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State identification is the well-known problem in the theory of Finite State Machines (FSM)
where homing sequences (HS) are used for the identification of a current FSM state, and this
fact is widely used in the area of software testing and verification. For various kinds of FSMs,
there exist sufficient and necessary conditions for the existence of preset and adaptive HS and
algorithms for their derivation. Nowadays timed aspects become very important for hardware
and software systems. In this work, we address the problem of checking the existence and
derivation of homing sequences for FSMs with timed guards. The investigation is based on the
FSM abstraction of a Timed FSM.
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1. Introduction

Testing is an important part of the hardware and software life cycle and since the complexity of
telecommunication and other control systems permanently increases, formal methods for deriving
high quality tests are in a great demand [1-2]. When deriving tests with guaranteed fault coverage of
reasonable length, state identification sequences for Finite State Machines (FSM) are widely
utilized [3]. Homing sequences (HS) allow determining a current state of an FSM under test and can
be efficiently used for reducing testing efforts in active and passive testing [4, 5]. Various
approaches for deriving homing sequences are developed and these sequences can be preset or
adaptive [7, 8, 9]. Preset input sequences are derived before starting the identification procedure
based on a successor tree of an FSM under investigation [6, 7] and such techniques exist for
deterministic and nondeterministic, partial and complete, weakly initialized and non-initialized
FSMs [8].

Nowadays time aspects become very important for digital and hybrid systems, and, respectively,
classical FSMs have been extended with time variables [11-15]. A timed FSM (TFSM) is an FSM

annotated with a clock and extended by input/output timeouts [12, 14] and input/output timed
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guards [11, 15]. Input timed guards describe the behavior at a given state for inputs which arrive
during an appropriate time interval until the state timeout expires. As mentioned above, methods for
deriving preset HS are well studied for classical FSMs and in this work, we consider the problem of
the HS derivation for FSMs with timed guards.

The rest of the paper has the following structure. Section 2 contains preliminaries. In Section 3,
the problem of deriving a HS for an FSM with timed guards is investigated. Section 4 contains
optimization methods for solving a HS problem for FSMs with timed guards. Section 5 concludes

the paper.
2. Preliminaries

In this section, we briefly remind the notions of classical and Timed Finite State Machines and
discuss existing methods for representing a Timed FSM by the corresponding abstraction that is a
classical FSM.

2.1. Finite State Machines

Finite State Machines (FSM) [3] or simply machines are used for describing the behavior of a
system that moves from state to state under input stimuli and produces a prescribed output response.
Formally, an FSM is a 4-tuple S = (S, I, O, hs) where S is a finite non-empty set of states, | and O
are input and output alphabets, and hs < (S x | x O x S) is the transition (behavior) relation. Such
FSMs are sometimes called non-initialized FSMs; an initialized FSM has the designated initial
state so and is a 5-tuple (S, so, I, O, hs). A transition (s, i, 0, s") describes the situation when an input
I is applied to S at the current state s. In this case, the FSM moves to state s’ and produces the output
(response) o. In this work we consider complete observable machines, i.e., machines where for
each pair (s, i) € S x | there exists (0, s") € O x S such that (s, i, 0, ') € hs and for every two
transitions (s, i, 0, S1), (S, i, 0, S2) € hs it holds that s; = s2. A complete FSM S is deterministic if
for each pair (s, i) € S x | there exists exactly one (0, s") € O x S such that (s, i, 0, §) € hs.

A trace or an Input/Output sequence a/y of the complete FSM S at state s is a sequence of
consecutive input/output pairs starting at the state s, where o is the input sequence and vy is the
corresponding output sequence. Given a complete observable FSM S, states s and p are
equivalent if the sets of output responses at these states coincide for each input sequence. A
complete deterministic FSM S is reduced if every two different states s;, s2 € S are not
equivalent. FSM S is strongly connected if for each pair of states si1, S € S there exists a trace that

takes the FSM from state s1 to state s».
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2.2. Timed Finite State Machines

In this paper, we consider FSMs with timed guards (TFSM), i.e., FSMs which are enriched with
a clock variable and timed guards [11, 13, 15]. A non-initialized TFSM is a 4-tuple S = (I, S, O, hs)
where S is a finite non-empty set of states, | and O are input and output alphabets, IT is a set of
input timed guards and hs € S x | x O x S x ITis the transition relation. An initialized TFSM has
the designated initial state so. An input timed guard g € IT describes the time domain when a
transition can be executed and is given in the form of interval <min, max> of [0; ), where < € {(,
[}, > € {), 1}. We also denote Bs the largest finite boundary of timed guards of S. The transition (s,
1,0,5,0) € Sx1x0O xS xIImeansthat TFSM S being at state s accepts an input i applied at time
t € g measured from the initial moment or from the moment when TFSM S has produced the last
output; the clock then is set to zero and S produces output 0. Given TFSM S, S is a complete
TFSM if every input is defined at every state and the union of all input timed guards at any state s
under every input i equals [0; ). A TFSM S is deterministic if for every two transitions (s, i, 01, S,
g1), (S, i, 02, S2, g2) € hs, 51 # S2 0Or 01 # 02, it holds that g1 n g2 = &, otherwise, TFSM S is
nondeterministic. A TFSM is observable if for every two transitions (s, i, 0, s1, g1), (S, i, 0, S2, 02)
€ hs, where g1 N g2 # &, it holds that s; = s».

A timed input is a pair (i, t) where i € | and t is a real; a timed input (i, t) means that input i is
applied to the TFSM at time instance t measured from the initial moment or from the moment when
the last input was applied to TFSM S. A sequence of timed inputs o = (i1, t1) ... (in, tn) is a timed
input sequence. Given a timed input sequence (i, t1) ... (in, tn), an input iy is applied when the clock
value is equal to ti; after applying the input, the machine produces a prescribed output and the clock
is set to 0. The machine is then waiting for the next input i that is applied when the clock value
equals t2. A sequence aly = (i, t1)/o1 ... (in, th)/On Of consecutive pairs of timed inputs and outputs
starting at the state s is a timed trace of TFSM S at state s. Similar to FSMs, a. is an applied timed
input sequence while vy is the corresponding output response of the TFSM to sequence o of
applied inputs. For example, when the timed input (i1, 1.7) is applied to TFSM S (Figure 1) at state
s; the TFSM moves to state sz, produces output 02, reset the clock and waits for the next input.

The notions of reduced and strongly connected TFSMs are similar to those of classical FSMs up

to the replacement of an input sequence to a timed input sequence.
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Fig. 1. FSM with timed guards S.

2.3. FSM Abstraction

In a number of cases, the behavior of a TFSM can be adequately described by a classical FSM
that is called the FSM abstraction of the TFSM [13]. Given a complete observable possibly
nondeterministic TFSM S = (S, I, O, hs) with the largest finite boundary of timed guards Bs, a
corresponding FSM abstraction As = (S, Ia, O, has), where Ia = {(i, [0, 0]), (i, (0, 1)), ..., (i, (Bs — 1,
Bs)), (i, [Bs, Bs]), (i, (Bs, ®)): i € I}, can be derived as follows. There is a transition (s, (i, gi), 0, S')
€ has if and only if there is a transition (s, i, 0, ', g) € hs such that gi — g. For the nondeterministic
TFSM S in Figure 1, Table 1 represents the flow table of the corresponding FSM abstraction where
rows correspond to inputs, columns correspond to states and a corresponding item for state s and
input i contains the corresponding pairs of state s' and output o such that (s, i, 0, s') € has. A timed
input sequence a = (i, t1) ... (in, tn) of the FSM with timed guards S can be transferred into a
corresponding sequence of inputs arsm = (i1, g1) ... (in, gn) for the FSM abstraction As and vice
versa where tj € gj, j = 1...n. By direct inspection, a reader can assure that for every other input, a

corresponding row coincides with one of three inputs colored in grey.

Table 1. Flow table of the FSM abstraction of the TFSM in Fig 1.

i/s S1 S2 S3 i/s S1 S2 S3

(i1, [0, O]) S3/02 $1/02 S2/02 (i2, [0, O]) S1/04 S2/04 S2/04
(i1, (0, 1)) S3/02 S1/02 S2/02 (i2, (0, 1)) S1/04 S2/04 S2/04
(i1, [1, 1]) $3/02 $1/02 $2/02 (i2, [1, 1]) S1/04 S2/04 S2/04
(i1, (1, 2) S3/02 s1/02 S2/02 (i2, (1, 2)) S1/04 S2/04 S2/04
(i1, [2, 2]) $3/02 $1/02 S2/02 (i2, [2, 2]) S1/04 S2/04 S2/04
(i1, (2, ©)) | S2/03 | s1/01,S3/03 | S3/01 (i2, (2, 0)) $1/04 S2/04 S2/04
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Note that the FSM abstraction of a complete deterministic (nondeterministic) TFSM is a
complete deterministic (nondeterministic) FSM and similar to the statement proven in [13] for
initialized TFSMs, the following statement holds for a non-initialized TFSM.

Proposition 1. There exists a timed trace o/y at state s of a non-initialized TFSM S if and only if

the FSM abstraction As has a trace arsw/y at state s.

3. Homing sequences for TFSMs

A Homing Sequence (HS) allows to determine a state reached by an FSM after applying this
input sequence and observing the produced outputs. In this section, we define a Homing Sequence
for a complete FSM with timed guards and show how this sequence can be derived based on the
FSM abstraction of the TFSM.

Given a trace a/y of a complete observable possibly nondeterministic FSM, state s' is the a/y-
successor of state s in FSM S if S moves from state s to state s' by trace a/y. The a/y-successor of a
subset S' of states is the union of a/y-successors over all states s € S'; note that the a/y-successor of
a state s as well as of a subset S' can be the empty set. In the same way the a/y-successor is defined
for a timed trace a/y for a complete observable TFSM.

An input sequence o is a Homing Sequence (HS) for a non-initialized complete observable
possibly nondeterministic FSM S if for each output sequence vy, the a/y-successor of S is a singleton
or does not exist. A HS for a complete observable FSM can be derived using an appropriate
truncated successor tree [3, 8, 16].

When timed FSMs are considered, the value of the clock variable must be taken into account
before starting a homing experiment. By definition, the value of the TFSM clock is always reset to
zero when an input is applied and respectively a HS is derived under the same assumption. Thus, a
timed input sequence o is a homing sequence for a non-initialized complete observable possibly
nondeterministic FSM with timed guards S if and only if the a/y-successor of S for each output
sequence vy is a singleton or the empty set. Proposition 1 and the one-to-one correspondence
between states of an FSM with timed guards and its FSM abstraction imply the following statement.

Proposition 2. A timed input sequence o is a HS for a complete non-initialized observable
possibly nondeterministic FSM with timed guards S if and only if the input sequence orswm is @ HS
for the FSM abstraction As.

Therefore, a HS for an FSM with timed guards can be constructed as a HS for its FSM
abstraction. At the next step, a HS for the FSM abstraction should be transformed into a timed HS
for the FSM with timed guards.



6 Tvardovskii A.S., Yevtushenko N.V. Deriving homing sequences for Finite State Machines with timed guards

Here we notice that if a complete deterministic FSM is reduced and strongly connected then a
homing sequence always exists and length of a shortest homing sequence does not exceed n(n — 1)/2
where n is the number of FSM states. Since in this case, according to propositions below, the FSM
abstraction of an FSM with timed guards possesses the same features, the same holds for TFSMs.

Proposition 3. A complete deterministic FSM with timed guards S is strongly connected if and
only if the FSM abstraction As is a strongly connected FSM.

Proposition 4. A complete deterministic FSM with timed guards S is state reduced if and only if
the FSM abstraction As is a reduced FSM.

Based on Propositions 2-4, the following statement holds.

Proposition 5. Given a complete deterministic reduced and strongly connected FSM with timed
guards S, a homing sequence always exists for TFSM S and length of a shortest homing sequence
does not exceed n(n — 1)/2 where n is the number of TFSM states.

Thus, a HS always exists for a complete reduced and strongly connected deterministic FSM with
timed guards. Moreover, according to Proposition 4 and the results in [17], the upper bound of HS
length cannot be reduced.

Note that for a non-initialized complete observable nondeterministic FSM length of a shortest
homing sequence can reach 2"~ — 1 [16] and thus, the following statement holds due to Proposition
2.

Proposition 6. Given a non-initialized complete observable nondeterministic FSM with timed
guards S, length of a shortest homing sequence can reach 2" ! — 1 where n is the number of TFSM
states.

Similar to classical FSMs, a HS does not always exist for a nondeterministic observable FSM
with timed guards. Checking the existence and deriving a HS for TFSMs can be performed by a
slightly modified algorithm for FSMs [16].

