PVS command that abstracts some of the tedium of the proof development process for the user.
When a proof is completed, the results of establishing this proof, and the TCCs, is captured in a proof file. The contents of the proof file for Example 1 are shown in Example 3.
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	(sum
 (sum_TCC1 0
  (sum_TCC1-1 nil 3650039750 ("" (subtype-tcc) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   nil))
 (sum_TCC2 0
  (sum_TCC2-1 nil 3650039750 ("" (termination-tcc) nil nil)
   ((id const-decl "(bijective?[T, T])" identity nil)) nil))
 (closed_form 0
  (closed_form-1 nil 3650042831
   ("" (induct "n")
    (("1" (expand "sum") (("1" (propax) nil nil)) nil)
     ("2" (grind) nil nil))
    nil)
   ((posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (nnint_plus_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (posrat_div_posrat_is_posrat application-judgement "posrat"
     rationals nil)
    (posrat_plus_nnrat_is_posrat application-judgement "posrat"
     rationals nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nnrat_div_posrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (* const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (/ const-decl "[numfield, nznum -> numfield]" number_fields nil)
    (nznum nonempty-type-eq-decl nil number_fields nil)
    (/= const-decl "boolean" notequal nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (sum def-decl "nat" sum nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak)))


[bookmark: _Ref429656918][bookmark: _Ref428862389]Example 3 - Proof file for Example 1
This proof file contains all of the PVS commands necessary to reprove the TCCs and the closed_form theorem of Example 1. Careful inspection of this proof shows that in addition to the commands entered by the user (lines 28-31) more detailed information about the proof is provided (lines 32-75). This is information added by the proof-engine 
As shown in 4.1.2.1, the qualification of PVS will be limited to its batch mode of operation. In this context, the PVS theories that contain the relevant description of the Pilot Flying system, software, and hardware requirements are captured manully by the user and the relevant TCCs and theorems are proved interactively by the user. The resultant proof files are captured. For qualification, these PVS theories (and the theorems contained within) are reproved with the user generated proof file using PVS’s batch mode of operation, implemented by the ProveIt tool. This is used to demonstrate to the certification authority that the relevant certification objectives are met by the tool. This means that from the perspective of qualification the tool’s inputs are the PVS theory (as shown in Example 1) and the associated proof file (as shown in Example 3). The tool will accept those inputs and provide a report on which theorems were able to be proven in a given theory with the provided proof file. The output is captured in a log file (if the proper command line flags are enabled). The contents of the log include results from attempting to reprove the TCCs and the closed_form theorem from Example 1, with the proof shown in Example 3, are shown below in Example 4. 
	1
2
3
4
5
6
7
	 Proof summary for theory sum
    sum_TCC1........................proved - complete   [shostak](0.04 s)
    sum_TCC2........................proved - complete   [shostak](0.02 s)
    closed_form.....................proved - complete   [shostak](0.16 s)
    Theory totals: 3 formulas, 3 attempted, 3 succeeded (0.22 s)

Grand Totals: 3 proofs, 3 attempted, 3 succeeded (0.22 s)


[bookmark: _Ref429657085][bookmark: _Ref429657078][bookmark: _Ref428889838]Example 4 - Output from the proveit tool
Tool Operational Requirements (TORs)
The operational requirements for PVS in this operational context are listed in Table 5.
	TOR-1
	The tool must validate the PVS theory has correct syntax.

	TOR-2
	The tool must validate that the proof file has correct syntax.

	TOR-3
	The tool must prove correct theorems given a PVS theory and correct proof file.

	TOR-4
	The tool must not prove theorems given a PVS theory and incorrect proof file.

	TOR-5
	The tool must prove type correctness conditions (TCCs) given a PVS theory and a correct proof file.

	TOR-6
	The tool must not prove type correctness conditions (TCCs) given a PVS theory and an incorrect proof file.

	TOR-7
	The tool must attempt to prove all the theorems contained with the import chain of a PVS theory.

	TOR-8
	The tool must only prove valid interpretations of an abstract theory.

	TOR-9
	The tool must not prove invalid interpretations of an abstract theory.


[bookmark: _Ref423434887]Table 5 – ProveIt Tool Operational Requirements (TORs)
Discussion: This qualification plan does not provide a comprehensive list of Tool Operational Requirements. Instead it aims to provide the user a sample of representative TORs. In an actual qualification effort the TORs would address all aspects of the tool’s functionality that are relevant to the tool usage context. For PVS this could include requirements that address type checking, generating and proving type correctness conditions, proving the theorems of a theory’s import chain, importing libraries, its mechanism for theory interpretation, among other aspects. The features used in a specific software development effort may not use all features, but the features that are used should be covered in the TORs.
Operational Use of the Tool
In this qualification, PVS is run in batch mode. As such, it is run from the command line interface through the use of the ProveIt tool. ProveIt has numerous command line flags and a comprehensive list can be found in Appendix A. However for the purposes of this qualification three flags are required to be used and they are shown in Table 6.
	Flag
	Argument Type
	Description
	Required
Setting

	-c
	None
	Removes the PVS binary files and .pvscontext file prior to attempting to reprove the contents of a given theory.
	On

	-i
	None
	Proves the chain of imported theories.
	On

	-l
	None
	Enables the logging of detailed proof results in a .log file with the same base filename of the PVS theory.
	On


[bookmark: _Ref423425537]Table 6- Required ProveIt arguments
To execute ProveIt with the required settings the following command is used at a Linux terminal:
	proveit –cil <PVS theory filename>


For the proof file to be used, it must be present in the same directory as the PVS theory file it is associated with. ProveIt will use it automatically.
Discussion: This section is where self-imposed limitations of the tool should be discussed. In this case study we intentionally only qualify the use of PVS in batch mode to reverify already established proofs. It is intended that users will develop proofs during development using the PVS GUI. However, for certification the proofs will be re-run using the ProveIt tool, which a utility used to run PVS in batch mode. Further the command line flags that are required ensure that state from previous proof attempts is not used (the –c or –clean flag), any imported theories are also reproven (the –i flag), and that the results are logged (the –l flag) for certification credit.
[bookmark: _Ref426970195]Performance Requirements
There is a single performance requirement for the ProveIt tool. It is:
· ProveIt should replay all existing proofs on a given PVS theory in 30 minutes or less.
Discussion: Creating performance requirements for a theorem proving tool is normally an exercise in futility since the tools require careful interaction from an experienced user to be successful. However, in this case, since we are only qualifying the use of the ProveIt batch utility to reprove PVS theorems, it is reasonable to establish a limit on how long it would take the tool to reprove a given set of theorems. This time will largely be dependent on the complexity of the PVS theory being verified and the proof steps required to prove it. Some commands might require a significant time (hours, or worse yet, days) to terminate. This should be taken into account when defining performance requirements.
[bookmark: _Toc450649317]Objective 3 – Installation of the Tool Executable Object Code
Identification of the specific versions of the tool and its dependencies, instructions of how to install the tool, and a record of actually installing the tool are required to meet this TQO.
Identifying the Tool Executable Object Code
PVS is easily installable on a Linux platform by unzipping the binary and executing one additional command to configure the installation. It has no additional dependencies if it used as described in this qualification plan.
The version and configuration management ID of PVS used in this qualification are found in Table 7.
	Tool Name
	Version
	Configuration Management ID

	PVS
	6.0
	1111-1111-1111


[bookmark: _Ref424803449]Table 7 - Tool Executable Object Code
Discussion: The configuration management ID is a unique identifier for that identifies how the tool executable object code can be identified in the configuration management process. Section 4.2 discusses the role of configuration management in this TQP.
Tool Installation and Installation Results
Instructions for installing PVS are found in Appendix B of this document. Detailed steps used to install PVS are found in B.1. Results from installing PVS should be recorded in the table provided in Section B.2.
[bookmark: _Toc450649318]Objective 5 – Tool Operation complies with Tool Operational Requirements
This TQO demonstrates that the tool complies with its stated TORs. This TQO is covered in three parts. First the review and analysis procedures used to verify the TORs are stated. Secondly, we identify a set of tests, referred to as the Tool Operational Test Cases and Procedures, that when executed, demonstrate that PVS meets its TORs. Finally, the results of actually executing the TOTCPs within the Tool Operational Environment must be collected. This artifact is known as the Tool Operational Verification and Validation Results (TOVVR) and is captured in Section 4.1.4.4.
[bookmark: _Ref423433400]Review and Analysis Procedures
No review and analysis procedures are used in this tool qualification.
[bookmark: _Ref423433404]Tool Operational Verification and Validation Test Cases (TOVVTC)
The test cases used to verify the ProveIt tool are PVS theory files annotated with proof obligations appearing as lemmas or theorems. Test Case 1 demonstrates one such test case.
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	%
% TEST NAME: SUM OF NATURALS
%
% DESCRIPTION: 
% This is a simple example that defines a recursive
% function that can be used to compute the sum of the
% series of natural number from 1 to N, where N is an
% arbitrary integer. The single theorem closed_form
% equates the function to the closed form solution for
% this computation which is (n * (n+1)) / 2.
% 
% TEST PURPOSE:
% This example contains a theorem that is widely known
% to be true. Using PVS and the associated proof file
% demonstrates PVS can establish the validity of this
% theorem.
%
% EXPECTED OUTCOME:
% Execution of the proveIt tool on this PVS theory, with
% the accompanying proof file should reveal that the closed
% form theorem is true.

sum: THEORY
 BEGIN

 n: VAR nat

 sum(n): RECURSIVE nat =
  (IF n = 0 THEN 0 ELSE n + sum(n - 1) ENDIF)
  MEASURE id

 closed_form: THEOREM sum(n) = (n * (n + 1))/2

 END sum


[bookmark: _Ref423434516][bookmark: _Ref423434521][bookmark: _Ref429053734]Test Case 1- Sum of natural numbers from 1 to N
Every test case must contain the following information. Line numbers referencing each item’s occurrence in Test Case 1 is also provided.
· Test ID (Line 2)
· Test Description (Lines 4-10)
· Test Purpose (Lines 12-16)
· Expected Test Outcome (Lines 18-21)
· The PVS theory that defines the specification and theorems to be proven. (Lines 23-34)
All test cases for the qualification of PVS in this effort can be found in Appendix C. To use the Proveit tool a proof file must be provided for each PVS theory being verified. For Test Case 1 this proof is displayed in Proof 1. 0 captures the proof files for all of the test cases outlined in Appendix C.
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	(sum
 (sum_TCC1 0
  (sum_TCC1-1 nil 3650039750 ("" (subtype-tcc) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   nil))
 (sum_TCC2 0
  (sum_TCC2-1 nil 3650039750 ("" (termination-tcc) nil nil)
   ((id const-decl "(bijective?[T, T])" identity nil)) nil))
 (closed_form 0
  (closed_form-1 nil 3650042831
   ("" (induct "n")
    (("1" (expand "sum") (("1" (propax) nil nil)) nil)
     ("2" (grind) nil nil))
    nil)
   ((posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (nnint_plus_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (posrat_div_posrat_is_posrat application-judgement "posrat"
     rationals nil)
    (posrat_plus_nnrat_is_posrat application-judgement "posrat"
     rationals nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nnrat_div_posrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (* const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (/ const-decl "[numfield, nznum -> numfield]" number_fields nil)
    (nznum nonempty-type-eq-decl nil number_fields nil)
    (/= const-decl "boolean" notequal nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (sum def-decl "nat" sum nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak)))


[bookmark: _Ref429659681]Proof 1 - A Proof file for Test Case 1
All of the test cases for verifying the TORs outlined in Table 5 are provided in Appendix C, excluding Test Case 1. Traceability between each test case, and the TORs it addresses is provided below in Table 8.
	Test Case
	Proof File
	TORs Covered

	Test Case 1- Sum of natural numbers from 1 to N
	Proof 1
	TOR-1, TOR-2, TOR-3, TOR-5

	Test Case 2 – Sum of integers from 0 to N
	Proof 2
	TOR-1, TOR-2, TOR-4, TOR-6

	Test Case 3 - Invalid Proof Syntax
	Proof 3
	TOR-1, TOR-2, TOR-5

	Test Case 4 - Factorial of a natural number N
	Proof 4
	TOR-1, TOR-2, TOR-3, TOR-5

	Test Case 5 - DO-333 Case Studies PVS Example
	Proof 5
	TOR-1, TOR-2, TOR-3, TOR-5, TOR-7, TOR-8

	Test Case 6 – Modified DO-333 Case Studies PVS Example
	Proof 6
	TOR-1, TOR-2, TOR-3, TOR-4, TOR-5, TOR-6, TOR-9


[bookmark: _Ref423442413]Table 8 - Test Case / Proof File / TOR Traceability
Discussion: Capturing the Tool Operational Requirements and test cases to demonstrate that the tool satisfies them represents the majority of the work to be completed in a tool qualification effort. In this case study we identify a subset of Tool Operational Requirements for PVS, and a subset of test cases that can be used to satisfy them. In practice the Tool Operational Requirements should contain sufficient detail to establish that the tool meets the needs of the Software Life Cycle processes that the tool intends to serve. This may include requirements that demonstrate the robustness of the tool within the operating environment, that the tool validates its input, and that the tool responds appropriately under abnormal operating conditions.
[bookmark: _Ref423433406]Tool Operational Verification and Validation Test Procedures (TOVVTP)
A test procedure contains all of the information necessary to run a test case in the Tool Operational Environment (TOE). In this qualification effort, every test case is executed by from the command line by executing the ProveIt tool and providing the proper flags, PVS theory files, and proof files as arguments. For Test Case 1 this is accomplished by running, from the directory in which the test case is contained, the following command:
	proveit –cil sum.pvs


The proof file is not an explicit argument, thus it must be placed in the same directory and given the same base filename as the PVS theory. For Test Case 1, this means it must be named sum.prf (assuming the PVS theory is named sum.pvs) and placed in the same folder. The result from executing Test Case 1 from the command line is captured in the screenshot shown in Figure 5. The log file from executing Test Case 1 is found in Test Result 1 in 0.
[image: ]
[bookmark: _Ref423436052]Figure 5 – Command line output from executing Test Case 1
[bookmark: _Ref423436604]Tool Operational Verification and Validation Results (TOVVR)
Table 9 shows the results from executing all of the Tool Operational Verification and Validation Test Cases.
	Test Case Name
	Pass/Fail
	Notes

	Test Case 1
	Pass
	Tool proved the theorem closed_form and associated TCCs

	Test Case 2
	Pass
	The tool was unable to prove neither the theorem closed form nor the associated TCCs because the PVS theory was changed to reason over integers, not natural numbers.