Algorithm 1 for checking the existence and deriving a HS for an FSM with timed guards

Input: A complete non-initialized observable possibly nondeterministic FSM with timed guards
S=(S1,0,hs)

Output: Message ‘There is no HS for S* or a HS o for TFSM S

Step 1. Derive the FSM abstraction As = (S, Ia, O, has) for TFSM S.

Step 2. Construct a truncated successor tree for the FSM As. The root of the tree is labeled by the
set of all pairs of different states while the nodes of the successor tree are labeled by sets of pairs of
different states from S or empty set; edges of the tree are labeled by inputs. There exists an edge

labeled by an input i from a node labeled by the set P at level j, j > 0, to a node at level j+1 labeled
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by the set Q where a pair {s1, s2} € Q if and only if this pair is an i/o-successor of some pair of P.
Given a node labeled by the set P at the level k, k > 0, the node is terminal if P is empty (Rule 1) or
P contains a set R that labels a node at a level j, j < k (Rule-2). If the successor tree has no nodes
labeled with the empty set, then there is no HS for FSM As. An input sequence arsm that labels a
path with minimal length to a node labeled with the empty set is transformed into a corresponding
timed input sequence a that is a shortest HS for S.

Nevertheless, the number of successors for each node of a truncated successor tree when
checking the HS existence equals the number of inputs of the FSM abstraction, i.e., reaches (2(Bs +
1)*|1]) instead of |l| for classical FSMs. In the next section, we consider classes of TFSMs for which
the number of the FSM abstraction inputs can be optimized when checking the existence and
deriving a HS for a timed FSM.

4. Optimizing the number of the FSM abstraction inputs when
checking the existence and deriving a HS for TFSMs

Here we notice that when constructing a HS for the FSM abstraction, the number of inputs
becomes larger than that for the initial TFSM. In [11], approaches for the FSM abstraction
optimization have been proposed in the context of test derivation procedures and in this section, we
propose to use some of them for solving the HS problem for TFSMs.

Consider the FSM abstraction (Table 1) of the TFSM in Figure 1. As we can see it can well
happen that there exist two equal rows for different inputs of the FSM abstraction. For example, the
rows of the table for inputs (i1, [0, 0]) and (i1, (O, 1)) coincide and thus, it is sufficient to consider
only one of them when looking for a HS.

Proposition 7. Given a complete FSM S = (S, I, O, hs) and two inputs i and i', let for each state s
it holds that (s, i, 0, s') € hs implies (s, i, 0, S") € hs. The FSM S has a HS « if and only if a
sequence o' obtained from a by the replacement of each input i’ in o by i is a HS for the FSM S' =
(S, I'{i'}, O, hs)) where hs is obtained from hs by the removing transitions under input i'.

Proof. Let there exist HS o = i1 ... iy of FSM S. Therefore, for each trace a/y = i1/01 ... i/oj the
aly-successor of S is a singleton or does not exist. According to the statement conditions, for a
sequence o' obtained from o by the replacement of each input i' in o by i it holds that the o'/y-
successor of S is a subset of the a/y-successor of S, i.e., is a singleton or does not exist. Thus, o' is a
HS for S'.

Corollary. The FSM S has a HS a of length | if and only if the FSM S' = (S, 1 \{i'}, O, hs) a HS
o' of length 1.
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In other words, if for a pair of inputs the rows of the transition table coincide then the latter can
be deleted from the FSM without losing a homing sequence if such a sequence exists, i.e., it is a
way to minimize the number of FSM inputs when solving the HS problem. For example, a
transition table for the input reduced form of the FSM abstraction in Table 1 has three rows colored
in grey and, respectively, the number of successors for each node of a successor tree is three (Figure

2). By direct inspection, one can assure that there is a HS (i1, (2, ©)), (i1, (2, ©)), (i1, (2, «0)) of

length 3.
/[{51; sats {s1, 831, {52, 53}]\
i, [0, 0] iy, [0, 0]
— T
[{51, 52}, 481, 831, {8, 53}] /[ {51, 83}, {st 83} L | 151, 52} X
/jil, (2,) | |11, i [0, 0] | [ @ |0 0,01 ]| 10,0
(451, 521, (525 3 [{sl, st] (fsossd)  (Gsnsst] (fs1s})
/ / 1
i 2, (], 0, 0 B 0.0 | i (2,9) ] [ i1, [0, 0] || iz, [0, 0]

4 ¥ ~
[{52,53}] {SlaSz}] [@] [{SZ,S}}] [{sl,s2}]

Fig. 2. The successor tree for the integer projection of FSM abstraction As (Table 1).

Let all the timed guards of a given TFSM S be closed on the left, i.e., each timed interval is of
the form [m, n). In this case, the integer projection A™s= (S, 1A™, O, has) of the FSM abstraction
where 1A™ = {(i, [m, m]) : i € I, 0 <m < Bs} can be used for the HS derivation.

Proposition 8. Given a complete possibly nondeterministic TFSM S = (S, I, O, hs) where each
timed interval has the form [m, n), let A™s= (S, 1a™, O, hi"ys) where 1™ = {(i, [m,m]):i e 1,0<m
< Bs} be the integer projection of the FSM abstraction. The FSM A" has a HS arsm' of length | if
and only if TFSM S has a HS a of length I.

Proof. Let there exist a HS o of length | for FSM with timed guards S. By definition, o is a HS
for TFSM S if and only if arsm is @ HS for FSM abstraction As. If all the timed guards of TFSM S
are closed on the left, then for each input (i, (a, b)) of As, there exists input (i, [a, a]) of Al"s such
that (s, (i, (a, b)), 0, ") € has if and only if (s, (i, [a, a]), 0, ') € h™™,s. Respectively, by Proposition
7, the FSM abstraction As has a HS orsw of length | if and only if FSM A™s has a HS o'rsm of
length .

Thus, the above proposition claims that when deriving a HS for a machine with timed guards, in
some situations, the number of inputs of the FSM abstraction can be twice minimized without

losing a solution.
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5. Conclusions

In this work, a method for deriving a homing sequence for an FSM with timed guards is
proposed based on its FSM abstraction. We show that similar to classical FSMs, length of a shortest
HS is polynomial with respect to the number of states for a deterministic reduced FSM with timed
guards and can reach an exponential value for the nondeterministic case. However, the FSM
abstraction has more inputs than the initial TFSM and for this reason, we discuss how the number

of inputs of the FSM abstraction can be optimized when solving the HS problem.
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VJIK 519.713.8
On some properties of timed finite state machines

Vinarskii E.M., Zakharov V.A. (Lomonosov Moscow State University)

Sequential reactive systems are formal models of programs that interact with the en-
vironment by receiving inputs and producing corresponding outputs. Such formal models
are widely used in software engineering, computational linguistics, telecommunication, etc.
In real life, the behavior of a reactive system depends not only on the flow of input data,
but also on the time the input data arrive and the delays that occur when generating
responses. To capture these aspects, a timed finite state machine (TFSM) is used as a
formal model of a real-time sequential reactive system. However, in most of previously
known works, this model was considered in simplified semantics: transduction relations of
TFSMs are defined in such a way that the responses in the output stream, regardless of
their timestamps, follow in the same order in which the corresponding inputs are delivered
to the machine. This simplification makes the model easier to analyze and manipulate, but
it misses many important aspects of real-time computation. In this paper we study a more
realistic semantics of TFSMs and show how to represent it by means of Labeled Transition
Systems. This opens up a possibility to apply traditional formal methods for verifying
more subtle properties of real-time reactive behavior which were previously ignored.

Keywords: Timed finite state machines, transduction relation, safety property, Labeled

Transition System, bisimulation

1. Introduction

Timed finite state machines (TFSMs) are, perhaps, the most simple extensions of finite
state machines (FSMs) which are widely used for modelling and analysis of real-time reactive
systems. There are several known ways to generalize the concept of finite state machines for
modeling real time computations. One of the most advanced is the concept of Timed Automata
(TA) [1]. In [2-4] it was shown that TAs supplied with clocks (timers), timed guards at their
transitions and timed invariants at their states capture many important aspects of real-time
computations. However, the behavior of TAs is difficult for the analysis since TAs were given
too much freedom in handling their timers. Complex manipulations with timers are unavoidable
when it is necessary to synchronize several events at once (e.g. to output the next control signal
no more than 2 time units after receiving the input data, but no earlier than 1 time unit after

the previous control signal is issued).
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However, in many practically important cases, the behavior of control systems is not so
complicated, and the response of a system is determined exclusively by the current control
state and the parameters of the input data. Therefore, in order to avoid the difficulties arising
when working with such a complex computational model as TAs, the authors of [7, 10, 11]
extended a FSM with a single timer and distinguished three families of TFSMs depending on
admissible modus operandi with timers: (i) a TFSM with timed guards which fire transitions
only when a timestamp of an input satisfies the corresponding time guard; (ii) a TFSM with
timeouts which force the machine to make a transition when a prescribed waiting time expires;
(iii) a TFSM with timed guards and timeouts. Whenever a TESM moves to a new state, it
resets its timer. It was shown that TFSMs of this kind may be used as adequate formal models
for many interesting applications where real-time effects are concerned, and they are also admit

efficient algorithms for analysis and manipulations.

As a model of real time reactive system a TFSM converts timestamped input streams into
timestamped output streams. A distinguishing feature of those classes of TF'SMs that have been
studied in |7, 10, 11| is that the order of the outputs is determined not by their timestamps,
but by the order of the corresponding inputs. This principle alleviates substantially verification
and optimization of TFSMs, but it also makes such a model inadequate for many applications.
Consider, for example, a behavior of a controller in Software Defined Networks (SDN) [9]. It
supplies flow tables of network switches with packet forwarding rules. Packets arrived to an
input buffer of a switch are matched against a flow table to select an appropriate rule which
either forwards the packet to some output buffer, or drops it. When a controller updates flow
tables, the order in which new rules are set in a table may differ from the order in which they
were sent by the controller due to delivery delays. When the controller, say, receives requests
Ry, Ry from the network it responds with a pair of commands A;, Ay which add new entries
to a flow table. It may happen so (see [13]|) that the controller at receiving a sequence of
timestamped inputs (input timed word) (Ry,t1), (Ro,t2), where t; < t9, computes an output
timed word (As, 1), (A1, 72), where 75 < 79, i.e. the second rule will be set before the first one.

This incorrectness cannot be detected using the early variants of TFSMs.

To cope with this shortcoming of conventional TFSMs and to make their behaviour more
“realistic” some improvements to TFSMs’ semantics were introduced in [12]. A new model of
TFSMs captures an important feature of reactive system computations: the order of responses

in the output stream is determined by the time they were generated, not the order of the
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corresponding requests in the input stream: if a request b arrives at the input of a machine
after a signal a then it is possible that a response to a follows a response to b. An improved
semantics of TFSMs allows one to represent explicitly the erroneous behaviour of SDN controller
mentioned above. But the new semantics of TFSMs loses the incremental property: when an
input o’ extends an input « it is not necessary that the corresponding output ' extends an
output S which results from a. The lack of this fine property significantly complicates the
solution of the verification problem if we use only the transition relations in TFSM programs.

To overcome this fundamental difficulty we introduce an alternative semantics of TFSMs
that better accommodate traditional verification techniques. This semantics is defined in terms
of Labeled Transition Systems (LTSs) based on the concept of TFSM configuration. However,
the statespace of such LTS(T) corresponding to a TFSM T is uncountable. Our long term
goal is to develop an algorithm which for every TFSM T constructs a finite LT'S};,,(7) which
simulates LT'S(T) and, thus, can be used for verification of 7. In this paper we present some
preliminary results of our research.

In Section 2 and 3 we introduce the concept of TFSMs with the improved automata-theoretic
semantics, and demonstrate how it can be used to adequately describe the behavior of SDN
controllers. In Section 4 we define LTS-based semantics for TFSMs under consideration, study
its relationship with an automata-theoretic semantics, and present some results that contribute
to reducing the size of LT'S(T) and building LT'Sf;,(T). Section 5 concludes the paper and

presents some avenues for future work.

This research is supported by RFBR project No. 18-01-00854.
2. Preliminaries

Consider two non-empty finite alphabets A and B; the alphabet A is called an input alphabet
while B is an output alphabet. The symbols of A can be viewed as control signals (inputs)
received by some real-time system, and the symbols of B may be regarded as responses (outputs)
generated by the system. A finite sequence o = ay, as, ..., a, of inputs is called an input word,
whereas a sequence 3 = by, bo, ..., b, of outputs is called an output word.

For modeling time we use a special variable which takes values in the non-negative real
domain Rj. Temporal aspects of computations are defined with the help of such notions as
timestamps, time sequences, time guards and delays. A timestamp is a positive real number

from R* which indicates a time instance when some event occurs. A time sequence is any
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increasing sequence of timestamps. A time guard (and a delay) is an interval g = (u,v), where
(€ {G[} ) € {),]}, and u,v are such numbers from R* that u < v. Time guards and delays
are used to specify periods of time in which some events are possible. We call u the left bound
of a timed guard (delay) g while v is the right bound of this timed guard (delay). If a delay is
a singleton [d, d] then we say that it is a sharp delay (and write d instead of [d, d])

Let w = 1, x9,... 2, and T = t,ts, ..., t, be an input (output) word and an increasing time
sequence of the same length. Then any pair (x;,t;) is called an input (output) timed symbol,
and a pair o = (w, 7) is called a timed word. We denote by t(«) the last value 7, in the sequence
7. Let A and B be an input and an output alphabets. Denote by G and D some sets of time
guards and delays. Then a Timed Finite State Machine (TFSM) over A, B, G, and D is a
triple T = (S, p, so) where S is a finite non-empty set of states, p C (S X Ax G x B x D x S)

is a finite transduction relation, sy is an initial state.

Every 6-tuple (s,a,g,b,d,s') in p is called a transduction of 7. Such a transduction is an
atomic action that a TFSM T can perform: if after time ¢ since the machine is into a state
s, a signal a arrives at its input and the guard condition t € g for triggering the transduction
is satisfied, then 7 immediately passes to the state s’ and the output response b is produced
after time ¢’ = t + 0 where 6 € d. A TFSM applies these actions to all timed inputs (a;,t;) of
a given input timed word (w,7) and generates, as a result, an output timed word (z,7’). This

behavior of TFSMs is defined formally as follows.

A run of a TFSM T on an input timed word a = (ay,t1), (ag,t2),..., (an,t,) is a finite

(art)/ () 51 (2 t2)/(er=) - onsta)/ () sy, of 6-tuples from S x A x R x

sequence r = s
B x R x S such that for each i € {1,...,n} there exists a transduction (s;_1,a;, g;, b;, d;, $;)
of T which complies with the following requirements: 1) ¢; —t; 1 € ¢;, and 2) 7, = t; + 6,
where § € d;. In this case we say that a run r of a TFSM T converts the input timed word «
to the output timed word 8 = (b;,, 75,), (bj,, Tj5), - - -, (bj,, Tj,) Which is the permutation of the
sequence (by, 1), (ba, 72),. .., (by, 7). For every TESM T we denote by TR(T) a transduction
relation computed by 7 which is the set of all pairs (a, ), where « is an input timed word,

and S is the result of conversion of o by 7. If all delays in the set D are sharp then we say

that 7 is a TFSM with sharp delays. In this paper we consider only TFSMs with sharp delays.

Consider, for example, a TFSM 7T shown on Fig. 1 and a run r induced by the input

timed word a = (aq, 1.5), (ag,2.7), (a3, 4). Then this run converts « to the output timed word

B = (ba,3.7), (b1,4.5), (b3, 6).
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Figure 1. A TFSM T

3. Safety property for real-time systems

In this section, we show that for the modified semantics of TFSMs as defined above, the
analysis of safety properties turns out to be difficult. A subset Py, ;. C A“ is called a safety
property (see [5]) if every w-word av € A \ Pyuf. has such a finite prefix 5 that So/ ¢ Piuye
holds for any w-word o/, i.e. if a run a of a system is unsafe then a safety violation can be
detected after a finite number of steps [, and no further system actions o/ can eliminate this
error. A straightforward extension of this concept to the case of real-time computations brings
us to the following definition. A subset Psp. C (A x RT)“ is called a real-time safety property
if for every timed w-word a € (A X RT)¥\ Py e there exists such a finite timed prefix 8 of «

that o/ ¢ P, holds for any timed extension o' of /5.

This is a reasonable and intuitive definition, but when it comes to TFSMs operating within
the improved semantics, it brings also some unpleasant effects that hinder verification of these
real time models of computation. Usually safety means that no errors happen in the course of
a run of a model, and if such an error is detected after some finite number of steps, then it can
be announced regardless of the subsequent steps of the computation. However, this common
and useful feature of safety checking does not always hold in the case of TFSMs. We illustrate
this phenomenon with an example. Consider an SDN controller C which receives requests to
update a flow table of an SDN switch and generates in response the appropriate instructions.
Since the formation and delivery of an instruction to a network switch takes some time, the
responses start to take effect with some delay. A TFSM which is a real-time model of such a
controller is depicted on Fig. 2. It operates with the set of inputs (requests) PF; (put a rule r;
into a flow table), GF; (get an info about a rule r; from a flow table), DF; (delete a rule r; from
a flow table), and the set of outputs (responses) F'A; (a rule r; is inserted into a flow table),
FR; (info about a rule r; is received from a flow table), F'D; (a rule r; is erased in a flow table).

The safety property that the designers of a controller wants to respect requires that flow
table update instructions must be always activated the same order as flow table update requests
are received. When TFSM C receives an input timed word o = (GF}, 1.5), (PFy,3.7), (PF»,5.5)
it converts it to an output timed word 5 = (FRy,3.5), (FAs,8.5), (FA1,10.7). Clearly, such a
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T3: GF[1,3)/(FR,2)

T1: PFi[1,3)/(FA;,1)

T2: Fl"z[lb

T4: PFi[1,3)/(FA1,7)
T5: PF[1,3)/(FA2,1)

Ts. GF[1,3)/(FR,2)
51

TT7: DF[1,3)/(FD,,5)

T8: PF1[1,3)/(FA1,

10: GF[1,3)/(FR,2)
TO: PF(1,3)/(FA;,1)

T11: DF[L,3)/(FDy,5)

Figure 2. An SDN Controller

behavior does not satisfies the safety requirement. But if C continues to receive input signals
o = (GF,1.5),(PF,3.7),(PF,5.5), (PF,6.7) then the corresponding output timed word
f' = (FRy,3.5),(FA,7.7),(FAs,85), (FA;,10.7) will indicate that the satisfiability of the
safety property has been restored. To cope with such cases, TFSMs need to be provided with

a more suitable way for presenting their behavior.
4. From TFSM configurations to a Labeled Transition System

Operational semantics of TFSMs defined so far suits well the modeling of real-time reactive
information processing systems since it quite naturally captures many important effects of real-
time computations. However, this semantics is unfavorable for the application of traditional
methods and tools for analyzing the behavior of real-time systems, since it lacks the concept
of a state of computation as a snapshot of a computing process. In this section to overcome
this drawback we introduce a concept of a configuration which makes it possible to represent

TEFSMs’ behaviors by means of Labeled Transition Systems on such configurations.
4.1. Configurations of Timed Finite State Machine

Intuitively, a configuration of a TFSM 7T is a snapshot of a TFSM’s computation which
includes 3 components: a control state of a TFSM T, time elapsed since the last input (timer
value), and a set of output timed symbols that have been generated but not yet issued due to
delays. Formally, a configuration ¢ is a triple (s,¢,TC) such that:

e s € S is a state of T; it will be referred as ¢.s;
et € R{ is time elapsed since the last input (referred as g¢.t);
e TC = {(b1,71), (b2, T2), ..., (bn, )}, where (b;,7;),1 < i < n are timed output symbols,

is an output timed context of q (referred as g.c).
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A capacity of a configuration q is the cardinality |q.c| of its output timed context. We denote
by ¢.T a value min(r,...,7,) if g.c # 0; in the case of g.c = () we assume that ¢.T = co. We

denote by Q(T) the set of all possible configurations of a TFSM 7.

4.2. Labeled Transition Systems

For any given TFSM 7 over an input alphabet A and an output alphabet B we define a
Labeled Transition System £7S(7) which has three types of transitions on configurations: (i)
time advancement, (ii) input read, and (iii) output write.

Formally, a Labeed Transition System LTS(T) of a TESM T = (S, p, so) over alphabets A
and B is a triple (Q(T), qo, pc1s) where qo = (59,0, 0) is the initial configuration, and psrs is
a transition relation of the type (Q X Rt x Q) U (@ Xx Ax Q) U (Q x B x Q) which is defined
for every configuration ¢ = (s,t, {(b1,71), (b2, 72), ..., (b, Tm)}) as follows.

1. For every § € R* such that § < ¢.T there exists a time advancement transition ¢ 2 q

in prrs, where ¢ = (s,t + 6,{(b1, 71 — ), (b2, 72 — &), ..., (b, T — 9)}).

2. For every transduction (s, a, (u,v),c,d,s") of T such that t € (u,v) there exists an input
transition ¢ — ¢’ in pers, where ¢/ = (s',0,¢.cU {(c,d)}); in this case, we say that this
input transition is induced by this transduction.

3. For every pair (b,0) € q.c there exists an output transition ¢ SN ¢ in psrs, where
¢ = (s,t,q.c\{(0,0)}).

A path in LTS(T) is any sequence of transitions m = ¢y = q1 = - qu_1 — q. A path 7 is
called complete if g,.c = 0. With every path 7 in LTS(T) we associate a pair TR(7) = (a, () of
an input and an output timed words which is defined by induction on the length of 7 according
to the following rules.

1. If 7 is an empty path then TR(7) = (e, ¢);

2. Suppose that 7' is a path in LTS(T) from ¢y to ¢’ such that TR(x') = (o/, '), and a
path 7 is an extension of 7/ with a transition £ = ¢’ = ¢. If E is

e a time advancement transition then T'R(w) = TR(7');

e an input transition then T'R(7) = (a, f’), where a = o/, (z,t(a/) 4+ ¢'.t);

e an output transition then TR(w) = (o, 3), where 8 = /', (z, t(a/) + ¢ .t).
A transduction relation TR(LTS(T)) specified by a LTS(T) is the set of all pairs TR(m)
associated with all complete paths 7 in LTS(T). As it may be seen, LTS(T) thus defined
completely characterizes the behavior of a TFSM T.
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Proposition 1. TR(T) =TR(LTS(T)) holds for every TFSM T.

Proof (draft). Clearly, every finite path in LT S(T) can be extended to a complete path; so,
LTS(T) has no useless paths. The inclusion TR(T) € TR(LTS(T)) is proved straightfor-
wardly by constructing an appropriate complete path in L7 S(7) for every finite run of 7. The
inclusion TR(LTS(T)) C TR(T) can be proved by induction on the length of an input timed

word «.

The main advantage of LT S(T) is that this a model of the same type as that used for
verification of timed automata [1]. This makes it possible to apply such model checking tools
as Uppaal [6] for the analysis of behavior of TFSMs. However, such an analysis is fraught with
certain difficulties: the statespace of LT S(7) may be infinite. Partially, this is due to the fact
that the capacity of configurations in £7S(7) is unbounded in general case. Nevertheless,
under certain conditions some bounds on the capacity of configurations of TFSMs can be
established.

Let u,v be a pair of real numbers such that 0 < u < v. A TFSM T = (5, p, so) is called
(u, v)-progressive if for every transduction (s, a, g,b,d,s’) € p a guard g = (v,v’) is such that

u < u' and v" < v, i.e. the guards of all transductions of T are within the interval (u,v).

Proposition 2. If 7 is a (u, v)-progressive TFSM with sharp delays then there exists such an
integer ¢ that |g.c| < ¢ holds for all configurations ¢ € Q(7T) reachable in LTS(T) from the

initial configuration qq.

Proof (draft). Denote by dy.,. the maximal sharp delay in the transductions of 7, and let
(= (dmf} Then by redictio ad absurdum it can be shown that for every path 7 = ¢y = ¢1 —
Qe X g in LTS(T) the inequality |g;.c| < ¢ holds for every 1 <i < k.

Another difficulty in analyzing the models LT S(7) of TFSMs is a kind of livelock effect
(see [5]) when any extension of a path in L7 S(T) is achieved by time advancement transitions
only. To detect and exclude from further consideration such redundant paths, we will use the
notion of timelock configuration (see [5]). For every state s of a TFSM T denote by up(s) the
maximal upper bound v in the guards g = (u,v) of all transductions (s, a,g,b,d, s’) that are
enable in s. A configuration ¢ is called a timelock configuration if q.c = () and q.t > up(q.s). All
other configurations in Q(7) are called progressive. As it may be seen from this definition, only
progressive configurations matter: if a path in L7 S(T) reaches a timelock configuration then

there are no outputs pending and no inputs will be able to trigger any further transduction



System Informatics (Cucremuas undopmaruka), No. 17 (2020) 19

of LTS(T). Therefore, no further analysis of paths outgoing from timelock configuration is

necessary. Detection of timelock configurations is easy for (u, v)-progressive TFSMs.

Proposition 3. For every state s of a (u, v)-progressive TFSM T there exists ¢ > 0 such that

every configuration ¢ = (s,t,7C) is a timelock configuration iff ¢.t > ¢,

Proof. Let s be a state of T and let v = ub(s). Consider a set of configurations Qs =
{g € Q1 (gs =35 A(gt >v) A(gc = 0)} and the corresponding set of timestamps
TSs ={t| (¢ € Qs) AN(g.t =1)}. It easy to see that T'S; has the infimum ¢, which satisfies the

assertion of the proposition.