	Test Case 3
	Pass
	The tool was able to prove TCCs, but not theorem closed_form because the proof had invalid syntax.

	Test Case 4
	Pass
	The tool was able to prove 19 theorems regarding the properties of the factorial operation.

	Test Case 5
	Pass
	The tool was able to prove all the theorems in the Pilot Flying System Requirements PVS theory.


[bookmark: _Ref423442305]Table 9 - Tool Operational Verification and Validation Results
The PVS output from running each test case is captured in 0.
[bookmark: _Toc450649319]Objective 6 – Tool Operational Requirements are sufficient and correct
This objective is satisfied by the development, execution, and recording of results of executing the Tool Operational Verification and Validation Test Cases and Procedures.
[bookmark: _Toc450649320]Objective 7 – Software Life Cycle Process needs are met by the tool.
This objective is satisfied by the development, execution, and recording of results of executing the Tool Operational Verification and Validation Test Cases and Procedures.
[bookmark: _Ref423426456][bookmark: _Toc450649321]Table T-8 Tool Configuration Management Process
This table requires the applicant to demonstrate that configuration management processes are in place for archiving, retrieving, and releasing the tool are established. For a TQL-5 effort Objectives 1 and 2 are applicable.
	Objective
	Description
	DO-330 Section

	T-8.1
	Configuration items are identified
	7.1.a

	T-8.4
	Archive, retrieval, and release are established
	7.1.g


Table 10 - TQL-5 Objectives from DO-330 Table T-8
Discussion: The objectives in this table represent no unique concerns for formal methods tools. In addition, the satisfaction of these objectives is accomplished by identifying the tool within the applicant’s configuration management processes and mechanisms, which may (and probably will) vary from organization to organization. As a result this case study does not address the objectives from Table T-8.
[bookmark: _Toc450649322]Table T-9 Tool Quality Assurance Process
This table requires the applicant to demonstrate that quality assurance processes were followed in the tool qualification effort. For a TQL-5 effort Objectives 2 and 5 are applicable.
	Objective
	Description
	DO-330 Section

	T-9.2
	Assurance is obtained that tool processes comply with approved plans.
	8.1.b

	T-9.5
	Tool conformity review is conducted
	8.1.d


Table 11 - TQL-5 Objectives from DO-330 Table T-9
Discussion: As in the previous section, the objectives in this table are not unique to the qualification of formal methods tools and are highly dependent on the quality assurance tools and processes available to the applicant. As a result, the objectives in Table T-9 are not addressed in this case study.
[bookmark: _Toc450649323]Table T-10 Tool Qualification Liaison Process
This table requires the applicant to demonstrate that the use of the tool in the Software Life Cycle Processes was communicated and discussed with the certification representatives, agreed upon as an acceptable means of compliance, with additional problems identified and analyzed. As stated in DO-330, this process is not performed alone, but within the framework of the certification liaison process of the software. As a result, the objectives in this table seek to define how the tool fits within the broader software development processes. For a TQL-5 effort all objectives, 1-4, are applicable.
	Objective
	Description
	DO-330 Section
	Discussion

	T-10.1
	Communication and understanding between the applicant and the certification authority is established.
	9.0
	4.4.1

	T-10.2
	The means of compliance is proposed and agreement is obtained.
	9.0
	4.4.2

	T-10.3
	Compliance substantiation is provided
	9.0
	4.4.3

	T-10.4
	The impact of known problems on the Tool Operational Requirements is identified and analyzed.
	9.0
	4.4.4


Table 12 - TQL-5 Objectives from DO-330 Table T-10
Discussion: The objectives in this table focus on communication and understanding between the applicant and certification authority on the usage of the tool in the Software Life Cycle processes. The objectives in this table *do* introduce unique issues with regards to Formal Methods. In this case study, the use of PVS introduces additional objectives required by the guidance provided in DO-333. These additional objectives should be documented and communicated to the certification authority in addition to the objectives satisfied by the tool itself.
[bookmark: _Ref426463867][bookmark: _Toc450649324]Objective 1 – Communication and understanding is established
Communication between the applicant and the certification authority must be established. This is accomplished through the identification of PVS, the operational context in which it is used, and the objectives found in Table 1, in the Plan for Software Aspects of Certification (PSAC) document.
Discussion: The use of PVS, a tool that implements theorem proving, requires additional objectives from DO-333 to be satisfied. In this case study these additional objectives are identified in Table 3. The practitioner should be aware of, and ready to address, these additional objectives when formal methods (manually, or through the use of a tool) are used to satisfy DO-178C objectives.
[bookmark: _Toc450649325][bookmark: _Ref461562874]Objective 2 – Means of Compliance is proposed and agreement is obtained.
The rationale for why the use of PVS meets the objectives found in Table 1, must also be included in the PSAC.
Discussion: In addition to the DO-178C objectives the tool satisfies, the rationale for how the additional objectives outlined in Table 3 are going to be satisifed must be identified in the PSAC as well.
[bookmark: _Toc450649326][bookmark: _Ref461562881]Objective 3 – Compliance substantiation is provided
This is established by including results from performing the tool qualification activities in the Software Accomplishments Summary (SAS).
[bookmark: _Ref426466794][bookmark: _Toc450649327]Objective 4 – Impact of known problems and limitations is understood
Any limitations of the tool or known issues that might prevent the tool from meeting its stated Tool Operational Requirements (found in Table 5) should be identified in the Software Accomplishments Summary (SAS) document.
There are no known limitations of PVS that would prevent it from satisfying the stated Tool Operational Requirements. At the time of writing, no known bugs for PVS have been identified.



[bookmark: _Toc450649328]Labor Estimates
Labor estimates are broken down by the tool qualification objectives outlined in Tables T-0 through T-10 of Annex A of DO-330. Where appropriate, an objective is broken down into sub-tasks to provide insight into the labor distribution for each task.
	
	Hours

	Table T-0
	

	T-0.1 - Determining Tool Qualification Need
	12-16

	
	

	T-0.2 - Definition of the Tool Operational Requirements
	

	Definition of Tool Usage Context and Interface
	2

	Definition of the Tool Operational Environment
	2

	Definition of Tool's Inputs and Outputs
	2

	Developing the Tool Operational Requirements
	16-24

	Defining the Tool Operational Use
	2

	Identifying Performance Requirements
	2

	
	

	T-0.3 - Installation of the Tool Object Code
	8

	Identifying the Tool Executable Object Code
	2

	Developing Tool Installation Instructions
	4

	Performing the Tool Installation
	2

	
	

	T-0.5 - Tool Operation Complies with TORS
	

	Development of Review and Analysis Procedures1
	0

	Development of Tool Operational Verification and Validation Test Cases
	60-80

	Development of Tool Operational Verification and Validation Test Procedures
	8-16

	Execution of the Tool Operational Verification and Validation Test Cases
	8

	
	

	T-0.6 - Tool Operational Requirements are sufficient and correct2
	0

	T-0.7 - Tool meets Software Life Cycle Process needs2
	0

	
	

	Table T-8
	

	T-8.1 - Configuration Items are Identified
	4

	T-8.4 - Archive, retrieval, and release are established
	4

	
	

	Table T-9
	

	T-9.2 - Assurance is obtained that tool processes comply with approved plans
	4

	T-9.5 - Tool conformity review is conducted
	4

	
	

	Table T-10
	

	T-10.1 - Communication and understanding is established
	8

	T-10.2 - Means of compliance is proposed and agreement is obtained
	4

	T-10.3 - Compliance substantiation is provided
	4

	T-10.4 - Impact of known problems and limitations is understood
	8

	
	

	Total Estimate
	170-210

	
	

	1review and analysis procedures were not used in this tool qualification
	

	2these objectives are satisfied by performing the activities of objective T-0.5
	


Table 13 - Labor esimates for the Tool Qualification Activities in this Tool Qualification Plan
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NAME
  proveit - ProofLite-6.0 (12/12/12) -- runs PVS in batch mode

SYNOPSIS

  proveit <options> ... <dir | file[.pvs] | [ctxt]@thf1,..,thfn> ...
     where <thfi> has the form  <th[.f1:..:fm]>

DESCRIPTION
  If directory <dir> is provided, prove all theories imported in
  <dir>/top.pvs. If a PVS <file> is provided, prove all theories
  defined in it. The proof status is saved in the working directory in
  a file that can be specified using the option -out. Otherwise, a
  default name of the form <dir>.summary or <file>.summary is used depending
  on the given options.
 
TYPICAL USE
  * If <dir> is a library, e.g., there is a file <dir>/top.pvs that 
    imports all other theories in <dir>, then type: $proveit <dir>
  * If <file>.pvs is a regular PVS file, then type: $proveit <file>
  * If <file>.pvs is a regular PVS file and wanted to check that all
    formulas are proven, including those in imported files, then type:
    $proveit -a <file>

ADVANCED USE
  In the more general form, a context,  a list of theories, and a list of 
  formulas are specified using the syntax <[ctxt]@thf1,..,thfn>,  where <ctxt> 
  is a directory and each <thfi> has the form <th[.f1:..:fm]> with <th> being a 
  theory and <f1:..:fn> a list of formulas in <th>. Only formulas specified
  this way are proven by PVS. In this case, the proof status is saved
  in <th.f1:..:fm>.summary in <ctxt>. For example, to prove formulas <f1> and 
  <f2> in theory <theory> in the current context, type: 
  $proveit @<theory>.<f1>:<f2>


OPTIONS
  Options are processed in the order they appear. One letter options can be 
  combined.

   -a|--all            equivalent to -ciq -p Field
   -c|--clean          remove bin files and .pvscontext
   -C|--clean-only     clean but do not typecheck or prove the theory
   -d|--dir <dir>      use <dir> as default directory of summary files
   .<ext>              use <ext> as default extension of summary files
   -f|--force          force proof reruns 
   ~f|--no-force       don't force proof reruns (default)
   -h|--help           print this message
   -i|--importchain    prove chain of imported theories (set --no-scripts)
   ~i|--no-importchain don't prove chain of imported theories (default)
   --lisp <lisp>       specify lisp version; <lisp> is one of allegro,cmulisp
   -l|--log            log all information generated by PVS in <outfile>.log
   ~l|--no-log         don't log PVS information (default)
   -o|--out <outfile>  save the proof status summary in <outfile> 
   -p|--packages <p1,..,pn> load a list of packages
   ~p|--no-packages    don't load any packages
   -q|--quiet          print only untried and unfinished proofs per theory,
                       and grand total  
   -s|--scripts        install ProofLite scripts (default)
   ~s|--no-scripts     don't install ProofLite scripts
   -t|--text-proof     generate an ASCII file <fi>.txt that contains <fi>'s 
                       default proof 
   ~t|--no-text-proof  don't generate ASCII proof files (default)
   -T|--typecheck-only typecheck but do not prove the theory
   --top <th>          use <th>.pvs instead of top.pvs when a library is 
                       provided 
   --traces            include proof traces in log file (set --log).
                       This option may generate an extremely large log file, 
                       specially when combined with --importchain
   --no-traces         don't include proof traces in log file (default)
   -v|--verbose        print proof status information per theory and grand 
                       total (default)
   --version           print version information and exit
   -x|--latex-proof    generate a directory <fi> that contains LaTeX 
                       source files of <fi>'s default proof
   ~x|--no-latex-proof don't generate LaTeX proof files (default)

SEE ALSO
  provethem -- for iterating proveit on a list of directories
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PVS is easily installed by downloading the appropriate binary for your machine (in this qualification it is Ubuntu 14.04 LTS x86_64 architecture), unzipping it, untarring it, and running the relocate command. Using a Linux shell the following commands will successfully install PVS.
1. Obtain the PVS 6.0 binary from configuration management.
2. Create a directory to place the zipped tarball into.
a. mkdir pvs-6.0
3. Copy the zipped tarball into the newly created directory.
a. cp pvs-6.0-ix86_64-Linux-allegro.tar.gz ./pvs-6.0
4. Change to the created directory.
a. cd pvs-6.0
5. Unzip and untar the zipped tarball
a. gzip -dvr pvs-6.0-ix86_64-Linux-allegro.tar.gz
b. tar xvf pvs-6.0-ix86_64-Linux-allegro.tar
6. Run the relocate script inside of the bin directory
a. bin/relocate
[image: ]
7. Run the ProveIt –help command to ensure it is working correctly.
a. ./proveit
[image: ]
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	PVS Installation Result: Pass/Fail
Date:
Printed Name:
Signature:
Notes:
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	%
% TEST NAME: SUM OF INTEGERS
%
% DESCRIPTION: 
% This is a simple example that defines a recursive
% function that can be used to compute the sum of the
% series of natural number from 1 to N, where N is an
% arbitrary integer. The single theorem closed_form
% equates the function to the closed form solution for
% this computation which is (n * (n+1)) / 2. However it
% defines this recursive function over type "int" rather
% than natural numbers.
% 
% TEST PURPOSE:
% This example contains a theorem that is widely known
% to be true, however it is modified to operate over integers
% not just natural numbers. This should not be provable using
% established proof file created over natural numbers.
%
% EXPECTED OUTCOME:
% Execution of the proveIt tool on this PVS theory, with
% the accompanying proof file should reveal that the closed_form
% theorem is not true over integers.

sum: THEORY
 BEGIN

 n: VAR int

 sum(n): RECURSIVE int =
  (IF n = 0 THEN 0 ELSE n + sum(n - 1) ENDIF)
  MEASURE id

 closed_form: THEOREM sum(n) = (n * (n + 1))/2

END sum
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	%
% TEST NAME: SUM OF NATURALS #2
%
% DESCRIPTION: 
% This is the same as Test Case 1, except the associated proof file has 
% been modified to show the tool will validate the proof file syntax.
% 
% TEST PURPOSE:
% Demonstrates that PVS will validate the proof syntax.
%
% EXPECTED OUTCOME:
% A parenthesis is omitted in the proof file, preventing the tool from
% reproving the closed_form theorem. The TCCs however will be reproven.

sum: THEORY
 BEGIN

 n: VAR int

 sum(n): RECURSIVE int =
  (IF n = 0 THEN 0 ELSE n + sum(n - 1) ENDIF)
  MEASURE id

 closed_form: THEOREM sum(n) = (n * (n + 1))/2

END sum
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	%
% TEST NAME: FACTORIAL
%
% DESCRIPTION: 
% This is a simple test case that introduces various lemmas
% about a recursive function that computes the factorial of 
% given number N.
% 
% TEST PURPOSE:
% This test shows that PVS correctly reasons about some known
% properties of the factorial of a natural number. For example,
% the lemma factorial_plus1 states that the factorial of (n+1)
% is equal to (n+1) * factorial(n), a known property of the
% factorial operation.
%
% EXPECTED OUTCOME:
% All Lemmas in this file are shown to be true.
%

factorial: THEORY
%----------------------------------------------------------------------------
%
%  Factorial function:  factorial(n) = n!
%  
%  Author: Rick Butler     NASA Langley Research Center
%
%----------------------------------------------------------------------------
BEGIN
 
   n,k: VAR nat

   factorial(n): recursive posnat =
          (if n = 0 then 1 else n*factorial(n-1) endif) MEASURE n

   factorial_0: LEMMA factorial(0) = 1
   factorial_1: LEMMA factorial(1) = 1
   factorial_2: LEMMA factorial(2) = 2
   factorial_3: LEMMA factorial(3) = 6

   factorial_def: LEMMA factorial(n) = IF n = 0 THEN 1 ELSE 
                                       n*factorial(n-1) ENDIF

   factorial_n:   LEMMA n > 0 IMPLIES
                          factorial(n) = n*factorial(n-1)

   factorial_plus1: LEMMA factorial(n+1) = (n+1)*factorial(n)

   factorial_gt: LEMMA n > k IMPLIES factorial(n) > k^(n-k)*factorial(k)

   factorial_ge: LEMMA n >= k IMPLIES factorial(n) >= k^(n-k)*factorial(k)

   factorial_incr: LEMMA k <= n IMPLIES factorial(k) <= factorial(n)

   factorial_strict_incr: LEMMA k /= 0 AND k < n 
                                IMPLIES factorial(k) < factorial(n)


   factorial_lt_n2n: LEMMA factorial(n) <= n^n

   AUTO_REWRITE+ factorial_0
   AUTO_REWRITE+ factorial_1

END factorial
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	%
% TEST NAME: DO-333 Case Studies
%
% DESCRIPTION: 
% This test case describes a set of files developed on the DO-333 case
% studies. It includes 9 PVS theories that describe the Pilot Flying
% system, software, and hardware requirements. 
% 
% TEST PURPOSE:
% This test shows that PVS correctly reasons about the theorems described in
% in Pilot_Flying_System_Requirements.
%
% EXPECTED OUTCOME:
% All theorems in Pilot_Flying_System_Requirements should be true. 
%
% Note - Each PVS theory should be placed in its own file.

=========================================================================

Bus_HLR[Init:bool]: THEORY
BEGIN

    %———————————————————————————————————————————————————————————————————–
    % State defined as an uninterpreted, non-empty type
    %———————————————————————————————————————————————————————————————————–
    State : TYPE+ 

    Initial_State : State

    %———————————————————————————————————————————————————————————————————–
    % Next state defined as an uninterpreted function
    %———————————————————————————————————————————————————————————————————–
    next_state: [State, bool -> State]
    
    %———————————————————————————————————————————————————————————————————–
    % Output of the bus
    %———————————————————————————————————————————————————————————————————–
    output: [State -> bool]

    %———————————————————————————————————————————————————————————————————–
    % High level requirements
    %———————————————————————————————————————————————————————————————————–
    HLR1: AXIOM
       output(Initial_State) = Init

    HLR2: AXIOM
       forall (s: State, i: bool) :
          output(next_state(s, i)) = i


 END Bus_HLR

=========================================================================

Bus_Interpretation[Init : bool] : THEORY
 
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Import low-level requirements (LLR) for a bus
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Bus_LLR[Init]

  %———————————————————————————————————————————————————————————————————–
  % Import high-level (HLR) requriements for a bus and
  % define the LLR as an interpretation of the HLR
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Bus_HLR[Init] {{
                    State         := Bus_LLR.State,
                    Initial_State := Bus_LLR.Initial_State,
                    next_state    := Bus_LLR.next_state,
                    output        := Bus_LLR.output
    }}

  END Bus_Interpretation

=========================================================================

Bus_LLR[Init:bool]: THEORY
BEGIN

    %———————————————————————————————————————————————————————————————————–
    % Define the bus state and initial state
    %———————————————————————————————————————————————————————————————————–
    State: TYPE = bool

    Initial_State: State = Init

    %———————————————————————————————————————————————————————————————————–
    % Next state function
    %———————————————————————————————————————————————————————————————————–
    next_state(s: State, input: bool): State = input
    
    %———————————————————————————————————————————————————————————————————–
    % Output of the bus
    %———————————————————————————————————————————————————————————————————–
    output(s: State): bool = s

 END Bus_LLR

=========================================================================

Pilot_Flying_System : THEORY
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Importing the sytem componenets
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_HLR [TRUE]  AS Left_Side;
  IMPORTING Bus_HLR  [TRUE]  AS LR_Bus;
  IMPORTING Side_HLR [FALSE] AS Right_Side;
  IMPORTING Bus_HLR  [FALSE] AS RL_Bus;

  %———————————————————————————————————————————————————————————————————–
  % Defining the system state
  %———————————————————————————————————————————————————————————————————–
  State : Type         = [# Left_Side  : Left_Side.State,
                            LR_Bus     : LR_Bus.State,
                            Right_Side : Right_Side.State,
                            RL_Bus     : RL_Bus.State,
                            pre_TS     : bool               #]

  %———————————————————————————————————————————————————————————————————–
  % Defining the initial system state
  %———————————————————————————————————————————————————————————————————–
  Initial_State: State = (# Left_Side  := Left_Side.Initial_State,
                            LR_Bus     := LR_Bus.Initial_State,
                            Right_Side := Right_Side.Initial_State,
                            RL_Bus     := RL_Bus.Initial_State,
                            pre_TS     := TRUE              #)

  %———————————————————————————————————————————————————————————————————–
  % Next state function
  %———————————————————————————————————————————————————————————————————–
  next_state(s: State, TS: bool) : State =
    LET 
        %——————————————————————————————————————————————————————————————
        % Compute next state of LR Bus and Right Side
        %——————————————————————————————————————————————————————————————
        C1      = Left_Side.pilot_flying(Left_Side(s)),
        next_LR = LR_Bus.next_state(LR_Bus(s), C1),
        C2      = LR_Bus.output(next_LR),
        next_RS = Right_Side.next_state(Right_Side(s), TS, C2),

        %——————————————————————————————————————————————————————————————
        % Compute next state of RL Bus and Left Side
        %——————————————————————————————————————————————————————————————
        C3      = Right_Side.pilot_flying(Right_Side(s)),
        next_RL = RL_Bus.next_state(RL_Bus(s), C3),
        C4      = RL_Bus.output(next_RL),
        next_LS = Left_Side.next_state(Left_Side(s), TS, C4)
    IN 
       (# Left_Side  := next_LS,
          LR_Bus     := next_LR,
          Right_Side := next_RS,
          RL_Bus     := next_RL,
          pre_TS     := TS       #)

  %———————————————————————————————————————————————————————————————————–
  % Outputs of the system
  %———————————————————————————————————————————————————————————————————–
  Left_Pilot_Flying_Side(s: State) : bool = pilot_flying(Left_Side(s))

  Right_Pilot_Flying_Side(s: State): bool = pilot_flying(Right_Side(s))

  END Pilot_Flying_System

=========================================================================

Pilot_Flying_System_Requirements2: THEORY

  BEGIN

    IMPORTING Pilot_Flying_System_Requirements

    s:  VAR Pilot_Flying_System.State
    ts: VAR bool

    %———————————————————————————————————————————————————————————————————
    % Enhanced definition of a valid state
    %———————————————————————————————————————————————————————————————————
    At_Least_One_Bus_High(s) : bool = 
       output(LR_Bus(s)) OR output(RL_Bus(s))

    Quiescent(s): bool =
        (output(LR_Bus(s)) /= output(RL_Bus(s)) AND 
         pilot_flying(Left_Side(s)) /= pilot_flying(Right_Side(s))) =>
        (output(LR_Bus(s)) = pilot_flying(Left_Side(s)) AND
         output(RL_Bus(s)) = pilot_flying(Right_Side(s)))

    Valid_State2(s) : bool =  
        Valid_State(s) AND 
        At_Least_One_Bus_High(s) AND
        Quiescent(s) 

    %———————————————————————————————————————————————————————————————————
    % Every reachable state is a valid (2) state
    %———————————————————————————————————————————————————————————————————
    Reachable_States_Valid2: THEOREM
        Reachable_State(s) => Valid_State2(s)
   
    %———————————————————————————————————————————————————————————————————
    % The system only switches sides for one step
    %———————————————————————————————————————————————————————————————————
    Switching_Transient: THEOREM
        Reachable_State(s) AND switching_sides(s) => 
           NOT switching_sides(next_state(s,ts))

  END Pilot_Flying_System_Requirements2




=========================================================================

Pilot_Flying_System_Requirements: THEORY

  BEGIN

    IMPORTING Pilot_Flying_System

    s:  VAR Pilot_Flying_System.State
    ts: VAR bool

    %———————————————————————————————————————————————————————————————————
    % Definition of a reachable state
    %———————————————————————————————————————————————————————————————————
    Reachable_State(s): INDUCTIVE bool = 
        s = Initial_State OR 
            (EXISTS (r: Pilot_Flying_System.State, t: bool) :
                        Reachable_State(r) AND s = next_state(r,t))

    %———————————————————————————————————————————————————————————————————
    % Definition of a valid state
    %———————————————————————————————————————————————————————————————————
    Pre_TS_Consistency(s): bool = 
        pre_TS(Left_Side(s))  = pre_TS(s) and 
        pre_TS(Right_Side(s)) = pre_TS(s)

    Pre_OSPF_Consistency(s): bool =
        pre_OSPF(Right_Side(s)) = LR_Bus.output(LR_Bus(s)) and
        pre_OSPF(Left_Side(s))  = RL_Bus.output(RL_Bus(s))

    At_Least_One_Side_Flying(s): bool = 
        Left_Pilot_Flying_Side(s) OR Right_Pilot_Flying_Side(s)

    Buses_Differ_When_Sides_Same(s): bool =
        pilot_flying(Left_Side(s)) = pilot_flying(Right_Side(s)) =>
            LR_Bus.output(LR_Bus(s)) /= RL_Bus.output(RL_Bus(s))

    Valid_State(s) : bool =  
        At_Least_One_Side_Flying(s) AND
        Pre_TS_Consistency(s) AND
        Pre_OSPF_Consistency(s) AND
        Buses_Differ_When_Sides_Same(s)

    %———————————————————————————————————————————————————————————————————
    % Proof that every reachable state is a valid state
    %———————————————————————————————————————————————————————————————————
    Reachable_States_Valid: THEOREM
        Reachable_State(s) => Valid_State(s)

    %———————————————————————————————————————————————————————————————————
    % The Transfer Switch is pressed in state s when its value rises.
    %———————————————————————————————————————————————————————————————————
    pressed(ts, s) : bool = not pre_TS(s) and ts

    %———————————————————————————————————————————————————————————————————
    % The system is switching sides when either side has become the
    % pilot flying side and that change has not reached the other side
    %———————————————————————————————————————————————————————————————————
    switching_sides(s) : bool = 
         pilot_flying(Left_Side(s))  AND NOT output(LR_Bus(s)) OR
         pilot_flying(Right_Side(s)) AND NOT output(RL_Bus(s))

    %———————————————————————————————————————————————————————————————————
    % R1. At least one side shall be the pilot flying side.
    %———————————————————————————————————————————————————————————————————
    R1: THEOREM
        Reachable_State(s) => 
           Left_Pilot_Flying_Side(s) or Right_Pilot_Flying_Side(s)

    %———————————————————————————————————————————————————————————————————
    % R2. At most one side shall be the pilot flying side
    %     except while the system is switching sides.
    %———————————————————————————————————————————————————————————————————
    R2: THEOREM
        Reachable_State(s) AND NOT switching_sides(s) => 
           Left_Pilot_Flying_Side(s) /= Right_Pilot_Flying_Side(s)

    %———————————————————————————————————————————————————————————————————
    % R3. Pressing the Transfer Switch shall always change pilot
    %     pilot flying side.
    %———————————————————————————————————————————————————————————————————
    R3a: THEOREM
        Reachable_State(s)  => 
           (not Left_Pilot_Flying_Side(s) and pressed(ts,s) => 
                Left_Pilot_Flying_Side(next_state(s,ts))) 

    R3b: THEOREM
         Reachable_State(s) =>
            (not Right_Pilot_Flying_Side(s) and pressed(ts,s) =>
                 Right_Pilot_Flying_Side(next_state(s,ts)))

    %———————————————————————————————————————————————————————————————————
    % R4. The system shall start with the Primary Side as the pilot
    %     flying side.
    %———————————————————————————————————————————————————————————————————
    R4: THEOREM
        Left_Pilot_Flying_Side(Initial_State)

    %———————————————————————————————————————————————————————————————————
    % R5. The system shall not change the pilot flying side if it is
    %     not switching sides and the Transfer Switch is not pressed.
    %———————————————————————————————————————————————————————————————————
    R5a: THEOREM
        Reachable_State(s) AND 
           NOT switching_sides(s) AND NOT pressed(ts,s) =>
               (Left_Pilot_Flying_Side(next_state(s,ts)) = 
                   Left_Pilot_Flying_Side(s))

    R5b: THEOREM
       Reachable_State(s) AND 
          NOT switching_sides(s) AND NOT pressed(ts,s) =>
              (Right_Pilot_Flying_Side(next_state(s,ts)) =
                   Right_Pilot_Flying_Side(s))

  END Pilot_Flying_System_Requirements



=========================================================================

Side_HLR[Primary_Side : bool] : THEORY

BEGIN
 
    %———————————————————————————————————————————————————————————————————–
    % State defined as an uninterpreted, non-empty type
    %———————————————————————————————————————————————————————————————————–
    State: TYPE+          