Our next step will be to find out or introduce effectively a finitely indexed equivalence
relation ~ on the set of progressive configurations of £7S(7) which makes it possible to
construct such a finite model LTS, (T) = LTS(T)/ ~ that LTS ¢in(T) simulates LT'S(T)
w.r.t. some suitable simulation relation. Such a finite model LT Sy;,(7T) opens a way for
applying conventional model checking tools for verification of reactive systems represented by

TEFSMs of a new type.
5. Conclusion and future work

In this paper we showed that timed finite state machines which generate responses to the
input signals in the order that corresponds to the output delays is a quite adequate model of
real-time reactive computing systems and it could be used in some applications. However, it
turned out that some safety properties that arise in such applications are difficult to analyze
based on the conventional operational semantics for TFSMs. To overcome this trouble we
adapt the operational semantics of TFSMs to the concept of Labeled Transition Systems to
take advantage of well-known verification techniques for models of real-time systems.

Since LTS(T) which represents all possible runs of a TFSM 7 may have infinitely many
internal states (configurations), our next step we are going to made in the future work is to
develop a technique for converting infinite LT'S(7) to finite LT Sy, (7T) in such a way that
LTS sin(T) simulates LT'S(T) w.r.t. some suitable simulation relation. We expect to find
out an appropriate simulation relation which (i) preserves the most important properties of
TEFSM behaviours, and (ii) admits an efficient translation of a TFSM T into its finite model
LTS sin(T). We think that such a translation could be developed with the help of configuration

patterns — a new concept which would play the same role for model checking of TFSMs as timed
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regions for the analysis of timed automata (see [1]).

The authors of the article are grateful to the anonymous reviewers for useful comments that

helped to improve the article.
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Using an extension of C'T'L* for specification and

verification of sequential reactive systems
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Sequential reactive systems such as controllers, device drivers, computer interpreters
operate with two data streams and transform input streams of data (control signals, in-
structions) into output streams of control signals (instructions, data). Finite state trans-
ducers are widely used as an adequate formal model for information processing systems of
this kind. Since runs of transducers develop over time, temporal logics, obviously, could
be used as both simple and expressive formalism for specifying the behavior of sequen-
tial reactive systems. However, the conventional applied temporal logics (HML, LTL,
CTL, p-calculus) do not suit this purpose well, since their formulae are interpreted over
w-languages, whereas the behavior of transducers are represented by binary relations on
infinite sequences, i.e. by w-transductions. To provide temporal logics with the ability to
specify the property of transductions that characterize the behavior of reactive systems, we
introduced new extensions of these logics. Two principal features distinguish these exten-
sion: 1) temporal operators are parameterized by sets of streams (languages) admissible
for input, and 2) sets (languages) of expected output streams are used as basic predicates.
In our previous papers [7, 8, 13] we studied the expressive power and the model checking
problem for Reg-LTL and Reg-C'T'L which are the extensions of LT L and C'T'L where the
languages mentioned above are regular ones. We discovered that parametrization of this
kind increases expressive power of temporal logics though retains the decidability of the
model checking problem. Our next step in the systematic exploration of new extensions
of temporal logics intended for specification and verification of sequential reactive systems
is the study of the model checking problem for finite state transducers against Reg-CTL*
formulae. In this paper we develop a model checking algorithm for Reg-C'TL* and show
that this problem is in EXPSPACE.

Keywords: reactive system, model checking, finite state transducer, temporal logic,

reqular language, specification, verification
1. Introduction

Finite state machines are widely used in computer science as models of sequential computing

systems. In particular, finite state transducers serve as a suitable formal model for various
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software and hardware systems such as controllers, device drivers, network switches, computer
interpreters, etc. which operate with two data streams. These devices and programs receive
streams of data (control signals, instructions) at their inputs and transform them into output
streams of control signals (instructions, data). Hardware devices of this type include adapters,
network switches, controllers. In software engineering transducers are used as formal models
of various programs and protocols that manipulate with strings of symbols, flows commands,
data streams, etc. (see [2, 11, 19]). Such programs, systems and devices can be grouped under
the general name sequential reactive systems. A sequential reactive system operates in discrete
time. At each step of computation it receives a control signal (or a piece of input data) from
the environment and generates (performs, outputs) a sequence of actions (or a piece of output
data) in response. Those output actions and the order of their performance depend on the

received input signal, but also on all the previous control signals.

We focus on so called online systems which are supplied with only finite memory. In [7] we
presented and discussed a number of examples to show that finite state transducers is a simple
albeit rather adequate formalism for modeling the behavior of reactive sequential systems in
many applications. The behavior of such systems is characterized not by a set of sequences of
events, but by a relationship between two sequences of events. A typical property of such a
behavior that needs verification is that for for each input word of a given pattern the transducer
always outputs a word of another given pattern. The requirements of this kind can be formally

specified by means of temporal logics adapted for reasoning about pairs of sequences of events.

Such temporal logics were introduced and studied in [6, 7, 13]. In [13] a new extension
of Linear Temporal Logics (LTL) was introduced as a formal language for specification of
the behavior of sequential reactive systems. In this logic LP-LTL the temporal operators
are parameterized by sets of words (languages) that represent distinguished flows of control
signals that impact on a reactive system. Basic predicates in LP-LTL are also languages
in the alphabet of basic actions of a transducer; they represent the expected response of a
transducer to the specified environmental influences. In [13]| the authors studied the model
checking problem for regular fragment Reg-LT L of this logic when only regular languages are
used as basic predicates and parameters of temporal operators. It was shown that the model
checking problem for finite state transducers against the formulae of Reg-LT'L is decidable in
double exponential time. In [7] we estimate the expressive power LP-LT L by comparing it with

some well known logics widely used in computer science for specification of reactive systems
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behavior. In [6] a model checking algorithm was proposed for Reg-CTL which is a regular
extension of Computational Tree Logic CT'L.

In this paper we consider a more general specification language Reg-C'I'L* which is a regular
extension of Generalized Computation Tree Logic C'T'L*, develop a model checking algorithm
for this logic and estimate its complexity. This is the main contribution of the paper. The
results obtained are based on the methods developed in [6, 8, 13]; they are to continue the
line of research initiated in these papers. In Section 2 we introduce the formal definition of a
finite state transducers as well as the syntax and the semantics Reg-CT'L*. In Section 3 we
give a short survey of some previously known extensions of conventional temporal logics and
compare them with our family of logics. In Section 4 we propose a model checking procedure
for Reg-C'T'L* and estimate its complexity. Section 5 is left for the comparative analysis of
the results obtained and similar decisions of model checking problem for other extensions of

temporal logics, and also for a discussion on the further lines of research.

This research is supported by RFBR project No. 18-01-00854.
2. Reactive systems models and their specifications

Sequential reactive systems such as adapters, controllers, device drivers, computer inter-
preters operate with two data streams and transform input streams of data (control signals, in-
structions, etc.) into output streams of data (control signals, instructions, etc.). Such mappings
are called transduction relations, and finite state transducers are widely used as an adequate
formal model for information processing systems of this kind.

Let C and A be finite alphabets. The elements of C are called input signals and the elements
of A are basic actions. Denote by A* the set of all finite words over A, which are called
compound actions. Given two compound actions v and v, we write uv for their concatenation,
and ¢ for the empty word.

A finite state transducer over the C and A is a quintuple 7 = (Q,C, A, ¢init, T'), where @
is a finite set of control states, gy € Q is the initial state, and T C Q x C x Q x A* is a
total transition relation. The size |7| of a transducer 7 is the size of a table description of its
transition relation T'. A transition 7 = (¢',c,q”, h) € T means that a transducer is capable to
output a compound action h and pass control to a state ¢” at receiving an input signal ¢ in a
state ¢'. A trajectory of m from a state qo is any infinite sequence of transitions tr = {7;}i>1

such that 7, = (¢;_1,¢i, qi, hi) € T for all i, 1 < < n. A sequence of pairs (¢, hy), (c2, ha), . ..
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of a trajectory tr displays a behavior of a transducer as seen by an outside observer. We denote
by Tr,(q) the set of all trajectories of 7 from a state ¢, and write simply 7, in the case when
q = Ginir- We denote by Fin(Tr.(q)) the set of all finite prefixes of trajectories in Tr,(q); such
prefixes will be called finite trajectories from a state q.

To be able to analyze the behavior of a transducer =, it is advisable to use a structure
that represents all runs of m; it is obtained as an unfolding of the transition relation of 7. A
computation graph of a finite state transducer 7 = (Q,C, A, ¢init, T') is a labeled digraph I'; =
(V, E, vinit), which has the set of nodes V' = @) x A* and the set of labeled arcs E C V xC x V,

such that for every pair of nodes u = (¢, s') and v = (¢”, s”) the following relationship holds
(u,c,v) € E <= 3Jhe A" such that (¢,c,¢",h) €T and s" = s'h.

The node vinit = (Qinit, €) is called the initial node of T';. As it can be seen from the relationship
above, the correspondence between trajectories of m and paths in I'; is as follows: for every
state gop and a compound action sq a trajectory tr = {(qi_1, ¢, qi, d;) }i>1 from gy corresponds
to such a path p = {(v;_1, ¢, v;) }i=1 in I that vg = (qo, o) and v; = (¢;, S;—1h;) for all @ > 1.
If tr = {(gi_1, ¢, qi, d;) }¥_, is an initial finite trajectory then we denote by v;,;[tr] such a node
(qr,h) of Ty that h = hihy ... hg. If p = {(vi_1,¢5,v;) }is1 is a path in T, then we denote for

every k > 0 by p|* its prefix {(v;_1,c;,vi)}r .

The verification of information processing systems is a checking that the actual behavior of
a system satisfies the expected properties. By choosing finite state transducers for a formal
model of sequential reactive system we thus formalize the notion of “behavior” of such systems:
a behavior of a transducer m manifests itself in the set of trajectories Tr;(qini) of all initial
runs of m; this set is represented by the computation tree I';. Any set of trajectories can be
regarded as a property of transducers behavior. It is well known that the properties of behaviors
represented by infinite sequences of events, as well as discrete structures that combine these
sequences, can be conveniently specified by means of temporal logics (LT L, CTL, CTL*, etc.).
However, when specification of transducers behavior is concerned, one should keep in mind that
an adequate specification language must admit interpretation over dual sequences of input and
output events. The authors of [13] drew attention to this particular feature of formal languages
for specifying the behavior of transducers, and they proposed a novel logic LP-LT L intended for
reasoning about the behavior of transducers. This logic is an extension of LT L, where temporal

operators are parametrized with languages over C and A. In [13] it was shown that in the case
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when only regular languages are used as parameters of temporal operators the model checking
of finite state transducers against Reg-LT'L specifications is decidable in double exponential
time. Next, in [6] Reg-CTL — a regular extension of C'T'L adapted for reasoning about dual
sequences of events — was introduced, and it was proved that model checking problem for finite
state transducers against Reg-LT L specifications is PSPACE-complete. The expressive power
of these and some other extensions of temporal logics was studied in [7]. It is quite natural
that the next stage of research is the study of the verification problem for the extension of
even more general logic C'I'L*. In this section we present a temporal logic LP-CT'L* and its
regular fragment Reg-C'T'L*, which is of particular interest for model checking of finite state

transducers.

As it was noticed above, the correct behavior of a sequential reactive system depends on
how it responds to certain environmental requests. The type of environmental impact on the
system can be represented as a language L over the set of input signals, and the type of the
response to such a stimulus — as a language P over the set of actions. A language L over C is

called an environment behavior pattern, and a language P over A is called a basic predicate.

Suppose that we are given a family £ of environment behavior patterns and a family P of
basic predicates P. The set of LP-C'TL* formulae consists of the subset of state formulae and

the subset of path formulae which are defined as follows:

1) every basic predicate P € P is a state formula;

2) if @1, @9 are state formulae then —¢; and p; A s are state formulae;

3) if ¢ is a path formula then A1) and E¢ are state formulae;

4) if ¢ is a state formula then ¢ is a path formula;

5) if 1)1, 1y are path formulae then —); and ¢ A 1)y are path formulae;
)

6) if ¢, 1, Yo are path formulae, ¢ € C, and L € L then X.p and ¢ Upps are path formulae.