    Initial_State: State

    %———————————————————————————————————————————————————————————————————–
    % Next state defined as an uninterpreted function
    %———————————————————————————————————————————————————————————————————–
    next_state: [State, bool, bool -> State]

    %———————————————————————————————————————————————————————————————————–
    % Extractor functions for this side
    %———————————————————————————————————————————————————————————————————–
    pre_TS   : [State -> bool]
    pre_OSPF : [State -> bool]

    %———————————————————————————————————————————————————————————————————–
    % Pilot flying output for this side
    %———————————————————————————————————————————————————————————————————–
    pilot_flying : [State -> bool] 

    %———————————————————————————————————————————————————————————————————–
    % Auxiliary definitions for stating axioms
    %———————————————————————————————————————————————————————————————————–
    rise_ospf(s:State, ospf:bool) : bool = NOT pre_OSPF(s) AND ospf
    rise_ts  (s:State, ts  :bool) : bool = NOT pre_TS  (s) AND ts 

    %———————————————————————————————————————————————————————————————————–
    % High level requirements
    %———————————————————————————————————————————————————————————————————–
    HLR1: AXIOM
       pilot_flying(Initial_State) = Primary_Side

    HLR2: AXIOM
       pre_TS(Initial_State)

    HLR3: AXIOM
       pre_OSPF(Initial_State) = NOT Primary_Side

    HLR4: AXIOM
       forall (s:State, ts, ospf: bool) :
         pilot_flying(s) AND rise_ospf(s, ospf) => 
            NOT pilot_flying(next_state(s, ts, ospf))
   
    HLR5: AXIOM
       forall (s:State, ts, ospf: bool) :
          pilot_flying(s) AND NOT rise_ospf(s, ospf) => 
             pilot_flying(next_state(s, ts, ospf))

    HLR6: AXIOM
       forall (s:State, ts, ospf: bool) :
          NOT pilot_flying(s) AND rise_ts(s, ts) =>  
             pilot_flying(next_state(s, ts, ospf))

    HLR7: AXIOM
       forall (s:State, ts, ospf: bool) :
          NOT pilot_flying(s) AND NOT rise_ts(s, ts) => 
             NOT pilot_flying(next_state(s, ts, ospf))

    HLR8: AXIOM
       forall (s:State, ts, ospf: bool) :
         pre_TS(next_state(s, ts, ospf)) = ts

    HLR9: AXIOM
       forall (s:State, ts, ospf: bool) :
          pre_OSPF(next_state(s, ts, ospf)) = ospf

END Side_HLR

=========================================================================

Side_Interpretation[Primary_Side : bool] : THEORY
 
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Import low-level requirements (LLR) for a side
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_LLR[Primary_Side]

  %———————————————————————————————————————————————————————————————————–
  % Import high-level (HLR) requriements for a side and
  % define the LLR as an interpretation of the HLR
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_HLR[Primary_Side] {{
                    State         := Side_LLR.State,
                    Initial_State := Side_LLR.Initial_State,
                    next_state    := Side_LLR.next_state,
                    pre_TS        := Side_LLR.pre_TS,
                    pre_OSPF      := Side_LLR.pre_OSPF,
                    pilot_flying  := Side_LLR.pilot_flying
    }}

  END Side_Interpretation













=========================================================================

Side_LLR[Primary_Side : bool] : THEORY

BEGIN

    %———————————————————————————————————————————————————————————————————
    % Pilot flying state machine values
    %———————————————————————————————————————————————————————————————————
    Pilot_Flying_Side : TYPE =  {PilotFlying, NotPilotFlying}

    Initial_Pilot_Flying_Side : Pilot_Flying_Side = 
            IF Primary_Side THEN  PilotFlying
            ELSE NotPilotFlying ENDIF

    %———————————————————————————————————————————————————————————————————
    % Definition of state and initial state for this side
    %———————————————————————————————————————————————————————————————————
    State :TYPE+          = [# st       : Pilot_Flying_Side, 
                               pre_ts   : bool, 
                               pre_ospf : bool               #]

    Initial_State: State  = (# st       := Initial_Pilot_Flying_Side,
                               pre_ts   := TRUE,
                               pre_ospf := NOT Primary_Side  #)

    %———————————————————————————————————————————————————————————————————
    % Extractor functions for this side
    %———————————————————————————————————————————————————————————————————
    pre_TS  (s: State) : bool = pre_ts(s)
    pre_OSPF(s: State) : bool = pre_ospf(s)

    %———————————————————————————————————————————————————————————————————
    % Auxiliary functions for defining next state function
    %———————————————————————————————————————————————————————————————————
    rise_ts  (s:State, ts  : bool) : bool = NOT pre_ts  (s) AND ts 
    rise_ospf(s:State, ospf: bool) : bool = NOT pre_ospf(s) AND ospf
  

    %———————————————————————————————————————————————————————————————————
    % Next state function
    %———————————————————————————————————————————————————————————————————
    next_state(s: State, ts:bool, ospf:bool) : State =
     LET
        next_pfs = 
          %————————————————————————————————————————————————————————————
          % Transition 1 - Other side becomes the pilot flying side
          %————————————————————————————————————————————————————————————
          IF PilotFlying?(st(s)) AND rise_ospf(s, ospf)
             THEN NotPilotFlying
          %————————————————————————————————————————————————————————————
          % Transition 2 - Transfer switch is pressed
          %————————————————————————————————————————————————————————————
          ELSIF NotPilotFlying?(st(s)) AND rise_ts(s,ts)
             THEN PilotFlying
          %————————————————————————————————————————————————————————————
          % No transition taken
          %————————————————————————————————————————————————————————————
          ELSE 
             st(s)            
          ENDIF
       IN (# st:= next_pfs, pre_ts := ts, pre_ospf := ospf #)   

    %——————————————————————————————————————————————————————————————————
    % Pilot flying output
    %——————————————————————————————————————————————————————————————————
    pilot_flying(s: State):bool = PilotFlying?(st(s))
 
 
  END Side_LLR


[bookmark: _Ref430268992][bookmark: _Ref434924973]Test Case 5 - DO-333 Case Studies PVS Example
	%
% TEST NAME: DO-333 Case Studies
%
% DESCRIPTION: 
% This test case describes a set of files developed on the DO-333 case
% studies. It includes 9 PVS theories that describe the Pilot Flying
% system, software, and hardware requirements. 
% 
% TEST PURPOSE:
% This test shows that PVS correctly reasons about the theorems described in
% in Pilot_Flying_System_Requirements.
%
% EXPECTED OUTCOME:
% All theorems in Pilot_Flying_System_Requirements should be true. 
%
% Note - Each PVS theory should be placed in its own file.

=========================================================================

Bus_HLR[Init:bool]: THEORY
BEGIN

    %———————————————————————————————————————————————————————————————————–
    % State defined as an uninterpreted, non-empty type
    %———————————————————————————————————————————————————————————————————–
    State : TYPE+ 

    Initial_State : State

    %———————————————————————————————————————————————————————————————————–
    % Next state defined as an uninterpreted function
    %———————————————————————————————————————————————————————————————————–
    next_state: [State, bool -> State]
    
    %———————————————————————————————————————————————————————————————————–
    % Output of the bus
    %———————————————————————————————————————————————————————————————————–
    output: [State -> bool]

    %———————————————————————————————————————————————————————————————————–
    % High level requirements
    %———————————————————————————————————————————————————————————————————–
    HLR1: AXIOM
       output(Initial_State) = Init

    HLR2: AXIOM
       forall (s: State, i: bool) :
          output(next_state(s, i)) = i


 END Bus_HLR

=========================================================================

Bus_Interpretation[Init : bool] : THEORY
 
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Import low-level requirements (LLR) for a bus
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Bus_LLR[Init]

  %———————————————————————————————————————————————————————————————————–
  % Import high-level (HLR) requriements for a bus and
  % define the LLR as an interpretation of the HLR
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Bus_HLR[Init] {{
                    State         := Bus_LLR.State,
                    Initial_State := Bus_LLR.Initial_State,
                    next_state    := Bus_LLR.next_state,
                    output        := Bus_LLR.output
    }}

  END Bus_Interpretation

=========================================================================

Bus_LLR[Init:bool]: THEORY
BEGIN

    %———————————————————————————————————————————————————————————————————–
    % Define the bus state and initial state
    %———————————————————————————————————————————————————————————————————–
    State: TYPE = bool

    Initial_State: State = Init

    %———————————————————————————————————————————————————————————————————–
    % Next state function
    %———————————————————————————————————————————————————————————————————–
    next_state(s: State, input: bool): State = input
    
    %———————————————————————————————————————————————————————————————————–
    % Output of the bus
    %———————————————————————————————————————————————————————————————————–
    output(s: State): bool = s

 END Bus_LLR

=========================================================================

Pilot_Flying_System : THEORY
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Importing the sytem componenets
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_HLR [TRUE]  AS Left_Side;
  IMPORTING Bus_HLR  [TRUE]  AS LR_Bus;
  IMPORTING Side_HLR [FALSE] AS Right_Side;
  IMPORTING Bus_HLR  [FALSE] AS RL_Bus;

  %———————————————————————————————————————————————————————————————————–
  % Defining the system state
  %———————————————————————————————————————————————————————————————————–
  State : Type         = [# Left_Side  : Left_Side.State,
                            LR_Bus     : LR_Bus.State,
                            Right_Side : Right_Side.State,
                            RL_Bus     : RL_Bus.State,
                            pre_TS     : bool               #]

  %———————————————————————————————————————————————————————————————————–
  % Defining the initial system state
  %———————————————————————————————————————————————————————————————————–
  Initial_State: State = (# Left_Side  := Left_Side.Initial_State,
                            LR_Bus     := LR_Bus.Initial_State,
                            Right_Side := Right_Side.Initial_State,
                            RL_Bus     := RL_Bus.Initial_State,
                            pre_TS     := TRUE              #)

  %———————————————————————————————————————————————————————————————————–
  % Next state function
  %———————————————————————————————————————————————————————————————————–
  next_state(s: State, TS: bool) : State =
    LET 
        %——————————————————————————————————————————————————————————————
        % Compute next state of LR Bus and Right Side
        %——————————————————————————————————————————————————————————————
        C1      = Left_Side.pilot_flying(Left_Side(s)),
        next_LR = LR_Bus.next_state(LR_Bus(s), C1),
        C2      = LR_Bus.output(next_LR),
        next_RS = Right_Side.next_state(Right_Side(s), TS, C2),

        %——————————————————————————————————————————————————————————————
        % Compute next state of RL Bus and Left Side
        %——————————————————————————————————————————————————————————————
        C3      = Right_Side.pilot_flying(Right_Side(s)),
        next_RL = RL_Bus.next_state(RL_Bus(s), C3),
        C4      = RL_Bus.output(next_RL),
        next_LS = Left_Side.next_state(Left_Side(s), TS, C4)
    IN 
       (# Left_Side  := next_LS,
          LR_Bus     := next_LR,
          Right_Side := next_RS,
          RL_Bus     := next_RL,
          pre_TS     := TS       #)

  %———————————————————————————————————————————————————————————————————–
  % Outputs of the system
  %———————————————————————————————————————————————————————————————————–
  Left_Pilot_Flying_Side(s: State) : bool = pilot_flying(Left_Side(s))

  Right_Pilot_Flying_Side(s: State): bool = pilot_flying(Right_Side(s))

  END Pilot_Flying_System

=========================================================================

Pilot_Flying_System_Requirements2: THEORY

  BEGIN

    IMPORTING Pilot_Flying_System_Requirements

    s:  VAR Pilot_Flying_System.State
    ts: VAR bool

    %———————————————————————————————————————————————————————————————————
    % Enhanced definition of a valid state
    %———————————————————————————————————————————————————————————————————
    At_Least_One_Bus_High(s) : bool = 
       output(LR_Bus(s)) OR output(RL_Bus(s))

    Quiescent(s): bool =
        (output(LR_Bus(s)) /= output(RL_Bus(s)) AND 
         pilot_flying(Left_Side(s)) /= pilot_flying(Right_Side(s))) =>
        (output(LR_Bus(s)) = pilot_flying(Left_Side(s)) AND
         output(RL_Bus(s)) = pilot_flying(Right_Side(s)))

    Valid_State2(s) : bool =  
        Valid_State(s) AND 
        At_Least_One_Bus_High(s) AND
        Quiescent(s) 

    %———————————————————————————————————————————————————————————————————
    % Every reachable state is a valid (2) state
    %———————————————————————————————————————————————————————————————————
    Reachable_States_Valid2: THEOREM
        Reachable_State(s) => Valid_State2(s)
   
    %———————————————————————————————————————————————————————————————————
    % The system only switches sides for one step
    %———————————————————————————————————————————————————————————————————
    Switching_Transient: THEOREM
        Reachable_State(s) AND switching_sides(s) => 
           NOT switching_sides(next_state(s,ts))

  END Pilot_Flying_System_Requirements2




=========================================================================

Pilot_Flying_System_Requirements: THEORY

  BEGIN

    IMPORTING Pilot_Flying_System

    s:  VAR Pilot_Flying_System.State
    ts: VAR bool

    %———————————————————————————————————————————————————————————————————
    % Definition of a reachable state
    %———————————————————————————————————————————————————————————————————
    Reachable_State(s): INDUCTIVE bool = 
        s = Initial_State OR 
            (EXISTS (r: Pilot_Flying_System.State, t: bool) :
                        Reachable_State(r) AND s = next_state(r,t))

    %———————————————————————————————————————————————————————————————————
    % Definition of a valid state
    %———————————————————————————————————————————————————————————————————
    Pre_TS_Consistency(s): bool = 
        pre_TS(Left_Side(s))  = pre_TS(s) and 
        pre_TS(Right_Side(s)) = pre_TS(s)

    Pre_OSPF_Consistency(s): bool =
        pre_OSPF(Right_Side(s)) = LR_Bus.output(LR_Bus(s)) and
        pre_OSPF(Left_Side(s))  = RL_Bus.output(RL_Bus(s))

    At_Least_One_Side_Flying(s): bool = 
        Left_Pilot_Flying_Side(s) OR Right_Pilot_Flying_Side(s)

    Buses_Differ_When_Sides_Same(s): bool =
        pilot_flying(Left_Side(s)) = pilot_flying(Right_Side(s)) =>
            LR_Bus.output(LR_Bus(s)) /= RL_Bus.output(RL_Bus(s))

    Valid_State(s) : bool =  
        At_Least_One_Side_Flying(s) AND
        Pre_TS_Consistency(s) AND
        Pre_OSPF_Consistency(s) AND
        Buses_Differ_When_Sides_Same(s)

    %———————————————————————————————————————————————————————————————————
    % Proof that every reachable state is a valid state
    %———————————————————————————————————————————————————————————————————
    Reachable_States_Valid: THEOREM
        Reachable_State(s) => Valid_State(s)

    %———————————————————————————————————————————————————————————————————
    % The Transfer Switch is pressed in state s when its value rises.
    %———————————————————————————————————————————————————————————————————
    pressed(ts, s) : bool = not pre_TS(s) and ts

    %———————————————————————————————————————————————————————————————————
    % The system is switching sides when either side has become the
    % pilot flying side and that change has not reached the other side
    %———————————————————————————————————————————————————————————————————
    switching_sides(s) : bool = 
         pilot_flying(Left_Side(s))  AND NOT output(LR_Bus(s)) OR
         pilot_flying(Right_Side(s)) AND NOT output(RL_Bus(s))

    %———————————————————————————————————————————————————————————————————
    % R1. At least one side shall be the pilot flying side.
    %———————————————————————————————————————————————————————————————————
    R1: THEOREM
        Reachable_State(s) => 
           Left_Pilot_Flying_Side(s) or Right_Pilot_Flying_Side(s)

    %———————————————————————————————————————————————————————————————————
    % R2. At most one side shall be the pilot flying side
    %     except while the system is switching sides.
    %———————————————————————————————————————————————————————————————————
    R2: THEOREM
        Reachable_State(s) AND NOT switching_sides(s) => 
           Left_Pilot_Flying_Side(s) /= Right_Pilot_Flying_Side(s)

    %———————————————————————————————————————————————————————————————————
    % R3. Pressing the Transfer Switch shall always change pilot
    %     pilot flying side.
    %———————————————————————————————————————————————————————————————————
    R3a: THEOREM
        Reachable_State(s)  => 
           (not Left_Pilot_Flying_Side(s) and pressed(ts,s) => 
                Left_Pilot_Flying_Side(next_state(s,ts))) 

    R3b: THEOREM
         Reachable_State(s) =>
            (not Right_Pilot_Flying_Side(s) and pressed(ts,s) =>
                 Right_Pilot_Flying_Side(next_state(s,ts)))

    %———————————————————————————————————————————————————————————————————
    % R4. The system shall start with the Primary Side as the pilot
    %     flying side.
    %———————————————————————————————————————————————————————————————————
    R4: THEOREM
        Left_Pilot_Flying_Side(Initial_State)

    %———————————————————————————————————————————————————————————————————
    % R5. The system shall not change the pilot flying side if it is
    %     not switching sides and the Transfer Switch is not pressed.
    %———————————————————————————————————————————————————————————————————
    R5a: THEOREM
        Reachable_State(s) AND 
           NOT switching_sides(s) AND NOT pressed(ts,s) =>
               (Left_Pilot_Flying_Side(next_state(s,ts)) = 
                   Left_Pilot_Flying_Side(s))

    R5b: THEOREM
       Reachable_State(s) AND 
          NOT switching_sides(s) AND NOT pressed(ts,s) =>
              (Right_Pilot_Flying_Side(next_state(s,ts)) =
                   Right_Pilot_Flying_Side(s))

  END Pilot_Flying_System_Requirements



=========================================================================

Side_HLR[Primary_Side : bool] : THEORY

BEGIN
 
    %———————————————————————————————————————————————————————————————————–
    % State defined as an uninterpreted, non-empty type
    %———————————————————————————————————————————————————————————————————–
    State: TYPE+          

    Initial_State: State

    %———————————————————————————————————————————————————————————————————–
    % Next state defined as an uninterpreted function
    %———————————————————————————————————————————————————————————————————–
    next_state: [State, bool, bool -> State]

    %———————————————————————————————————————————————————————————————————–
    % Extractor functions for this side
    %———————————————————————————————————————————————————————————————————–
    pre_TS   : [State -> bool]
    pre_OSPF : [State -> bool]

    %———————————————————————————————————————————————————————————————————–
    % Pilot flying output for this side
    %———————————————————————————————————————————————————————————————————–
    pilot_flying : [State -> bool] 

    %———————————————————————————————————————————————————————————————————–
    % Auxiliary definitions for stating axioms
    %———————————————————————————————————————————————————————————————————–
    rise_ospf(s:State, ospf:bool) : bool = NOT pre_OSPF(s) AND ospf
    rise_ts  (s:State, ts  :bool) : bool = NOT pre_TS  (s) AND ts 

    %———————————————————————————————————————————————————————————————————–
    % High level requirements
    %———————————————————————————————————————————————————————————————————–
    HLR1: AXIOM
       pilot_flying(Initial_State) = Primary_Side

    HLR2: AXIOM
       pre_TS(Initial_State)

    HLR3: AXIOM
       pre_OSPF(Initial_State) = NOT Primary_Side

    HLR4: AXIOM
       forall (s:State, ts, ospf: bool) :
         pilot_flying(s) AND rise_ospf(s, ospf) => 
            NOT pilot_flying(next_state(s, ts, ospf))
   
    HLR5: AXIOM
       forall (s:State, ts, ospf: bool) :
          pilot_flying(s) AND NOT rise_ospf(s, ospf) => 
             pilot_flying(next_state(s, ts, ospf))

    HLR6: AXIOM
       forall (s:State, ts, ospf: bool) :
          NOT pilot_flying(s) AND rise_ts(s, ts) =>  
             pilot_flying(next_state(s, ts, ospf))

    HLR7: AXIOM
       forall (s:State, ts, ospf: bool) :
          NOT pilot_flying(s) AND NOT rise_ts(s, ts) => 
             NOT pilot_flying(next_state(s, ts, ospf))

    HLR8: AXIOM
       forall (s:State, ts, ospf: bool) :
         pre_TS(next_state(s, ts, ospf)) = ts

    HLR9: AXIOM
       forall (s:State, ts, ospf: bool) :
          pre_OSPF(next_state(s, ts, ospf)) = ospf

END Side_HLR

=========================================================================

Side_Interpretation[Primary_Side : bool] : THEORY
 
BEGIN

  %———————————————————————————————————————————————————————————————————–
  % Import low-level requirements (LLR) for a side
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_LLR[Primary_Side]

  %———————————————————————————————————————————————————————————————————–
  % Import high-level (HLR) requriements for a side and
  % define the LLR as an interpretation of the HLR
  %———————————————————————————————————————————————————————————————————–
  IMPORTING Side_HLR[Primary_Side] {{
                    State         := Side_LLR.State,
                    Initial_State := Side_LLR.Initial_State,
                    next_state    := Side_LLR.next_state,
                    pre_TS        := Side_LLR.pre_TS,
                    pre_OSPF      := Side_LLR.pre_OSPF,
                    pilot_flying  := Side_LLR.pilot_flying
    }}

  END Side_Interpretation













=========================================================================

Side_LLR[Primary_Side : bool] : THEORY

BEGIN

    %———————————————————————————————————————————————————————————————————
    % Pilot flying state machine values
    %———————————————————————————————————————————————————————————————————
    Pilot_Flying_Side : TYPE =  {PilotFlying, NotPilotFlying}

    Initial_Pilot_Flying_Side : Pilot_Flying_Side = 
            IF Primary_Side THEN  PilotFlying
            ELSE NotPilotFlying ENDIF

    %———————————————————————————————————————————————————————————————————
    % Definition of state and initial state for this side
    %———————————————————————————————————————————————————————————————————
    State :TYPE+          = [# st       : Pilot_Flying_Side, 
                               pre_ts   : bool, 
                               pre_ospf : bool               #]

    Initial_State: State  = (# st       := Initial_Pilot_Flying_Side,
                               pre_ts   := TRUE,
                               pre_ospf := NOT Primary_Side  #)

    %———————————————————————————————————————————————————————————————————
    % Extractor functions for this side
    %———————————————————————————————————————————————————————————————————
    pre_TS  (s: State) : bool = pre_ts(s)
    pre_OSPF(s: State) : bool = pre_ospf(s)

    %———————————————————————————————————————————————————————————————————
    % Auxiliary functions for defining next state function
    %———————————————————————————————————————————————————————————————————
    rise_ts  (s:State, ts  : bool) : bool = NOT pre_ts  (s) AND ts 
    rise_ospf(s:State, ospf: bool) : bool = NOT pre_ospf(s) AND ospf
  

    %———————————————————————————————————————————————————————————————————
    % Next state function
    %———————————————————————————————————————————————————————————————————
    next_state(s: State, ts:bool, ospf:bool) : State =
     LET
        next_pfs = 
          %————————————————————————————————————————————————————————————
          % Transition 1 - Other side becomes the pilot flying side
          %————————————————————————————————————————————————————————————
          IF PilotFlying?(st(s)) AND rise_ospf(s, ospf)
             THEN NotPilotFlying
          %————————————————————————————————————————————————————————————
          % Transition 2 - Transfer switch is pressed
          %————————————————————————————————————————————————————————————
          ELSIF NotPilotFlying?(st(s)) AND rise_ts(s,ts)
             THEN PilotFlying
          %————————————————————————————————————————————————————————————
          % No transition taken
          %————————————————————————————————————————————————————————————
          ELSE 
             st(s)            
          ENDIF
       IN (# st:= next_pfs, pre_ts := ts, pre_ospf := ospf #)   

    %——————————————————————————————————————————————————————————————————
    % Pilot flying output
    %——————————————————————————————————————————————————————————————————
    pilot_flying(s: State):bool = PilotFlying?(st(s))
 
 
  END Side_LLR


[bookmark: _Ref435023306]Test Case 6 - Modified DO-333 Case Studies PVS Example
[bookmark: _Ref429053237][bookmark: _Ref423441643]

[bookmark: _Toc450649335]- PVS Proof Files

	(sum
 (sum_TCC1 0
  (sum_TCC1-1 nil 3650295232 ("" (subtype-tcc) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   nil))
 (sum_TCC2 0
  (sum_TCC2-1 nil 3650295232 ("" (termination-tcc) nil nil)
   ((id const-decl "(bijective?[T, T])" identity nil)) nil))
 (closed_form 0
  (closed_form-1 nil 3650295244
   ("" (induct "n")
    (("1" (expand "sum") (("1" (propax) nil nil)) nil)
     ("2" (grind) nil nil))
    nil)
   ((posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (nnint_plus_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (posrat_div_posrat_is_posrat application-judgement "posrat"
     rationals nil)
    (posrat_plus_nnrat_is_posrat application-judgement "posrat"
     rationals nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nnrat_div_posrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (* const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (/ const-decl "[numfield, nznum -> numfield]" number_fields nil)
    (nznum nonempty-type-eq-decl nil number_fields nil)
    (/= const-decl "boolean" notequal nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (sum def-decl "int" sum nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak)))


[bookmark: _Ref429659690][bookmark: _Ref429054771]Proof 2 - Incorrect Proof forTest Case 2
	(sum
 (sum_TCC1 0
  (sum_TCC1-1 nil 3650295232 ("" (subtype-tcc) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   nil))
 (sum_TCC2 0
  (sum_TCC2-1 nil 3650295232 ("" (termination-tcc) nil nil)
   ((id const-decl "(bijective?[T, T])" identity nil)) nil))
 (closed_form 0
  (closed_form-1 nil 3650295244
   ("" (induct "n")
    (("1" (expand "sum") (("1" (propax) nil nil)) nil)
     ("2" (grind) nil nil)
    nil)
   ((posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (nnint_plus_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (posrat_div_posrat_is_posrat application-judgement "posrat"
     rationals nil)
    (posrat_plus_nnrat_is_posrat application-judgement "posrat"
     rationals nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nnrat_div_posrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (* const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (/ const-decl "[numfield, nznum -> numfield]" number_fields nil)
    (nznum nonempty-type-eq-decl nil number_fields nil)
    (/= const-decl "boolean" notequal nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (sum def-decl "int" sum nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak)))