An intuitive meaning of LP-CT L* formulae is as follows. A basic predicate P holds whenever
an output result computed so far by a reactive system is a compound action from the set P.
A formula Av (or Et)) means that every (some) computation of a reactive system satisfies the
requirement ¢. A formula X.p claims that a reactive system is able to receive the input signal ¢
and its subsequent behavior satisfies the requirement ¢. A formula ¢, Uy, asserts that every
time after receiving a sequence w of input signals such that w € L, the behavior of a system
satisfies the requirement ¢; until, upon receipt of an input sequence from L, the behavior of

the system meets the requirement .
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Formally, LP-CTL* formulae are interpreted over computation graphs I'; of finite state
transducers m = (Q,C, A, @init, T'). By writing I';,v = ¢ we indicate that a state formula ¢
is satisfied at the node v of I';, and by writing I';, p = ¢ we indicate that a path formula 1)
is satisfied on a path p of I';. The satisfiability relation |= is defined by structural induction
on the formulae for every node v = (g, s) in the computation graph I';, and a path p in T';

assuming that p = (v, c1,v1), (v1, 2, v2), ... as follows:

.I'r,v | P <= s € P for every basic predicate P € P;

.I'pyv |E —p < it is not true that I';, v E ¢;

TrvlEe A<= T v ¢ and T v E g

.I'r,v = E ¢ <= there exists such a path p from the node v in T'; that I'y, p = ¢;

.if p is a state formula then T'y, p = ¢ <= T, 00 | ¢

.y, p E 9 < it is not true that I'y, p = ¥

TrpEVI A <= T pkE and ', p | o;

TapEXp < c=c and I'y,p|' E ¢;

TapE UL < Fi>0:ccy...c; € Lsuch that T, pl' = ¢ and Vj, 0 < j < i, if

© oo ~ O Ut k= W N

cicy...c; € L then T, pl? = .

In the case when v = v, we will write 7 = ¢ instead of I';,v | ¢. In the definition
above environment behavior patterns and basic predicates may be arbitrary languages over the
alphabet of signals and the alphabet of actions, respectively. As one might expect, this freedom
of choice leads to undecidability. For example, let C be an alphabet of two or more letters, and
A = C. Consider such a transducer 7 that T' = {(ginit, ¢, ¢, Ginit) : ¢ € C}, i.e. 7 just retransmits
the received signals. Then, for any pair of context-free languages U and V over C it is true
that 7 = EFyV iff UNV # @. Since the emptiness of intersection problem for context-free
languages is undecidable (see [10]), the problem of checking whether a transducer 7 satisfies a
LP-CTL* formula ¢ (the model checking problem m |= ) is also undecidable when £ and P
are classes of context-free languages.

In order to find an effective solution to the model checking problem for LP-CTL* thus
introduced, we restrict ourselves to more simple classes of environment patterns and basic
predicates. In Section 4 we consider a fragment of LP-CTL*, namely, Reg-C'T'L*, where all
environment behavior patterns and all basic predicates are reqular languages. But first, it is
worthwhile to briefly compare the logic LP-CT L* introduced here with other previously known

extensions of conventional temporal logics.
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3. Other extensions of temporal logics

In [5] the first comprehensive analysis of LT L as a formal language for describing the behavior
of computing systems was carried out, and several attempts were made shortly thereafter to
improve the expressive power of this temporal logic. The modifications were made mainly in
two directions: 1) adding new expressive means (quantifiers, modalities, etc.), and 2) changing

the semantics of temporal operators existing in LTL.

For example, the authors of [15] supplied the syntax of LT'L with quantification for basic
predicates and discovered that the expressive power of the quantified extension thus introduced
significantly exceeds the descriptive capabilities of the plain LT L. On the other hand, in [20]
a method for introducing new temporal operators using right-linear grammars was proposed.
The words generated by these grammars define the patterns on which the satisfiability of the
formulas in the scope of a temporal operator is checked. Similarly, in [14, 18] it was shown that
the patterns for describing the semantics of new temporal operators can be defined by means
of finite automata. The idea of supplying temporal operators with some parameters is not
new: almost the same parameterization of temporal operators as in this paper was introduced
in [9] for dynamically extend LTL. Since then several attempts of this kind were made to
merge regular languages and temporal operators (e.g. see [16] among the latest). In almost all
these cases a remarkable effect was found: an expressive power of such extensions increases and
becomes equivalent to that of S1S logic, while satisfiability checking problem for these logics
remains PSPACE-complete.

When introducing LP-CT'L*, we did not seek only to improve the expressive power of C'T'L*
as such. Our goal was to offer an adequate language for the specification of the behavior of
reactive systems modeled by transducers. In the computation of a transducer, a coordinated
formation of two sequences is carried out — a sequence of input signals and a sequence of output
actions. Therefore, a distinctive feature of LP-CT'L* semantics is a certain synchronization
of the parameters of temporal operators (their interpretation is determined by the sequence
of input signals) and the truth values of basic predicates (they depend on the sequence of
output actions). It could be said that the semantics of our logic is defined on traces in two-
dimensional space, while in all previously known parameterized extensions of temporal logics
only one-dimensional traces were used. This feature significantly affects algorithms for checking

the satisfiability of formulas.
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4. Model checking of finite state transducers against Reg-CT'L*

specifications

The study of model checking problem for finite state transducers was first initiated in [13].
The authors of this paper considered the case when specifications are given by Reg-LT'L for-
mulae. This logic is an extension of the well-known temporal logic LT'L and it is also linear
fragment of Reg-C'T'L* which contains only the formulae of the type Ay, where ¢ is a quantifier-
free path formula. The model checking procedure developed in [13] is based on a translation of
a pair (7, ) to a Biichi automaton B(7, ¢) such that 7 = ¢ iff B(w, ) # @.

In [6] the study of the model checking problem for finite state transducers was continued.
The authors of this paper considered the temporal logic Reg-CT'L. This logic is an extension
of another well-known temporal logic CT'L; and it is also another fragment of Reg-C'T'L* which
consists of those formulae where each temporal operator F, G or U is preceded by a path
quantifier E or A.

Model checking algorithms for Reg-LTL and Reg-CTL developed in [6, 13| follow respec-
tively the automata-theoretic and tableau-based approaches used for the solution of model
checking problem for conventional temporal logics LTL and CTL. In [4] it was shown (see
also [3]) that model checking problem for Extended Computational Tree Logic CTL* can be
solved with essentially the same complexity as LT L, using a combination of the algorithms for
LTL and CTL. However, when model checking of transducers against Reg-C'T'L* formulae is
concerned some specific features of transducers behavior make it impossible a straightforward
application of this combination techniques; model checking of Reg-C'T' L* specifications of finite
state transducers needs a far elaborate study. In this section we present a model checking
algorithm for Reg-C'T'L* which is based on an iterated translation of a Reg-C'T'L* formula into

Bichi automata.

4.1. Finite automata and Biichi automata

A deterministic finite state automaton (DFA) over an alphabet ¥ is a quintuple A =
(Q, %, Ginit, 0, F'), where @) is a finite set of states, ¢,y € @ is an initial state, FF C @Q is a
set of accepting states and 0: () X X +— (@ is a transition function. This function can be
extended to the set of words X* as follows: 0(q,e) = ¢, and d(q,0z) = §(d(q,0),x) for all
g€ Q,0 € and z € ¥*. A DFA A accepts a word x (we will write x € A to denote this fact)
iff 0(qinit, z) € F. A DFA A recognizes a language L(A) = {x : x € A} of all words it accepts.
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A DFA Alz] = (Q, %, (qinit, ), 0, F) is called a shift of a DFA A by a word z. The size |A| of
an automaton A is the size of a table description of its transition function §. By the size |L| of
a regular language L we mean the size |A| of the minimal DFA A which recognizes L.

In addition to deterministic automata, we will also use nondeterministic finite state automata
(NFA) for manipulations with regular languages. NFA have transition functions of the type
Q x ¥+ 29, and its extension to X* is defined by the equalities d(q,¢) = {q}, and 6(q,0x) =
Uyesigo) 0(¢s ). A NFA A accepts a word x iff §(qi ., x) N F # & holds.

Finite state automata can be further extended to allow recognition of sets of infinite words
over Y. A nondeterministic generalized Biichi automaton over an alphabet Y is a quintuple
B = (Q, %, ¢init, A, F), where @ is a finite set of states, gi;; is an initial state, A C Q x X x Q) is
a transition relation, and F = {Fy,..., F,,} is an accepting rule, where F; C Q,1 < i < m. For
every infinite word z = ogo109--- € X“, a run of B on x is an infinite sequence qo, q1, o, - . .
of states of B, where gy = @i and for all i, > 0, (¢;, 04, ¢ix1) € A. A run qo,q1,¢q2, ... 18
accepting if for all 4,1 < ¢ < m, there exist infinitely many j, such that ¢; € F;. A word z € 3¢
is accepted by B (we write x € B to denote this fact) iff there exists an accepting run of B
on x. In [3] it was shown that there exists a linear-time algorithm for checking, given a Biichi

automaton B, ifft B = @.
4.2. Translation of Reg-C'T'L* formulae to automata

Consider a finite state transducer m = (Q,C, A, ¢init, T') and a Reg-CT L* formula ¢. A model
checking automaton is such a DFA A(w, @) = (Qa, T, ¢, 04, Fa) over the finite alphabet T
of transitions of = which satisfies for any finite trajectory tr € Pref(T7r,(gini)) the following

relationship: I'y, vinu[tr] E @ <= tr € A(m, p).

Clearly, having constructed such a DFA A(m, @), we obtain a solution to the model checking
problem, since 7 = Ey iff ¢ € A(7, ¢). The main result of the paper is

Theorem 1. For every finite state transducer m and a state Reg-CT'L*-formula ¢ the model-

checking automaton A(m, ¢) can be effectively constructed within a memory space |r|- 2P (¢,

Proof. From the definition of satisfiability relation for Reg-C'T'L* formulae it follows that
= P = EP holds for every basic predicate P. Therefore, it may be assumed without loss of

generality that every occurrence of a basic predicate in ¢ follows a path quantifier E.
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Next, it should be noted that every state Reg-C'T'L*-formula ¢ can be attributed to one of

three types of formulas:

1. ¢ = EP for some basic predicate P;

2. p = ®(Egpy,...,Ep,) for some Boolean formula ®(p1, ..., pnm);

3. p = EY(Egpy, ..., Ep,,) for some quantifier-free path Reg-CT L*-formula ¢ (P, ..., P,).

Therefore, the construction of the model checking automaton A(m, ¢) is carried out recursively.

1. For every regular basic predicate P the model checking automaton A(w, EP) can be easily
built of a transducer m and a DFA Ap which recognizes P.

2. For every Boolean formula ®(py, ..., p,) a model checking automaton A(m, ) for a state
Reg-CT L*-formula ¢ = ®(E¢p, ..., Ep,,) can be built as a Boolean combination of model
checking automata A(w, Eg;) corresponding to subformulae Ep;, 1 <i < m.

3. Suppose that ¢ = E¢(Eg,...,Ep,,), where ¢)(P, ..., P,) is some quantifier-free path
Reg-CT L*-formula, and model checking automata A(m,Ep;),1 < i < m, are available.
Then regular languages L(A(m, Eg;)) recognized by these automata are regarded as basic
predicates P, ..., P, and model-checking automaton A(w, ) is built as follows:

e by applying a model checking algorithm proposed in [13]| build a Biichi automaton

p,,) Which accepts a trace tr € Tr, iff tr corresponds to such a path p that

-----

Lesp B (P, P

e next, by combining a Biichi automaton Byp, ... p,) and a transducer 7 build such a
Biichi automaton B(7, ¢) that for any finite trajectory tr the following relationship
holds: Ty, vini[tr] = EW(Py, ..., Py,) iff there exists an accepting run of B(w, ¢) on
some trace tr’ which is an extension of ¢r;

o finally, by using a simple reachability checking techniques build a model checking
automaton A(m, @) from B(w, p).

Corollary. The model checking problem for finite state transducers against Reg-C'I'L* speci-

fications is in EXPSPACE.

Theorem 2. The model checking problem for finite state transducers against Reg-CTL*

specifications is PSPACE-hard.

Proof (sketch). In [12] it was proved that it is PSPACE-hard to check whether the intersection
of an arbitrary number of deterministic finite state automata is empty. This problem can be

reduced to our model checking problem in polynomial time. O
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5. Conclusion

In this paper we introduced an extension Reg-CT'L* of Generalized Computational Tree
Logic CTL* as a formal language for specification the behavior of sequential reactive systems,
define its semantics on the models of finite state transducers, and give a solution to the model
checking problem for finite state transducers against formulae from Reg-C'T'L*. The solution is
obtained by means of automata-theoretic techniques following the ideas of our model checking
algorithms for and Reg-LTL and Reg-C'TL presented in the early papaers [87 |. It may
be noticed that this model checking algorithm is exponentially more time consuming than
the similar algorithm for plain CT'L* (see [? |). However, there remains an exponential gap
between the lower and the upper bounds on the complexity of the model checking problem for
Reg-C'TL*. We assume that this gap can be filled by improving the proposed algorithm using

the promising techniques suggested in [9], where a logic similar to Reg-LT L was studied.