[bookmark: _Ref429994370][bookmark: _Ref429994366]Proof 3 - Invalid Proof Syntax for Test Case 3
	(factorial
 (factorial_TCC1 0
  (factorial_TCC1-1 nil 3298303363 ("" (subtype-tcc) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   nil))
 (factorial_TCC2 0
  (factorial_TCC2-1 nil 3298303363 ("" (termination-tcc) nil nil) nil
   nil))
 (factorial_TCC3 0
  (factorial_TCC3-1 nil 3298303363
   ("" (skosimp*)
    (("" (typepred "v!1(n!1 - 1)")
      (("1" (mult-cases 2) nil nil) ("2" (assert) nil nil)) nil))
    nil)
   ((- const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (posnat nonempty-type-eq-decl nil integers nil)
    (nonneg_int nonempty-type-eq-decl nil integers nil)
    (< const-decl "bool" reals nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (> const-decl "bool" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number nonempty-type-decl nil numbers nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (pos_times_gt formula-decl nil real_props nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil))
   nil))
 (factorial_0 0
  (factorial_0-1 nil 3298303363 ("" (grind) nil nil)
   ((factorial def-decl "posnat" factorial nil)) shostak))
 (factorial_1 0
  (factorial_1-1 nil 3298303369 ("" (grind) nil nil)
   ((posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (factorial def-decl "posnat" factorial nil))
   shostak))
 (factorial_2 0
  (factorial_2-1 nil 3298303372 ("" (grind) nil nil)
   ((posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (factorial def-decl "posnat" factorial nil))
   shostak))
 (factorial_3 0
  (factorial_3-1 nil 3298303376 ("" (grind) nil nil)
   ((posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (factorial def-decl "posnat" factorial nil))
   shostak))
 (factorial_def 0
  (factorial_def-1 nil 3298303379
   ("" (skosimp*) (("" (grind) nil nil)) nil)
   ((mult_divides2 application-judgement "(divides(m))" divides nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (factorial def-decl "posnat" factorial nil))
   shostak))
 (factorial_n_TCC1 0
  (factorial_n_TCC1-1 nil 3298303461
   ("" (skosimp*) (("" (assert) nil nil)) nil)
   ((int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil))
   shostak))
 (factorial_n 0
  (factorial_n-1 nil 3298303451 ("" (grind) nil nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (number nonempty-type-decl nil numbers nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (>= const-decl "bool" reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (factorial def-decl "posnat" factorial nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   shostak))
 (factorial_plus1 0
  (factorial_plus1-1 nil 3298372726
   ("" (skosimp*)
    (("" (expand "factorial" 1 1) (("" (propax) nil nil)) nil)) nil)
   ((factorial def-decl "posnat" factorial nil)) shostak))
 (factorial_gt_TCC1 0
  (factorial_gt_TCC1-1 nil 3301995131
   ("" (skosimp*) (("" (assert) nil nil)) nil)
   ((int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil))
   shostak))
 (factorial_gt 0
  (factorial_gt-1 nil 3301994550
   ("" (induct "n")
    (("1" (skosimp*) (("1" (assert) nil nil)) nil)
     ("2" (skosimp*)
      (("2"
        (case-replace "k!1 ^ (j!1 + 1 - k!1) = k!1*k!1 ^ (j!1 - k!1)")
        (("1" (hide -1)
          (("1" (expand "factorial" 1 1)
            (("1" (inst?)
              (("1" (assert)
                (("1" (case-replace "j!1 = k!1")
                  (("1" (assert)
                    (("1" (expand "^")
                      (("1" (expand "expt") (("1" (assert) nil nil))
                        nil))
                      nil))
                    nil)
                   ("2" (assert)
                    (("2" (mult-ineq -1 -2) (("2" (assert) nil nil))
                      nil))
                    nil))
                  nil))
                nil))
              nil))
            nil))
          nil)
         ("2" (hide 2)
          (("2" (expand "^")
            (("2" (lift-if)
              (("2" (ground)
                (("2" (expand "expt" 1 1) (("2" (propax) nil nil))
                  nil))
                nil))
              nil))
            nil))
          nil)
         ("3" (assert) nil nil) ("4" (assert) nil nil))
        nil))
      nil)
     ("3" (skosimp*) (("3" (assert) nil nil)) nil))
    nil)
   ((rat_times_rat_is_rat application-judgement "rat" rationals nil)
    (int_plus_int_is_int application-judgement "int" integers nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (minus_odd_is_odd application-judgement "odd_int" integers nil)
    (nat_expt application-judgement "nat" exponentiation nil)
    (expt def-decl "real" exponentiation nil)
    (nat_exp application-judgement "nat" exponentiation nil)
    (posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (abs const-decl "{n: nonneg_real | n >= m AND n >= -m}" real_defs
         nil)
    (gt_times_gt_any1 formula-decl nil extra_real_props nil)
    (posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (nnint_plus_posint_is_posint application-judgement "posint"
     integers nil)
    (nnrat_exp application-judgement "nnrat" exponentiation nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (^ const-decl "real" exponentiation nil)
    (* const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (factorial def-decl "posnat" factorial nil)
    (posnat nonempty-type-eq-decl nil integers nil)
    (nonneg_int nonempty-type-eq-decl nil integers nil)
    (pred type-eq-decl nil defined_types nil)
    (number nonempty-type-decl nil numbers nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (real nonempty-type-from-decl nil reals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (int nonempty-type-eq-decl nil integers nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (>= const-decl "bool" reals nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (IMPLIES const-decl "[bool, bool -> bool]" booleans nil)
    (> const-decl "bool" reals nil)
    (OR const-decl "[bool, bool -> bool]" booleans nil)
    (/= const-decl "boolean" notequal nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (- const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (nnrat_times_nnrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil))
   shostak))
 (factorial_ge_TCC1 0
  (factorial_ge_TCC1-1 nil 3302012245
   ("" (skosimp*) (("" (assert) nil nil)) nil)
   ((int_minus_int_is_int application-judgement "int" integers nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil))
   shostak))
 (factorial_ge 0
  (factorial_ge-1 nil 3302012207
   ("" (skosimp*)
    (("" (lemma "factorial_gt")
      (("" (inst?)
        (("" (assert)
          (("" (case-replace "n!1 = k!1")
            (("1" (assert)
              (("1" (expand "^")
                (("1" (expand "expt") (("1" (assert) nil nil)) nil))
                nil))
              nil)
             ("2" (assert) nil nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((factorial_gt formula-decl nil factorial nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (nnrat_exp application-judgement "nnrat" exponentiation nil)
    (nnrat_times_nnrat_is_nnrat application-judgement "nonneg_rat"
     rationals nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nat_exp application-judgement "nat" exponentiation nil)
    (expt def-decl "real" exponentiation nil)
    (posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (^ const-decl "real" exponentiation nil)
    (minus_odd_is_odd application-judgement "odd_int" integers nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak))
 (factorial_incr 0
  (factorial_incr-1 nil 3301995193
   ("" (induct "n")
    (("1" (skosimp*) (("1" (assert) nil nil)) nil)
     ("2" (skosimp*)
      (("2" (rewrite "factorial_plus1")
        (("2" (case-replace "j!1 = 0")
          (("1" (assert)
            (("1" (hide -1 -2)
              (("1" (case-replace "k!1 = 0")
                (("1" (grind) nil nil)
                 ("2" (case-replace "k!1 = 1")
                  (("1" (grind) nil nil) ("2" (assert) nil nil)) nil))
                nil))
              nil))
            nil)
           ("2" (inst?)
            (("2" (split -1)
              (("1" (assert) nil nil)
               ("2" (assert)
                (("2" (case-replace "k!1 = j!1+1")
                  (("1" (assert)
                    (("1" (rewrite "factorial_plus1")
                      (("1" (assert) nil nil)) nil))
                    nil)
                   ("2" (assert) nil nil))
                  nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((= const-decl "[T, T -> boolean]" equalities nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (even_plus_odd_is_odd application-judgement "odd_int" integers nil)
    (posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (int_times_even_is_even application-judgement "even_int" integers
     nil)
    (+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (real_ge_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (- const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (even_minus_odd_is_odd application-judgement "odd_int" integers
     nil)
    (odd_plus_odd_is_even application-judgement "even_int" integers
     nil)
    (odd_minus_odd_is_even application-judgement "even_int" integers
     nil)
    (int_plus_int_is_int application-judgement "int" integers nil)
    (posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (nnint_plus_posint_is_posint application-judgement "posint"
     integers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (factorial_plus1 formula-decl nil factorial nil)
    (real_le_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (factorial def-decl "posnat" factorial nil)
    (posnat nonempty-type-eq-decl nil integers nil)
    (> const-decl "bool" reals nil)
    (nonneg_int nonempty-type-eq-decl nil integers nil)
    (<= const-decl "bool" reals nil)
    (IMPLIES const-decl "[bool, bool -> bool]" booleans nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak))
 (factorial_strict_incr 0
  (factorial_strict_incr-1 nil 3301996095
   ("" (induct "n")
    (("1" (skosimp*) (("1" (assert) nil nil)) nil)
     ("2" (skosimp*)
      (("2" (rewrite "factorial_plus1")
        (("2" (case-replace "j!1 = 0")
          (("1" (assert) nil nil)
           ("2" (inst?)
            (("2" (case-replace "k!1 = j!1")
              (("1" (assert)
                (("1" (typepred "factorial(j!1)")
                  (("1" (mult-by -1 "j!1") (("1" (assert) nil nil))
                    nil))
                  nil))
                nil)
               ("2" (assert) nil nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((= const-decl "[T, T -> boolean]" equalities nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (even_plus_odd_is_odd application-judgement "odd_int" integers nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (even_times_int_is_even application-judgement "even_int" integers
     nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (posreal nonempty-type-eq-decl nil real_types nil)
    (nonneg_real nonempty-type-eq-decl nil real_types nil)
    (both_sides_times_pos_gt1 formula-decl nil real_props nil)
    (posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (nnint_plus_posint_is_posint application-judgement "posint"
     integers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (factorial_plus1 formula-decl nil factorial nil)
    (real_lt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (factorial def-decl "posnat" factorial nil)
    (posnat nonempty-type-eq-decl nil integers nil)
    (> const-decl "bool" reals nil)
    (nonneg_int nonempty-type-eq-decl nil integers nil)
    (< const-decl "bool" reals nil)
    (/= const-decl "boolean" notequal nil)
    (AND const-decl "[bool, bool -> bool]" booleans nil)
    (IMPLIES const-decl "[bool, bool -> bool]" booleans nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   shostak))
 (factorial_lt_n2n_TCC1 0
  (factorial_lt_n2n_TCC1-1 nil 3322223789 ("" (subtype-tcc) nil nil)
   ((/= const-decl "boolean" notequal nil)) nil))
 (factorial_lt_n2n 0
  (factorial_lt_n2n-1 nil 3322223810
   ("" (induct "n")
    (("1" (expand "^")
      (("1" (expand "expt")
        (("1" (expand "factorial") (("1" (assert) nil nil)) nil)) nil))
      nil)
     ("2" (skosimp)
      (("2" (expand "factorial" 1)
        (("2" (rewrite "expt_plus" 1)
          (("2" (rewrite "expt_x1")
            (("2"
              (lemma "both_sides_times_pos_le1"
               ("pz" "1+j!1" "x" "factorial(j!1)" "y" "(1 + j!1)^j!1"))
              (("2" (replace -1 1)
                (("2" (hide -1)
                  (("2" (typepred "j!1")
                    (("2" (expand ">=" -1)
                      (("2" (expand "<=" -1)
                        (("2" (split)
                          (("1"
                            (lemma "both_sides_expt_pos_le"
                             ("px" "j!1" "py" "1+j!1" "pm" "j!1"))
                            (("1" (assert) nil nil)
                             ("2" (assert) nil nil))
                            nil)
                           ("2" (replace -1 * rl)
                            (("2" (expand "factorial")
                              (("2"
                                (expand "^")
                                (("2"
                                  (expand "expt")
                                  (("2" (propax) nil nil))
                                  nil))
                                nil))
                              nil))
                            nil))
                          nil))
                        nil))
                      nil))
                    nil))
                  nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((+ const-decl "[numfield, numfield -> numfield]" number_fields nil)
    (numfield nonempty-type-eq-decl nil number_fields nil)
    (nzreal nonempty-type-eq-decl nil reals nil)
    (expt_plus formula-decl nil exponentiation nil)
    (posint_plus_nnint_is_posint application-judgement "posint"
     integers nil)
    (int_minus_int_is_int application-judgement "int" integers nil)
    (nnint_times_nnint_is_nnint application-judgement "nonneg_int"
     integers nil)
    (posint_exp application-judgement "posint" exponentiation nil)
    (mult_divides2 application-judgement "(divides(m))" divides nil)
    (mult_divides1 application-judgement "(divides(n))" divides nil)
    (posint_times_posint_is_posint application-judgement "posint"
     integers nil)
    (both_sides_times_pos_le1 formula-decl nil real_props nil)
    (nonneg_real nonempty-type-eq-decl nil real_types nil)
    (posreal nonempty-type-eq-decl nil real_types nil)
    (nat_exp application-judgement "nat" exponentiation nil)
    (real_lt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (real_gt_is_strict_total_order name-judgement
     "(strict_total_order?[real])" real_props nil)
    (both_sides_expt_pos_le formula-decl nil exponentiation nil)
    (NOT const-decl "[bool -> bool]" booleans nil)
    (expt_x1 formula-decl nil exponentiation nil)
    (real_le_is_total_order name-judgement "(total_order?[real])"
     real_props nil)
    (expt def-decl "real" exponentiation nil)
    (nat_induction formula-decl nil naturalnumbers nil)
    (^ const-decl "real" exponentiation nil)
    (/= const-decl "boolean" notequal nil)
    (OR const-decl "[bool, bool -> bool]" booleans nil)
    (factorial def-decl "posnat" factorial nil)
    (posnat nonempty-type-eq-decl nil integers nil)
    (> const-decl "bool" reals nil)
    (nonneg_int nonempty-type-eq-decl nil integers nil)
    (<= const-decl "bool" reals nil)
    (pred type-eq-decl nil defined_types nil)
    (nat nonempty-type-eq-decl nil naturalnumbers nil)
    (>= const-decl "bool" reals nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (int nonempty-type-eq-decl nil integers nil)
    (integer_pred const-decl "[rational -> boolean]" integers nil)
    (rational nonempty-type-from-decl nil rationals nil)
    (rational_pred const-decl "[real -> boolean]" rationals nil)
    (real nonempty-type-from-decl nil reals nil)
    (real_pred const-decl "[number_field -> boolean]" reals nil)
    (number_field nonempty-type-from-decl nil number_fields nil)
    (number_field_pred const-decl "[number -> boolean]" number_fields
     nil)
    (boolean nonempty-type-decl nil booleans nil)
    (number nonempty-type-decl nil numbers nil))
   nil)))