The authors of the article are grateful to the anonymous reviewers for useful comments that

helped to improve the article.
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We address the formal verification of the control software of critical systems, i.e., ensur-
ing the absence of design errors in a system with respect to requirements. Control systems
are usually based on industrial controllers, also known as Programmable Logic Controllers
(PLCs). A specific feature of a PLC is a scan cycle: 1) the inputs are read, 2) the PLC
states change, and 3) the outputs are written. Therefore, in order to formally verify PLC,
e.g., by model checking, it is necessary to reason both in terms of state transitions within
a cycle and in terms of larger state transitions according to the scan-cyclic semantics.

We develop a formalization of PLC as a hyperprocess transition system and an LTL-
based temporal logic cycle-LTL for reasoning about PLC.

Keywords: formal verification, model checking, temporal logics, transition systems,

programmable logic controllers
1. Introduction

The long-term goal of our work is formal verification of control software specified in the
process-oriented paradigm, in particular programs written in the Domain-Specific Language
(DSL) Reflex [1, 7|. Formal verification of Programmable Logic Controllers (PLCs), which
are important components of automatic control systems, is an active topic of practical and
research work [2, 4]. The proposed approaches follow various PLC models [8|. In general, PLC
functioning consists of infinite sequence of scan cycles. Each scan cycle includes a sequence of
three phases: reading input, execution, and writing output.

We choose a process-oriented PLC modeling based on hyperprocesses [7]. This modeling
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method allows us to specify the main features of the PLC, such as scan cycle and timers; it
describes a PLC as a synchronized system of interacting functional processes defined by a set of
functional states and actions on these states. According to the classification [8], hyperprocesses
model PLCs that abstract from scan cycle time (the environment is considered to be slow
enough to assume zero time for the input/output and execution phases of a scan cycle) and
use input and output controlling timers. This modeling provides a natural specification for
the control multiprocess systems, which, due to abstracting from the scan cycle time, allows
ordering process executions in a scan cycle. Such high synchronization of processes without
interleaving makes possible the effective use of formal verification methods. A hyperprocess is a
base for the process-oriented language Reflex that was used in a number of industrial projects,
in particular, a plant for growing silicon single crystals using Czochralski method, and a vacuum

system for the Big Solar Vacuum Telescope [6].

In this paper, we assume model checking as our formal verification method. Therefore, we
present a hyperprocess as a special transition system, and the properties of a hyperprocess as
formulas of a special temporal logic. A hyperprocess transition system is close to a concurrent
multi-threaded system [3] enriched with synchronizing counter, process functional states, timers,
and action primitives for their changing. The time for a PLC specified as a hyperprocess is
clocked both inside of the scan cycle execution (taking into account changes of variable values)

and outside of the execution at the reading of the inputs.

The logic for reasoning about PLC should allow the formulation of statements for these two
kinds of clocks. In this paper, we develop the cycle-LTL logic — which is an LTL enriched
with cycle temporal operators for reasoning about PLC states outside of a scan cycle. In this
logic, the following properties are expressible for a simple example of a hand-dryer machine:
“If the sensor has detected hands, the dryer will turn on in the next scan cycle” or “If the
temperature is higher than the critical value, the cooling process is always on.” Note that if the
switching on and off for the cooling process is performed after actions of other processes in a
scan cycle, then the last property can be violated inside the cycle, but it can hold outside the
cycle. This example illustrates the need to use cyclic temporal operators, in particular special

cycle always-operator G°.

2. Hyperprocess Transition System
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Let us give an informal description of the hyperprocess [7|. Hyperprocess is an ordered
set of interacting processes that execute sequentially in a given order, forming a scan cycle.
This cycle starts by reading the input from the environment into the hyperprocess system
variables, and finishes by writing outputs to the environment. All hyperprocess variables are
global. A feature of the processes that form a hyperprocess are functional states — labels that
mark a sequence of process actions. The functional states of every process include the states
of normal shutdown and abnormal shutdown: in these states, the process does not perform
any actions. Process actions can change the values of hyperprocess variables (except input
variables), affect the functional states of other processes, and set and reset timer values. Actions
may have guard conditions depending on the hyperprocess variables and functional states of
other processes. Our definition of the hyperprocess transition system is based on a description
of the hyperprocesses and the operational semantics of the Reflex language [1, 7|. We hide the

output phase inside the execution phase without loss of generality.

Definition 1. (Hyperprocess transition systems, HTS)
HTS is a tuple H = (P, S, Sini, A, R), where
e P ={pi,...,pn} is an ordered set of processes;
e S is a nonempty set of states;
® s;,; is an initial state;
e A is an action alphabet;
9SS

e 1R is a labelled transition relation R : A —

Before defining HT'S-components, we describe hyperprocess elements in general.

Definition 2. (Hyperprocess elements)

Hyperprocess elements are variables, functional states, process actions, and timers:

Variables. V' = {vy,...,vy} is a set of hyperprocess variables which values are the result of
the corresponding functions v; : S +— D U {L}. We distinguish input variables Vi and
process variables Vp: V = Vg U Vp.

Functional states. For every i € [1..n] F; = {f!,..., f", stop,err} is a set of functional states
of process p;. The stop and err are inactive states, and other states are active states.
The value of every functional state variable f; is described by function f; : S+ F}.

Actions. In functional state fij , process p; performs actions from set A. These actions form the
body of the functional state. Lf € N is the number of actions in this body. Variable a; is

an action counter and its value is a position. The value of the action counter is the result
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of function a; : S+ [1..LJ] U {L}. The next value of this counter is defined by functions
nzt! : N x S+ NU{L}. These functions implicitly include guards for actions because
the results depend on a current HTS-state, in particular, on activity of other processes.
If there is no the next action in the current functional state then nxt’(a;) = L. Functions
an’ : NU{L} — A return the name of the action at position a;.

Timers. The timer of process p; is variable t; with values as the result of functions ¢; : S —
NU{L}. The timer bound at position a of functional state ff is Nij“ € N. For simplicity,

we consider the processes with one timer per a functional state.

Let us define the components of HTS-system H = (P, S, sini, A, R).

The set of states S

A state s = (v, sp, pc) € S includes the following elements:

e the state of variables v = (v1(s),...,vn(s)) for variables’ values in state s;

e the state of processes sp = ((f1(s), a1(s),t1(s)), ..., (fu(s),an(s),t.(s))), where for every
process p; in state s, f;(s) is its current functional state, a;(s) is an action counter in
state fi(s), and ¢;(s) is the value of its timer;

e process counter pc(s) with values in [0..n], where 0 is reserved for updating input.

The initial state s;,;
Sini = (vo, $Po, PCo), Where
—vo=(Ly,...,Ln),
—spo = ((fi,1, L)y, (stop, L, L), ..., (stop, L, L),), and

— pcy = 0.

The action alphabet A
The alphabet includes a single environment action and process actions:

A = {upd0, skip, end, upd, tout, reset, start P, stopP, start, set, next, stop, err}.
0. The cycle action.

upd0 — change of values of input variables, i.e. reading environment inputs.
1. Service actions.

skip — a process does nothing in inactive states.

end — a process transfers control to the next process at the end of its active state body.
2. Actions for updating non-input variables.

upd — a process changes the values of some variables.
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3. Timeout actions.
tout — a process starts the timer and performs actions in the current state until timeout;
reset — a process resets its timer to zero.

4. Actions for functional states.
startP/stopP — a process transfers target process py to functional state f}/stop;
start/set — a process transits to target functional state f!/f;
stop/err — a process transits to functional state stop/err;

next — a process transits to the next functional state.

The labeled transition relation R
The transition relation R gives the semantics to actions of processes and the environment. Let
i €[l.n],j € [1.my], a € [1.L7]. We use the following notation.
The expression
(fi = fij,az- =a,T;, Tg;,pc =1) o, () = newy, ...,y = newy)
means that R(act) = (s, '), where

e act = an’(a), and an’(L) € {skip, end};

= f/
7

e before-state s is such that pc(s) = i, fi(s) a;(s) = a, the time constraint 7; can
be ti(s) # L, t;(s) = L, t;(s) < N7, or t;(s) = N/, and the target constraint T'g; can be
tgp; = k or tgs; = k, where tgp; is variable in Vp with values in [1..n] for specifying the
target process, and tgs; is variable in Vp with values in [1..m;] for specifying the target
functional state of process p;; non-mentioned left elements have arbitrary values;

e after-state s’ specifies the changes of hyperprocess elements after action act: yi(s") = newy,

(k € [1..m/]); non-mentioned right elements are not changed.

0. The external update action.
We use the notation like above to specify R(upd0). At the beginning of the scan cycle,
the values of input data are read to the input variables in Vg, the value of every ticking
process timer is increased by 1, and the process counter points to the first process:
(t, # L.t # L pc=0)"28
(V] =1, 0, = Uty =t + 1,0, =1, + 1,pd = 1).
In the following definition of the transition relation R for process actions, we suppose that
process p; performs the action number a; with name an’(a;) in its functional state f; = fij :
1. Service actions.

Process p; does nothing in inactive states stop and err, and passes control to the next
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process:

ski

~ (fi = stop,pe =) =% (pc = |i + 1),
— (fi = err,pc = 1) kg (pd = |i + 1]pt1)-
When process p; reaches the end of the body of its active functional state fij , it goes to
the first action of the body and transfers control to the next process:
~(fi=fl,a; = L,pc=1) end (a; =1,pc = i+ 1]pnt1).
2. The action for updating variable values.

By this action, process p; changes values of some variables from the set of non-input

variables {v1,...,v,} C Vp, and goes to the next action nxt/(a) of its current state:
~(fi=fl,pc=1) upd (V) =dy,...,v, =dn,ad, =nxt/(a));

3. Timeout actions.

In these cases, process p; starts the timer ¢; (if ¢; = L), goes to the first action of its

current state f7, and transfers control to the next process:

o (fl = z]7tl - J-7pc: Z) M) (CL; = 17th - O7pcl - ‘Z—i_ 1|TL+1)7

(o= it < N pe = 1) % (0l = 1,p¢ = Ji + 1),
In the case of timeout, process p; stops the timer ¢; and goes to the next action in its
current functional state:
- (fi= ij,ti = Nij,pc =1) touk (a; = nat! (a),t, = 1).
The reset-action results exactly as the first case of the tout-action:
~(fi=f i # Lpe =) 5 () = 1, = 0,pc = |i + 1]n11))-
4. Actions for functional states.
These two actions of process p; force process py (i # k) to go to start or stop state:
~(fi= fltgpi = kope = 1) " (fi = flap = Lt = Loa} = nat (a));
~ (fi = fl,tgpi = k,pc = i) sorf (ff, = stop,a), = Lt = L, a; = nat/ (a));
With these actions, process p; goes to the first action of the corresponding functional
states and stops the timer:
~(fi =l tgsi = hope =) =5 (ff = fhaf = 1.4] = 1);
~(fi=flpe=1) "5 (fi = fla =1t = L);
~(fi=flpe=0) "% (fl = fTdi =16 = L);
Process p; perform these actions in case of it should do nothing from this moment because
of normal or error shutdown:

- (fi= ij,pc:z’) StoR (fl = stop,a, = L t, = 1);
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~(fi=flipe=1) =5 (fl = erryap = L t; = 1),

According to the defined transition relation, the processes act sequentially in the current
cycle, following the order specified by the process counter. Let an input state s;,, be a state
with pc(sin,) = 0. We define a cyclic state s. as a state just after updating the input variables
and before the processes start to act: R(upd) = (Sinp, Sc). The set of cycle states is ..

We define two kinds of paths in HTS. Standard path m = sq, s1, ... is a sequence of states
s; € S such that Vi > 0 Ja € A: R(a) = (s4,8141). Let 7(i) be i state on path 7. Cycle path
o = ¢, C1, ... 1s an infinite sequence of cycle states ¢; € S, such that for every i > 0 there exists
a finite standard path 7; of length n; with m;(0) = ¢; and m;(n;) = ¢;41. If p is the standard or
cycle path, let p(k) be k' state on this path, p* be the suffix of p starting from p(k), and c™
be the number of the first cycle state on standard path 7.

3. Temporal logic cycle-LTL

The syntax of our cycle-LTL logic includes propositions P, boolean connections, standard
LTL temporal operators, inner-cycle temporal operators, and cycle temporal operators:
pu=P|op|one|Xep|Fo| Gy | Uy |

Xip | Fip | Glp | Ulp | X°p | Fep | G | U
The inner-cycle operators Xi, Fi, Gi, and U! are used for formulating properties of a control
system which have to hold during a particular cycle execution phase, while the cycle operators
X¢ F¢, G€ and U€ are used for formulating properties of the control system which have to
hold at the beginning of cycles.