[bookmark: _Ref430098189]Proof 4 - Proof for Test Case 4
	(Pilot_Flying_System_Requirements
 (Reachable_States_Valid 0
  (Reachable_States_Valid-2 nil 3580835302
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (rule-induct "Reachable_State")
      (("" (skosimp)
        (("" (case "s!2 = Initial_State")
          (("1" (grind) nil nil)
           ("2" (assert)
            (("2" (hide 1)
              (("2" (grind)
                (("1" (case "Right_Side.pilot_flying(Right_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("2" (case "Right_Side.pilot_flying(Right_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("3" (case "Left_Side.pilot_flying(Left_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("4" (case "Left_Side.pilot_flying(Left_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((Reachable_State_weak_induction formula-decl nil
     Pilot_Flying_System_Requirements nil)
    (boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (HLR1 formula-decl nil Side_HLR nil)
    (HLR2 formula-decl nil Side_HLR nil)
    (HLR3 formula-decl nil Side_HLR nil)
    (HLR1 formula-decl nil Bus_HLR nil)
    (pilot_flying const-decl "[State -> bool]" Side_HLR nil)
    (HLR7 formula-decl nil Side_HLR nil)
    (HLR4 formula-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (HLR8 formula-decl nil Side_HLR nil)
    (HLR9 formula-decl nil Side_HLR nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (HLR2 formula-decl nil Bus_HLR nil))
   nil)
  (Reachable_States_Valid-1 nil 3580832724
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (rule-induct "Reachable")
      (("" (skosimp)
        (("" (case "s!2 = Initial_State")
          (("1" (assert) (("1" (grind) nil nil)) nil)
           ("2" (replace 1)
            (("2" (assert)
              (("2" (skosimp)
                (("2" (hide 1)
                  (("2" (expand "Valid_State")
                    (("2" (expand "next_state")
                      (("2" (replace -2)
                        (("2" (assert)
                          (("2" (grind)
                            (("1"
                              (case "Right_Side.pilot_flying(Right_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil)
                             ("2"
                              (case "Right_Side.pilot_flying(Right_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil)
                             ("3"
                              (case "Left_Side.pilot_flying(Left_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2"
                                (case
                                 "Left_Side.pilot_flying(Left_Side(r!1))")
                                (("1" (propax) nil nil)
                                 ("2" (grind) nil nil))
                                nil))
                              nil)
                             ("4"
                              (case "Left_Side.pilot_flying(Left_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil))
                            nil))
                          nil))
                        nil))
                      nil))
                    nil))
                  nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (HLR1 formula-decl nil Bus_HLR nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (pilot_flying const-decl "[State -> bool]" Side_HLR nil)
    (HLR7 formula-decl nil Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (HLR4 formula-decl nil Side_HLR nil))
   shostak))
 (R1 0
  (R1-1 nil 3580835320
   ("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil)
   ((Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (FALSE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R2 0
  (R2-1 nil 3580835457
   ("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil)
   ((switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (FALSE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R3a 0
  (R3a-1 nil 3580835502
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR6 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R3b 0
  (R3b-1 nil 3580835593
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil))
    nil)
   ((Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR6 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil))
   shostak))
 (R4 0
  (R4-1 nil 3580835660
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (grind) nil nil)) nil)
   ((Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (HLR1 formula-decl nil Side_HLR nil)
    (boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil))
   shostak))
 (R5a 0
  (R5a-1 nil 3580835752
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((HLR7 formula-decl nil Side_HLR nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R5b 0
  (R5b-1 nil 3580835801
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((HLR7 formula-decl nil Side_HLR nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak)))



[bookmark: _Ref434924992][bookmark: _Ref434924988]Proof 5 - Proof forTest Case 5
	(Pilot_Flying_System_Requirements
 (Reachable_States_Valid 0
  (Reachable_States_Valid-2 nil 3580835302
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (rule-induct "Reachable_State")
      (("" (skosimp)
        (("" (case "s!2 = Initial_State")
          (("1" (grind) nil nil)
           ("2" (assert)
            (("2" (hide 1)
              (("2" (grind)
                (("1" (case "Right_Side.pilot_flying(Right_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("2" (case "Right_Side.pilot_flying(Right_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("3" (case "Left_Side.pilot_flying(Left_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil)
                 ("4" (case "Left_Side.pilot_flying(Left_Side(r!1))")
                  (("1" (grind) nil nil) ("2" (grind) nil nil)) nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((Reachable_State_weak_induction formula-decl nil
     Pilot_Flying_System_Requirements nil)
    (boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (HLR1 formula-decl nil Side_HLR nil)
    (HLR2 formula-decl nil Side_HLR nil)
    (HLR3 formula-decl nil Side_HLR nil)
    (HLR1 formula-decl nil Bus_HLR nil)
    (pilot_flying const-decl "[State -> bool]" Side_HLR nil)
    (HLR7 formula-decl nil Side_HLR nil)
    (HLR4 formula-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (HLR8 formula-decl nil Side_HLR nil)
    (HLR9 formula-decl nil Side_HLR nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (HLR2 formula-decl nil Bus_HLR nil))
   nil)
  (Reachable_States_Valid-1 nil 3580832724
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (rule-induct "Reachable")
      (("" (skosimp)
        (("" (case "s!2 = Initial_State")
          (("1" (assert) (("1" (grind) nil nil)) nil)
           ("2" (replace 1)
            (("2" (assert)
              (("2" (skosimp)
                (("2" (hide 1)
                  (("2" (expand "Valid_State")
                    (("2" (expand "next_state")
                      (("2" (replace -2)
                        (("2" (assert)
                          (("2" (grind)
                            (("1"
                              (case "Right_Side.pilot_flying(Right_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil)
                             ("2"
                              (case "Right_Side.pilot_flying(Right_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil)
                             ("3"
                              (case "Left_Side.pilot_flying(Left_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2"
                                (case
                                 "Left_Side.pilot_flying(Left_Side(r!1))")
                                (("1" (propax) nil nil)
                                 ("2" (grind) nil nil))
                                nil))
                              nil)
                             ("4"
                              (case "Left_Side.pilot_flying(Left_Side(r!1))")
                              (("1" (grind) nil nil)
                               ("2" (grind) nil nil))
                              nil))
                            nil))
                          nil))
                        nil))
                      nil))
                    nil))
                  nil))
                nil))
              nil))
            nil))
          nil))
        nil))
      nil))
    nil)
   ((boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil)
    (= const-decl "[T, T -> boolean]" equalities nil)
    (HLR1 formula-decl nil Bus_HLR nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (pilot_flying const-decl "[State -> bool]" Side_HLR nil)
    (HLR7 formula-decl nil Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (HLR4 formula-decl nil Side_HLR nil))
   shostak))
 (R1 0
  (R1-1 nil 3580835320
   ("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil)
   ((Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (FALSE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R2 0
  (R2-1 nil 3580835457
   ("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil)
   ((switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (FALSE const-decl "bool" booleans nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R3a 0
  (R3a-1 nil 3580835502
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR6 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R3b 0
  (R3b-1 nil 3580835593
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (use "Reachable_States_Valid") (("" (grind) nil nil)) nil))
    nil)
   ((Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR6 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil))
   shostak))
 (R4 0
  (R4-1 nil 3580835660
   (""
    (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side" "RL_Bus")
    (("" (grind) nil nil)) nil)
   ((Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (HLR1 formula-decl nil Side_HLR nil)
    (boolean nonempty-type-decl nil booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (TRUE const-decl "bool" booleans nil)
    (Initial_State const-decl "State" Pilot_Flying_System nil))
   shostak))
 (R5a 0
  (R5a-1 nil 3580835752
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((HLR7 formula-decl nil Side_HLR nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak))
 (R5b 0
  (R5b-1 nil 3580835801
   ("" (use "Reachable_States_Valid")
    ((""
      (auto-rewrite-theories "Left_Side" "LR_Bus" "Right_Side"
       "RL_Bus")
      (("" (grind) nil nil)) nil))
    nil)
   ((HLR7 formula-decl nil Side_HLR nil)
    (State type-eq-decl nil Pilot_Flying_System nil)
    (State nonempty-type-decl nil Bus_HLR nil)
    (State nonempty-type-decl nil Side_HLR nil)
    (HLR5 formula-decl nil Side_HLR nil)
    (Left_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (Right_Pilot_Flying_Side const-decl "bool" Pilot_Flying_System nil)
    (At_Least_One_Side_Flying const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_TS_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Pre_OSPF_Consistency const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (/= const-decl "boolean" notequal nil)
    (Buses_Differ_When_Sides_Same const-decl "bool"
     Pilot_Flying_System_Requirements nil)
    (Valid_State const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (switching_sides const-decl "bool" Pilot_Flying_System_Requirements
     nil)
    (pressed const-decl "bool" Pilot_Flying_System_Requirements nil)
    (TRUE const-decl "bool" booleans nil)
    (bool nonempty-type-eq-decl nil booleans nil)
    (boolean nonempty-type-decl nil booleans nil)
    (HLR2 formula-decl nil Bus_HLR nil)
    (FALSE const-decl "bool" booleans nil)
    (next_state const-decl "State" Pilot_Flying_System nil)
    (rise_ts const-decl "bool" Side_HLR nil)
    (rise_ospf const-decl "bool" Side_HLR nil)
    (Reachable_States_Valid formula-decl nil
     Pilot_Flying_System_Requirements nil))
   shostak)))



Proof 6 - Proof for Test Case 6


[bookmark: _Toc450649336]- PVS Tool Operation Verification and Validation Results

	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

*** 
*** sum (10:32:0 9/14/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/qualification-pvs/test_case1/
Parsing sum
sum parsed in 0.02 seconds
Typechecking sum
sum typechecked in 0.12s: 2 TCCs, 0 proved, 0 subsumed, 2 unproved
Proving theory sum
Rerunning proof of sum.sum_TCC1
sum.sum_TCC1 proved in 0.02 real, 0.02 cpu seconds
Rerunning proof of sum.sum_TCC2
sum.sum_TCC2 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of sum.closed_form
sum.closed_form proved in 0.15 real, 0.15 cpu seconds


 Proof summary for theory sum
    sum_TCC1...........................proved - complete   [shostak](0.02 s)
    sum_TCC2...........................proved - complete   [shostak](0.01 s)
    closed_form........................proved - complete   [shostak](0.15 s)
    Theory totals: 3 formulas, 3 attempted, 3 succeeded (0.17 s)

Grand Totals: 3 proofs, 3 attempted, 3 succeeded (0.17 s)
Saving bin file for theory sum
Saving sum
Context file /home/lgwagner/qualification-pvs/test_case1/.pvscontext written


[bookmark: _Ref430267848]Test Result 1 - Log file from Test Case 1
	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

*** 
*** sum (10:33:9 9/14/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/qualification-pvs/test_case2/
Parsing sum
sum parsed in 0.07 seconds
Typechecking sum
sum typechecked in 0.13s: 2 TCCs, 0 proved, 0 subsumed, 2 unproved
Proving theory sum
Rerunning proof of sum.sum_TCC1
***Warning: Fewer subproofs (0) than subgoals (1)
sum.sum_TCC1 unproved in 0.02 real, 0.02 cpu seconds
Rerunning proof of sum.sum_TCC2
sum.sum_TCC2 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of sum.closed_form
sum.closed_form unproved in 0.01 real, 0.01 cpu seconds


 Proof summary for theory sum
    sum_TCC1...........................unfinished          [shostak](0.02 s)
    sum_TCC2...........................proved - complete   [shostak](0.01 s)
    closed_form........................unfinished          [shostak](0.01 s)
    Theory totals: 3 formulas, 3 attempted, 1 succeeded (0.04 s)

Grand Totals: 3 proofs, 3 attempted, 1 succeeded (0.04 s)
Created directory /home/lgwagner/qualification-pvs/test_case2/pvsbin
Saving bin file for theory sum
Saving sum
Context file /home/lgwagner/qualification-pvs/test_case2/.pvscontext written


Test Result 2 - Log file from Test Case 2
	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

Directory /home/lgwagner/pvs-6.0/nasalib/ in PVS_LIBRARY_PATH does not exist
*** 
*** sum (10:37:59 9/14/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/qualification-pvs/test_case3/
Parsing sum
sum parsed in 0.02 seconds
Typechecking sum
Error reading proof file /home/lgwagner/qualification-pvs/test_case3/sum.prf
  eof encountered on stream
  #<excl:file-simple-stream
    #P"/home/lgwagner/qualification-pvs/test_case3/sum.prf" closed @
    #x10006791a52>
Error reading proof file /home/lgwagner/qualification-pvs/test_case3/sum.prf
  eof encountered on stream
  #<excl:file-simple-stream
    #P"/home/lgwagner/qualification-pvs/test_case3/sum.prf" closed @
    #x100066ff912>
sum typechecked in 0.14s: 2 TCCs, 0 proved, 0 subsumed, 2 unproved
Proving theory sum
Rerunning proof of sum.sum_TCC1
sum.sum_TCC1 proved in 0.02 real, 0.02 cpu seconds
Rerunning proof of sum.sum_TCC2
sum.sum_TCC2 proved in 0.00 real, 0.00 cpu seconds
closed_form has no proof
Error reading proof file /home/lgwagner/qualification-pvs/test_case3/sum.prf
  eof encountered on stream
  #<excl:file-simple-stream
    #P"/home/lgwagner/qualification-pvs/test_case3/sum.prf" closed @
    #x100066fec22>
Renamed sum.prf to sum.prf~
Wrote proof file sum.prf

 Proof summary for theory sum
    sum_TCC1..........................proved - complete   [shostak](0.02 s)
    sum_TCC2..........................proved - complete   [shostak](0.00 s)
    closed_form.......................untried             [Untried]( n/a s)
    Theory totals: 3 formulas, 2 attempted, 2 succeeded (0.03 s)

Grand Totals: 3 proofs, 2 attempted, 2 succeeded (0.03 s)
Created directory /home/lgwagner/qualification-pvs/test_case3/pvsbin
Saving bin file for theory sum
Saving sum
Context file /home/lgwagner/qualification-pvs/test_case3/.pvscontext written


Test Result 3 - Log file from Test Case 3
	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

Directory /home/lgwagner/pvs-6.0/nasalib/ in PVS_LIBRARY_PATH does not exist
*** 
*** factorial (13:2:49 9/14/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/qualification-pvs/test_case4/
Parsing factorial
factorial parsed in 0.84 seconds
Typechecking factorial
factorial typechecked in 1.61s: 8 TCCs, 0 proved, 1 subsumed, 7 unproved
Proving theory factorial
Rerunning proof of factorial.factorial_TCC1
factorial.factorial_TCC1 proved in 0.04 real, 0.04 cpu seconds
Rerunning proof of factorial.factorial_TCC2
factorial.factorial_TCC2 proved in 0.00 real, 0.00 cpu seconds
Rerunning proof of factorial.factorial_TCC3
factorial.factorial_TCC3 proved in 0.03 real, 0.03 cpu seconds
Rerunning proof of factorial.factorial_0
factorial.factorial_0 proved in 0.00 real, 0.00 cpu seconds
Rerunning proof of factorial.factorial_1
factorial.factorial_1 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of factorial.factorial_2
factorial.factorial_2 proved in 0.04 real, 0.04 cpu seconds
Rerunning proof of factorial.factorial_3
factorial.factorial_3 proved in 0.04 real, 0.04 cpu seconds
Rerunning proof of factorial.factorial_def
factorial.factorial_def proved in 0.03 real, 0.03 cpu seconds
Rerunning proof of factorial.factorial_n_TCC1
factorial.factorial_n_TCC1 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of factorial.factorial_n
factorial.factorial_n proved in 0.02 real, 0.02 cpu seconds
Rerunning proof of factorial.factorial_plus1
factorial.factorial_plus1 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of factorial.factorial_gt_TCC1
factorial.factorial_gt_TCC1 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of factorial.factorial_gt
***Warning: Fewer subgoals (3) than subproofs (4)
factorial.factorial_gt proved in 0.28 real, 0.28 cpu seconds
Rerunning proof of factorial.factorial_ge_TCC1
factorial.factorial_ge_TCC1 proved in 0.01 real, 0.01 cpu seconds
Rerunning proof of factorial.factorial_ge
factorial.factorial_ge proved in 0.05 real, 0.05 cpu seconds
Rerunning proof of factorial.factorial_incr
factorial.factorial_incr proved in 0.16 real, 0.16 cpu seconds
Rerunning proof of factorial.factorial_strict_incr
factorial.factorial_strict_incr proved in 0.13 real, 0.13 cpu seconds
Rerunning proof of factorial.factorial_lt_n2n_TCC1
factorial.factorial_lt_n2n_TCC1 proved in 0.00 real, 0.00 cpu seconds
Rerunning proof of factorial.factorial_lt_n2n
factorial.factorial_lt_n2n proved in 0.10 real, 0.10 cpu seconds


 Proof summary for theory factorial
    factorial_TCC1.....................proved - complete   [shostak](0.04 s)
    factorial_TCC2.....................proved - complete   [shostak](0.00 s)
    factorial_TCC3.....................proved - complete   [shostak](0.03 s)
    factorial_0........................proved - complete   [shostak](0.00 s)
    factorial_1........................proved - complete   [shostak](0.01 s)
    factorial_2........................proved - complete   [shostak](0.04 s)
    factorial_3........................proved - complete   [shostak](0.04 s)
    factorial_def......................proved - complete   [shostak](0.03 s)
    factorial_n_TCC1...................proved - complete   [shostak](0.00 s)
    factorial_n........................proved - complete   [shostak](0.02 s)
    factorial_plus1....................proved - complete   [shostak](0.01 s)
    factorial_gt_TCC1..................proved - complete   [shostak](0.00 s)
    factorial_gt.......................proved - complete   [shostak](0.28 s)
    factorial_ge_TCC1..................proved - complete   [shostak](0.01 s)
    factorial_ge.......................proved - complete   [shostak](0.05 s)
    factorial_incr.....................proved - complete   [shostak](0.16 s)
    factorial_strict_incr..............proved - complete   [shostak](0.13 s)
    factorial_lt_n2n_TCC1..............proved - complete   [shostak](0.00 s)
    factorial_lt_n2n...................proved - complete   [shostak](0.10 s)
    Theory totals: 19 formulas, 19 attempted, 19 succeeded (0.97 s)

Grand Totals: 19 proofs, 19 attempted, 19 succeeded (0.97 s)
Created directory /home/lgwagner/qualification-pvs/test_case4/pvsbin
Saving bin file for theory factorial
Saving factorial
Context file /home/lgwagner/qualification-pvs/test_case4/.pvscontext writtenCreated directory /home/lgwagner/qualification-pvs/test_case3/pvsbin
Saving bin file for theory sum
Saving sum
Context file /home/lgwagner/qualification-pvs/test_case3/.pvscontext written


Test Result 4 - Log file from Test Case 4
	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

Directory /home/lgwagner/pvs-6.0/nasalib/ in PVS_LIBRARY_PATH does not exist
*** 
*** Pilot_Flying_System_Requirements (16:51:3 9/17/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/Synchronous/
Parsing Pilot_Flying_System_Requirements
Pilot_Flying_System_Requirements parsed in 0.82 seconds
Typechecking Pilot_Flying_System_Requirements
Parsing Pilot_Flying_System
Pilot_Flying_System parsed in 0.17 seconds
Typechecking Pilot_Flying_System
Parsing Side_HLR
Side_HLR parsed in 0.10 seconds
Typechecking Side_HLR

 Added existence AXIOM for State:
State_nonempty: AXIOM EXISTS (x: State): TRUE;

Side_HLR typechecked in 0.53s: No TCCs generated; 1 msg
Parsing Bus_HLR
Bus_HLR parsed in 0.01 seconds
Typechecking Bus_HLR

 Added existence AXIOM for State:
State_nonempty: AXIOM EXISTS (x: State): TRUE;

Bus_HLR typechecked in 0.01s: No TCCs generated; 1 msg

 LET/WHERE variable C1 at line 38, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_LR at line 39, col 8 is given type
  State[TRUE] from its value expression.


 LET/WHERE variable C2 at line 40, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_RS at line 41, col 8 is given type
  State[FALSE] from its value expression.


 LET/WHERE variable C3 at line 46, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_RL at line 47, col 8 is given type
  State[FALSE] from its value expression.


 LET/WHERE variable C4 at line 48, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_LS at line 49, col 8 is given type
  State[TRUE] from its value expression.

Pilot_Flying_System typechecked in 0.85s: No TCCs generated; 8 msgs
Pilot_Flying_System_Requirements typechecked in 1.40s: No TCCs generated
Proving theory Pilot_Flying_System_Requirements
Rerunning proof of Pilot_Flying_System_Requirements.Reachable_States_Valid
Pilot_Flying_System_Requirements.Reachable_States_Valid proved in 0.59 real, 0.59 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R1
Pilot_Flying_System_Requirements.R1 proved in 0.06 real, 0.06 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R2
Pilot_Flying_System_Requirements.R2 proved in 0.05 real, 0.05 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R3a
Pilot_Flying_System_Requirements.R3a proved in 0.10 real, 0.10 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R3b
Pilot_Flying_System_Requirements.R3b proved in 0.13 real, 0.13 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R4
Pilot_Flying_System_Requirements.R4 proved in 0.03 real, 0.03 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R5a
Pilot_Flying_System_Requirements.R5a proved in 0.16 real, 0.16 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R5b
Pilot_Flying_System_Requirements.R5b proved in 0.18 real, 0.18 cpu seconds
Proving theory Pilot_Flying_System
Proving theory Side_HLR
Proving theory Bus_HLR


 Proof summary for theory Pilot_Flying_System_Requirements
    Reachable_States_Valid.............proved - complete   [shostak](0.59 s)
    R1.................................proved - complete   [shostak](0.05 s)
    R2.................................proved - complete   [shostak](0.05 s)
    R3a................................proved - complete   [shostak](0.10 s)
    R3b................................proved - complete   [shostak](0.12 s)
    R4.................................proved - complete   [shostak](0.03 s)
    R5a................................proved - complete   [shostak](0.16 s)
    R5b................................proved - complete   [shostak](0.18 s)
    Theory totals: 8 formulas, 8 attempted, 8 succeeded (1.29 s)

 Proof summary for theory Pilot_Flying_System
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

 Proof summary for theory Side_HLR
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

 Proof summary for theory Bus_HLR
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

Grand Totals: 8 proofs, 8 attempted, 8 succeeded (1.29 s)
Created directory /home/lgwagner/Synchronous/pvsbin
Saving bin file for theory Side_HLR
Saving Side_HLR
Saving bin file for theory Pilot_Flying_System
Saving Pilot_Flying_System
Saving bin file for theory Bus_HLR
Saving Bus_HLR
Saving bin file for theory Pilot_Flying_System_Requirements
Saving Pilot_Flying_System_Requirements
Context file /home/lgwagner/Synchronous/.pvscontext written


Test Result 5 - Log file from Test Case 5
	Warning: Loading sys:libyices.so failed with error:
         /home/lgwagner/pvs-6.0/bin/ix86_64-Linux/runtime/libyices.so: cannot open shared object file: No such file or directory.
International Allegro CL Enterprise Edition
9.0 [64-bit Linux (x86-64)] (Jan 14, 2013 3:07)
Copyright (C) 1985-2012, Franz Inc., Oakland, CA, USA.  All Rights Reserved.

This dynamic runtime copy of Allegro CL was built by:
   [TC8101] SRI International

;; Optimization settings: safety 1, space 1, speed 3, debug 1.
;; For a complete description of all compiler switches given the
;; current optimization settings evaluate (explain-compiler-settings).
;;---
;; Current reader case mode: :case-sensitive-lower

Directory /home/lgwagner/pvs-6.0/nasalib/ in PVS_LIBRARY_PATH does not exist
*** 
*** Pilot_Flying_System_Requirements (16:51:3 9/17/2015)
*** Generated by proveit - ProofLite-6.0 (12/12/12)
*** 

Context changed to ~/Synchronous/
Parsing Pilot_Flying_System_Requirements
Pilot_Flying_System_Requirements parsed in 0.82 seconds
Typechecking Pilot_Flying_System_Requirements
Parsing Pilot_Flying_System
Pilot_Flying_System parsed in 0.17 seconds
Typechecking Pilot_Flying_System
Parsing Side_HLR
Side_HLR parsed in 0.10 seconds
Typechecking Side_HLR

 Added existence AXIOM for State:
State_nonempty: AXIOM EXISTS (x: State): TRUE;

Side_HLR typechecked in 0.53s: No TCCs generated; 1 msg
Parsing Bus_HLR
Bus_HLR parsed in 0.01 seconds
Typechecking Bus_HLR

 Added existence AXIOM for State:
State_nonempty: AXIOM EXISTS (x: State): TRUE;

Bus_HLR typechecked in 0.01s: No TCCs generated; 1 msg

 LET/WHERE variable C1 at line 38, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_LR at line 39, col 8 is given type
  State[TRUE] from its value expression.


 LET/WHERE variable C2 at line 40, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_RS at line 41, col 8 is given type
  State[FALSE] from its value expression.


 LET/WHERE variable C3 at line 46, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_RL at line 47, col 8 is given type
  State[FALSE] from its value expression.


 LET/WHERE variable C4 at line 48, col 8 is given type
  bool from its value expression.


 LET/WHERE variable next_LS at line 49, col 8 is given type
  State[TRUE] from its value expression.

Pilot_Flying_System typechecked in 0.85s: No TCCs generated; 8 msgs
Pilot_Flying_System_Requirements typechecked in 1.40s: No TCCs generated
Proving theory Pilot_Flying_System_Requirements
Rerunning proof of Pilot_Flying_System_Requirements.Reachable_States_Valid
Pilot_Flying_System_Requirements.Reachable_States_Valid proved in 0.59 real, 0.59 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R1
Pilot_Flying_System_Requirements.R1 proved in 0.06 real, 0.06 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R2
Pilot_Flying_System_Requirements.R2 proved in 0.05 real, 0.05 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R3a
Pilot_Flying_System_Requirements.R3a proved in 0.10 real, 0.10 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R3b
Pilot_Flying_System_Requirements.R3b proved in 0.13 real, 0.13 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R4
Pilot_Flying_System_Requirements.R4 proved in 0.03 real, 0.03 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R5a
Pilot_Flying_System_Requirements.R5a proved in 0.16 real, 0.16 cpu seconds
Rerunning proof of Pilot_Flying_System_Requirements.R5b
Pilot_Flying_System_Requirements.R5b proved in 0.18 real, 0.18 cpu seconds
Proving theory Pilot_Flying_System
Proving theory Side_HLR
Proving theory Bus_HLR


 Proof summary for theory Pilot_Flying_System_Requirements
    Reachable_States_Valid.............proved - complete   [shostak](0.59 s)
    R1.................................proved - complete   [shostak](0.05 s)
    R2.................................proved - complete   [shostak](0.05 s)
    R3a................................proved - complete   [shostak](0.10 s)
    R3b................................proved - complete   [shostak](0.12 s)
    R4.................................unfinished          [shostak](0.03 s)
    R5a................................proved - complete   [shostak](0.16 s)
    R5b................................proved - complete   [shostak](0.18 s)
    Theory totals: 8 formulas, 8 attempted, 7 succeeded (1.29 s)

 Proof summary for theory Pilot_Flying_System
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

 Proof summary for theory Side_HLR
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

 Proof summary for theory Bus_HLR
    Theory totals: 0 formulas, 0 attempted, 0 succeeded (0.00 s)

Grand Totals: 8 proofs, 8 attempted, 7 succeeded (1.29 s)
Created directory /home/lgwagner/Synchronous/pvsbin
Saving bin file for theory Side_HLR
Saving Side_HLR
Saving bin file for theory Pilot_Flying_System
Saving Pilot_Flying_System
Saving bin file for theory Bus_HLR
Saving Bus_HLR
Saving bin file for theory Pilot_Flying_System_Requirements
Saving Pilot_Flying_System_Requirements
Context file /home/lgwagner/Synchronous/.pvscontext written


Test Result 6 - Log file from Test Case 6




© Copyright 2015 Rockwell Collins, Inc. All rights reserved as provided by NASA Contract NNL14AA06C.
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closed_forn :

{1}  FORALL (n: nat): sum(n) = (n * (n + 1)) / 2

(induct “n")

FORALL j:

l-emeeee sun(3) = (3 * (3 + 1)) / 2 THPLIES
(1} sun(e) = (0 * (0 + 1)) / 2 s+ D = (G+D*Gr1e1)/2
(expand “sum”) (grind)

[ES— sum rewrites sun(1 + 3)
(1} TRUE to 1+ 3 + sun(j)

Trying repeated skolemization, instantiation, and if-lifting,
which is trivially true.

This completes the proof of closed_form.1. This completes the proof of closed_form.2.

Q.E.D.
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© ™ Igwagner@lgwagner-VirtualBox: ~/qualification-pvs/test_case1
lgwagner@lgwagner-VirtualBox:~/qualification-pvs/test_case1$ proveit -cil sum.pvs
Removing ./.pvscontext ./pvsbin/ ./sum.summary ./sum.log

Processing ./sum.pvs. Writing output to file ./sum.summary

Logging PVS information in ./sum.log

Proving chain of imported theories

ProofLite scripts won't be installed

Proof summary for theory sum
Theory totals: 3 formulas, 3 attempted, 3 succeeded (0.17 s)

Grand Totals: 3 proofs, 3 attempted, 3 succeeded (0.17 s)
lgwagner@lgwagner -VirtualBox:~/qualification-pvs/test_case1$
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Lgwagner@lgwagner -VirtualBox:~/pvs-6.0$ bin/relocate
Setting PVSPATH in the "pvs", "pvsio”, "proveit”, and "provethem"
shell scripts to /home/lgwagner/pvs-6.6

If this is not the right path, edit the scripts before using them.
lgwagner@lgwagner-VirtualBox:~/pvs-6.0$ |
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Lgwagner@lgwagner -VirtualBox:~/pvs-6.0$ ./proveit
Usage: proveit [--help | <option> file>.pvs