Let the set of standard LTL formulas be ®° the set of formulas started with inner-cycle
operators be ®¢ the set of formulas started with cycle operators be ®¢, and the set of all
cycle-LTL formulas be ®%¢,

The semantics of the cycle-LTL are defined for new inner-cycle and cycle temporal oper-
ators only. We define the semantics of inner-cycle operators on standard paths and semantics
of cycle operators on standard and cycle path. The semantics of standard LTL formulas can
be found in [3|. Let H be a hyperprocess transition system, = be an infinite standard path, o
be a cycle path, and ¢, 1) € % be formula of cycle-LTL..

The semantics of formulas in ®°.
e HrE=Xgpiff 71 ¢ S, and H, 7! |= ¢;
o H, 7 |= Fly iff there exists 0 < k < ¢™ such that H, 7" = ¢;
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e Hml=Glpiffforall 0 <k < c™ H,7* = ¢;

o H 7 = Ul iff there exists 0 < k < ¢™ such that H,7* |= ¢ and for all 0 < j < k
H, 7 = o.

The semantics of formulas in ®°.
Let £ € ®°.

e Hr=¢iff H o= ¢ with 0(0) = 7(c");

e HolXpiff Ho! = o

o H, o |= FCyp iff there exists k > 0 such that H, o* |= ¢;

e H ol Gepiff forall k>0 H,o" =

o H,0 = ¢©U®) iff there exists k > 0 such that H,o* =1 and for all 0 < j < k H, 07 |= ¢.

Let us give some informal comments for semantics of cycle-LTL formulas. We consider the

cases when a formula of some type is a subformula of other type formula at the first nesting
level of temporal operators: ¢ € nl'(y)). Let ¢ 1% € ®°, o' ' € & and ¢ ¢ € d¢. We
have six cases.

1. ¢" € nl*(¢°): this assertion states that ¢° holds during the execution part of scan cycles
explicitly specified by v°.

2. ¢' € nl'(*): this assertion states that ¢’ holds during the execution part of scan cycles
implicitly specified by ®.

3. ¢° € nlt(¢"): if p° is in boolean connection with formulas in ®* U ®°, this assertion binds
a property of the execution phase of a scan cycle explicitly specified by ¥ to a cycle
property of the next cycle.

4. ¢° € nl* (¢*): if ¢° is in boolean connection with formulas in ®* U ®°, this assertion binds
a property of the execution phase of a scan cycle implicitly specified by ¥° to a cycle
property of the next cycle.

5. % € nl'(1°): this assertion states that ¢* holds at some cycle state explicitly specified
by ¢°. If ¢ include operator G¢ or U¢, ¢* will hold periodically with respect to scan
cycle.

6. ¢* € nl'(¥"): this assertion states that ¢°® holds at some state in execution part of a scan
cycle specified by 1.

As an illustration, let us define the cycle-LTL specifications for the properties of a hand-

dryer and cooling machine as example control systems:

1. If the sensor has detected hands, the dryer will turn on in the next scan cycle:
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G®(hands = on — XC®dryer = on).

2. If the temperature is higher than the critical value, the cooling is always on:

Ge(temp > 95° — cooler = on).

The above examples of formulas for control system properties use only cycle states and
observable input-output system variables. This formulation can be used for high-level properties
of implementation independent models of control system viewed as a black box. However, if
some high-level property fails for some implementation of the control system, then checking
low-level properties of the system may be required. These properties are formulated in terms
of process states and actions. They are hypotheses which use inner-cycle operators to localize
the error within the scan cycle. Verifying such hypotheses can be less time-consuming then
analyzing a counterexample for the failed high-level property. The following properties for a
system that combines a lighting control system and a burglar alarm system illustrates causality
between a low-level hypothesis and a high-level property: failing the former implies failing the
latter.

1. When a break-in is detected, all lamps should flash:

G¢(alarm — X alarm_light = on).

2. When the alarm sensor is on then the security alarm subsystem should send
the alarm message to all other subsystems ASAP:

G¢(alarm — Flalarm_message _sent).

4. Conclusion

In this paper, we develop the hyperprocess transition systems (HTS) for modeling PL.C and
the novel cycle-LTL logic for specifying PLC properties. Our HTS-model naturally captures
features of PL.C such as scan cycles and timers. Our cycle-LTL temporal logic enables reasoning
about PLC properties w.r.t. both small-step time inside scan cycles and big-step time over scan

cycles. Expressing the big-step properties in a standard LTL would be much more cumbersome.

We plan to prove that the model checking for HTS and cycle-LTL is reduced to the standard
LTL model checking. For this we will translate HTS into the Kripke structure and cycle-LTL
formulas into LTL formulas. The method of this translation will provide the basis for the
correct translation of the process-oriented language Reflex into the Promela language used
by the SPIN verifier [5]. We also plan to develop and implement a special model checking

algorithm for verifying cycle-LTL formulas in HTS, which will have lower time complexity than
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the standard model-checking algorithm for LTL due to the use of HTS features such as cyclicity

and ordering action processes.
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Y JIK 004.05

Bepudukanusi nporpaMmMbl npeodpa3oBaHus CTPOKHU B

meJgaoe 4ucjaio

Lllenexoe B.U. (Mncmumym cucmem ungpopmamuxu CO PAH, Hosocubupckuii

20CY0apCcmeeHHbll YHUgepcumen,)

OmuceiBaercst  nenykTuBHas Bepudwukarms nporpammer  Kstrtoul ma sseike Cu w3
oubmorekn OC Linux. Ilporpamma kstrtoul peanusyer Belumcienue wnenoro ymucha,
MPEICTaBICHHOTO B BHUJE TOCIEAOBATEIbHOCTH JIUTEp. UTOOBI yNpOCTHTH BepUUKAILHIO,
MPUMEHSFOTCS.  TpaHCQOpPMAalKM 3aMEHBI ONepaluid ¢ yKa3aTelssMd OSKBHUBAJICHTHBIMU
neiictBusiMu  Oe3  ykasareneil. [lporpamma mpeoOpa3yercs Ha SA3BIK  [PEIAUKATHOTO
nporpamMmmupoBanusi. KoHCTpynpyeTcs: Moielh BHYTPEHHETO COCTOSIHHS TIPOTPAMMBI KaK 4acTh

cnenuduKanyy nporpammel. JleaykruBHas Bepudukamnus mposeaeHa B cuctemax Why3 u Coq.

Knwouesvie cnosa: oedykmusnas eepuduxayus, mpancihopmayuu npozpamm,

YHKYUOHATBHOE NPOSPAMMUPOBAHUE, NPEOUKAMHOE NPOSPAMMUPOBAHUE, CIPOKOBbIIL MUMN.
1. BBenenue

HcxoaHoii 3a1aueii siBsieTcst NeayKTuBHas Bepudukaius nporpammbl kstrtoull.c ua s3pike Cu
u3 6ubimoreku sapa OC Linux. IMporpamma kstrtoull.C peanusyer Bbiumcienue menoro uucia,
MPE/ICTABICHHOTO B CTPOKE B BHJIE TTOCIIEIOBATEILHOCTH JIUTEP IO MpaBHiaM si3bika CH.

JlenykTuBHas BepuUKAIMA HAMHOTO IpOIIE W ObICTpee s (PYHKIMOHAJIBHBIX MPOTPaMM,
YeM JIJIs QHATOTUYHBIX HMITEPATHBHBIX TIporpamMM. [IprdrHa CI0KHOCTH NMIIEPATUBHBIX POrPaMM
B TOM, YTO yKa3aTeJld, KOHCTPYKIIUH HEOOXOJUMBIE JUIS ONTUMHU3AINK [IPOrPAMM, CYIIECTBEHHO
YCIOKHSIIOT JIOTUKY HWMIICPATHBHBIX TMporpamMMm. JIsi yIpOIIEHHS MPOTPAMM  TPUMEHSIOTCS
TpaHCOpPMAIINK, YCTPAHSIOIIME YKa3aTeld B HMIEpaTHBHOW mporpamme [6]. Omeparmu ¢
yKasaTellsIMA 3aMEHSFOTCST SKBUBAJICHTHBIME JeiCcTBUAMHU 6e3 yKasarenei. [TonydyeHnas nporpamma
npeobpasyercss B OSKBUBAJIEHTHYIO MPEJUKATHYIO NpOrpamMmy. B cucreMax aBTOMAaTHYECKOTO
nokazatenbctBa Why3[18] um Coq [11] peanmusyercs mporecc ACAYKTUBHOH BepUPHKALUH
[PEMKATHON POrPaMMBI.

[penpiaymmii penus Bepudukamuu kstrtoull.c oxazamacs weymaunbiM. EcrecTBeHHBIN 1
[PUBLIYHEIN CTHIb CHENU(DUKANUKA TIPUBOAUT K TPYIHO JOKA3yeMBIM (OPMyJiaM KOPPEKTHOCTH.

Bepuduxanus B cucreme Why3 okasanace Tspkesnoi. [lanee, A yOpoIieHUs BeprupUKauy Oblia
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pazpaboTaHa MoOJeNb BHYTPEHHETO COCTOSHUS HCIHOJHIEMOW mporpamMmbl. M3 mnpeaumkatHoOU
porpaMMbl B MaKCHMaJbHOH CTENEHH SKCTPAarMpOBaHA €€ KOHCTaHTHAs 4acTh. Vcmosp3oBaHue
MOJIENIM B CHENHM(UKALMK TMPOrpaMMBbl  CYIIECTBEHHO YIPOCTHIIO TPOIECC JeAYKTUBHOU
Bepu(DHKaIU.

Bo BTOpom pasznene Hacrosmied paOOTHI JAaeTCs KpPATKOE OIMCAHHME S3bIKA IMPEJIUKATHOTO
nporpaMMupoBaHusi. B TpeTbeMm paszziene omuchiBaeTcs TpaHCc(hopManuss HCXOTHONH MPOrpaMMbl
kstrtoull ¢ momyuennem SKBHBaJCHTHOM NpPEIUKATHOM MporpaMMbel. B deTBeproM paszene
onpenensiercss Moaeab mporpammel Kstrtoull u meransHO ommceiBaeTcst mporece crenuduKanum
MPEIUKATHON IpOrpaMMbl C MCIOJIb30BaHUEM Mojenu. Jlanee cTposTcss GopMyibl KOPPEKTHOCTH
pOrpaMMbl OTHOCHTENILHO CHeHU(pHUKAUK MpUMeHeHueM cuctembl mpaui [1, 7]. IToctpoenue
dbopmyn  KoppekTHOocTH jJokymeHTupyercss B [lpunoxenun 3. CoOBOKYMHOCTH — (GoOpMyI
KOPPEKTHOCTH BMECTE C ONMHMCAHUSIMH THIIOB U TIEPEMEHHBIX 0(OpPMIIIETCS B BHIE HA0Opa TEOPHIA.
B Ilpunoxenuun 1 mpencraBieHsl Teopuu ¢ (GopMylnaMu KOPPEKTHOCTH. OTH TEOPHHU
TpaHCIUPYIOTCs Ha s3bIk crenupukarmii Why3 [18]. B Ilpunoxenun 2 mpuBEICHbI TCOPUH Ha
si3bike Why3 i mokaszarenbeTBa (GOpMya KOPPEKTHOCTH Ha MOMEHT 3aBEpIICHHUS pabOThI MO
Bepudukanuu. OcoOEHHOCTH Tpolecca ACTyKTHBHON BepH(HKAIWUU MPEIUKaTHONW MPOrpaMMbl B
cucremax Why3[18] u Coq [11] onmchiBaeTcst B IsITOM pasjeie. B miecTom pasiene mpejactaBieH

0030p pabot. Toru Bepudukauy moaBoAITCs B CEIBMOM pasJierie.
2. S13bIK NPEeAUKATHOTO MPOTPAMMMPOBAHUS

Ilonnasa npeduxamuas npoepamma COCTOUT U3 HaOOpa PEKYPCUBHBIX NPeOUKAMHbIX NPOSPAMM
Ha si3bike P [2] cremyromero Buaa:

<UMS$ NporpamMMbl>(<OMNMCaHNS apryMeHTOB>: <OMUCaHUsl pe3yibTaToB>)
pre <npepycnosue>

post <nocrycnosue>

measure <BblpaXeHne>

{ <onepatop> }

[IpenycnoBue u MOCTYCIOBUE SBIAIOTCS (OPMYJIaMHU Ha SI3bIKE UCUMCIEHUS TTpeaukaTtoB. OHU
o0s3aTeNbHBl TPU JeAyKTHBHON Bepudukanuu [3, 4, 8, 9, 15]. Mepa 3amaercs TOIBKO ISt
PEKYPCUBHBIX MPOTPAMM U UCTIONB3YETCS ISl TOKA3aTeIbCTBA UX 3aBEPIICHHUS.

Hwxke mnpencraBiaeHbl OCHOBHBIE KOHCTPYKIIMH s3bIka P: omepatop mpucBawBaHus, OJ0K
(omeparop Cymepro3uiuu), NapauieTbHbI ONepaTop, YCIOBHBIM OmepaTop, BBI30B MPOrpaMMbI U

OIMMCAHUEC MMEPEMEHHBIX, UCITOJIB3YEMOC JIJIs1 apr'yYMEHTOB, PE3YJILTATOB U JIOKAJIBHBIX IICPEMCHHBIX.
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<MepeMeHHass> = <BblpaxeHne>

{<onepatopl>; <onepaTtop2>}

<onepaTopl> || <onepaTtop2>

if (<nornyeckoe BbipaxxeHne>) <onepatopl> else <onepaTtop2>

<MMS$ NPOrpaMMbl>(<CrNMUCOK apryMeHTOB>: <CMWCOK pe3y/bTaToB>)

<TUN> <npoben> <CrMcoKk UMeH NepPeMeEHHbIX>

Besikass mepeMeHHash XapakTepuU3yeTCs munoM — MHOXKECTBOM JIONMYCTUMBIX 3HAYCHHU.

Onucanue muna type T(p) = D ¢ BO3MOXHBIMH IapaMeTpamMH P CBSA3bIBACT MMs THIA | C €ro
uzoopaxxennem D. Tunsr bool, int, real u char ssnsrorcs npumumuenvivu. 3navennem tuma
array(Te, Ti) aBasercs maccug ¢ snemeHmamu Maccuea TAIA Te U uHOEKCamMyu KOHEYHOrO Tuna Ti.

T'unepgynxyus — nporpaMMa ¢ HECKOJIILKUMH éemesamu pe3yibratoB. Iunepdynkimsa B(X: y: z)
HUMEEeT JIBE BETBH pe3ysbTaToB Y U Z. MicnonHeHne runepyHKIIMU 3aBEpIIaeTCsl OJHON U3 BETBEH C
BBIYKMCIICHUEM PE3YJIbTATOB 0 3TOW BETBH; PE3YJbTATHI APYTUX BETBEH HE BBIYHUCIISIOTCS.

Buvizoe cunep@ynxyuu 3anuceiBaercs B Buge B(X:y #M1: z #M2). 3nece M1 u M2 — metku
nporpaMmel, cojepxarieii Bi3oB. Omeparopsl mepexogaa #M1 u #M2 BcTpoeHbl B BETBH BBI30BA.
VcnonHenune BbI30Ba KO0 3aBEPIIACTCS MEPBOil BETBHIO C BHIUUCICHUEM Y U MIEPEXOI0M Ha METKY
M1, 1160 BTOpO# BETBBIO C BEIYUCICHUEM Z U TIEPEX010M Ha MeTKy M2.

BbI30B runepGyHKIMHA MOKET KOMOMHHPOBATHCS C OTIEPATOPaMHU 00PabOTKH BETBEH:

B(x: y #M1: z #M2) case M1: C(y: u) case M2: D(z: u) .

Beos Buga B(x:y #Ml:z #M2); M1: ... Moxer ObITh HPEACTABIEH OIEPATOPOM
B(x: y: z #M2).

dopmanbHO TUNIEp)YHKIIHS OTPEACISIETCS Yepe3 MPEeIUKaTHYIO IPOTpaMMy CJIEIYIONIETO BH/IA:

B(x: vy, z, e)
pre P(x) post e = E(x) & (E(X) = S(X, y)) & (=E(X) = R(X, 2))
{..}

3nech X, Y U Z — HElepeceKaroluecss BO3MOXHO IycThie Habopsl mepemennsix; P(X), E(X),
S(X, y) u R(X, Z) — noruueckue yrBepKaeHMs. IIpeANonOKUM, 4TO BCE NPHCBAMBAHUSA BHIA
e = true u e = false — nocnennue ucnonusemeie oreparopsl B nporpamme B. IMporpamma B
MO’KET OBITh 3aMEHEHa CIIETYIOIIEH IPOrpaMMOil B BHJIE cunep@hyHKyuu:

B(x:y #1: z #2)
pre P(x) pre 1: E(x) post 1: S(x, y) post 2: R(X, z)
{..}

B tene FI/IHCp(I)y'HKI_II/II/I KaXXJ10€ IIpHCBaBaHue € = true 3ameneno OIICpaTopoOM IICpexoaa #1, a

e = false — na #2. Memxu 1 u 2 — nononHUTENBHBIE TTAPAMETPBI, ONPEICISIONIHE IBA PA3THYHBIX

8b1X00a TUTIEPPYHKIIUH.
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Cneyuguxayust 2unepgynkyuu COCTOUT W3 JBYX dYacTell. YTBepkIacHue mocie “pre 1” ectsb
MIpe1ycIOBUE MEPBOIl BETBU; MPEyCIOBHE BTOPOI BETBU — OTPULIAHUE MPEIYCIOBUS IEPBOM BETBHU.
Vreepknenus nocie “post 17 u “post 2” ecrs mocrycioBus A NEPBOM W BTOPOU BETBEIA,
COOTBETCTBEHHO.

Anmnapar eunepgynxyuii siBisercsi 0ojee oOMMM M THOKMM IO CPaBHEHUIO C H3BECTHBIM
MEXaHU3MOM O0paOOTKM HWCKIIOYCHUH, Hampumep, B TaKuX s3bIKax, kKak Java u C++.
TpaguiuoHnHble MNOAXOABI B pealu3alud O0O0paOOTKH aBapUWHBIX CUTyallMd MpearnoyararoT
3aBeJICHUE JOTIOJIHUTEIbHBIX CTPYKTYP, YCIOXKHSIIOMMX MIPOrpaMMy. DTOT0 yAaeTcss U30ekaTh Mpu
UCIONIb30BaHUU runepPyHknuid. Mcnonp3oBanue runep@yHKIUN JeTaeT Hporpammy Kopode,

6BICTpee H IIPOoIIC AJId IOHUMaHM.
3. Tpancopmanus nporpaMMbl NepeBoa CTPOKH B 1eJI0€ YHUCII0

3.1. Onucanue NporpaMmbl

Oynknus kstrtoull mepeBogut menoe wmcno, mpencraBIeHHOE CTPOKOM, B 3HAYCHHE THUIIA
unsigned long long, to ects HeoTpuuaTensHOe (O€33HAKOBOE) LIENOE MAKCUMAIBLHOIO pasMepa.
Crpoka B s3bike CH — MOCIEIOBATEIBHOCTD JIUTEP, 3aBEPIIAIONIAsACS HYJICBBHIM GATOM, TO €CTh
murepoir \Q'. Crpoka — nepsbiii apryment ¢yuxuuu Kstrtoull. Bropoit apryment — ocnoBanue
uncna B ctpoke (8,10,16) wiu 0; B ciywae Hyist OCHOBaHHE YHCIIA JOJHKHO OBITH OMPEICICHO IO
CHHTaKCHYECKOMY TMPEJICTABICHUIO YMCIIa BO BXOJHOW CcTpoke. TpeTuii apryMeHT — ykasareib Ha
MEPEMEHHYIO, B KOTOPYIO 3alMCHIBACTCS 3HAYEHHWE 4KCiia. Bo3Bpaiaemoe 3HadeHHe (YHKIIUH
kstrtoull — ko0 3asepuenus:

e 0 — HOpManbHOE 3aBepICHHE C BHIYUCICHHBIM 3HAYCHUEM 10 TPETHEMY apTyMEHTY;
e -EINVAL — cunTakcuueckas onmoOKa B TPEICTABICHUH YHCIIA;
e -ERANGE - 3nauenue yncna He nomeraercs B tin Unsigned long long.

@ynknus kstrtoull BemeBaer ¢ynkunuro _kstrtoull, koropas namee BbI3BIBacT QyHKIMH
_parse_integer u _parse_integer_fixup_radiX. Bo Bcex 3Tux (QyHKIUIX MEPBBIA mapamerp S —
yKasatenb Ha MaccuB OaiitoB (tuma char), mpeacraBnsrommii mocnenoBaTeNbHOCTD JIHTEDP
BXOJIHOM cTpoKH. Bropoii mapamerp base — ocuosanue uncna: 8, 10 wim 16, mu6o 0.

B coorBerctBun ¢ mpaswiamu sizeika Cu B ¢yukuum Kstrtoull ucnomssyercst cnemyromee
NPEICTABIICHHE [[EJIOTO YKCIIA B BUJIE CTPOKHU JIUTEP:

+ <OCHOBaHHE yHCIa> <IIOCICIOBATCIBHOCTH L[I/Iq)p> '\n' '\0'
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3neck murepa \0' — HyneBoit Gaiir, 3aBepuraronuii cTpoky. Jlurepa '\n' onpemenser nepexon
Ha CJIEAYIOUIYIO CTPOKY. 3HaK 4Kclia «+», OCHOBAHUE YMCIIA M JuTepa '\N' MOI'yT OTCYTCTBOBAThH B

CTPOKOBOM IIPCACTABJICHHUHN YUCJIA.

Hwxe mpuBeneH koa Bcex (YHKIUN TPOrpaMMBbI MOCIIE MPHUBEACHUS K HOPMAIBHOMY BHIY
ycaoBuil B ycloBHBIX onepatopax u nukie While. Mcxonuslii kox 1 €ro onucaHue HaxomsaTcs Ha

caitre: https://elixir.bootlin.com/linux/latest/source/lib/kstrtox.c.

@Oyukuus _parse_integer_fixup_radix Belumciser ocHoBaHWe uuciaa B Cydae, Korja
HCXOJIHOE 3HaUEHUE napameTpa base pasuo Hy:o. B manHoit Gpyukimu napamerp base seictymaer
KaK aprymMeHT u pesyiapraT. IlosTromy oH mnpeacrasineH ykaszarenem. Kpome Ttoro, i
[ICCTHA/IIIATCPUYHOTO YHCIa B MacCHBe S mpomyckaercs komOuHamust «0X». Pesymbratom
(GyHKINU SBISIETCS MPOJIBUHYTHIN yKa3aTesb 110 CTPOKE S, KOTOPBIA JOJDKEH YKa3bIBaTh HA IEPBYIO

uudpy yncna.

OTMeTHM, 4YTO B COOTBETCTBHU C TpaBWwiaMu s3bika CH MIECTHAAIATCPUIHOE YHUCIIO
HaunHaeTcs KomOuHared nutep «0X». Jlamee, BOCbMEpHUYHOE YHCIO HAYMHACTCS C HYJICBOM
upel. B ocTambHBIX CITydasx YUCIO CYUTACTCS JICCATUIHBIM.

const char *_parse_integer_fixup_radix(const char *s, unsigned int *base)

{
if (*base == 0) {

if (s[0] =="0"){
if (_tolower(s[1]) == X' && isxdigit(s[2]))
*base = 16;
else
*base = 8;
} else
*base = 10;
by
if (*base == 16 && s[0] == "'0' && _tolower(s[1]) == 'X')
S +=2;
returns;

®ynukius _tolower npeobpasyer 3arnaBHble OYKBBI K HUKHEMY PETUCTPY, COXPAHSS 3HAUCHUS
ocraneHbx Jsurep. Dynkius isxdigit mposepsieT, sBIAETCS M JMTEpa IIECTHAIIATEPHUHOM
nudpoi.

Harnee kox ¢hyHkuuu _parse_integer. OHa BBIYKCIACT COOCTBEHHO 3HAYEHHE IEJIOT0 YHCIIa
0 OCJIEI0BATENBHOCTH IU(P B CTPOKE MO yKazartenro S. [Tapamerp base — ocHoBanue umcina: 8,
10 wim 16. BerunciieHHOE 3HaYEHHUE [EIOTO YKCiIa 3alTUCHIBACTCS B IIEPEMEHHOM M0 yKas3aTeto P,

TpeTbeMy mnapamerpy GyHkuuu. Bo3Bpamaemslii pesynbraT (GYHKOUM — 4uciao  1udp,
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COCTaBJISIFONIUX MCXOJIHOE YHMCIO M 00paboTaHHBIX (pyHKIMEH. B ciydae mepemonaHeHus, Koraa
BeIUMCIIsIEMOe 3HaueHue Oonbine MakcumaibHoro snauenus ULLONG_MAX, B BosBpamaemsrii
pesynbrar  (ynkuupu  gobasimsercs  outr  KSTRTOX_OVERFLOW (B 31  paspsze),
CUTHAJTM3UPYIOIIUHI O EPENOTHEHHUH.

unsigned int _parse_integer(const char *s, unsigned int base, unsigned long long *p)

{
unsigned long long res;
unsigned int rv;
res = 0;
rv=0;
while (true) {
unsigned int c = *s;
unsigned int Ic = ¢ | 0x20; /* don't tolower() this line */
unsigned int val;
if ('0' <=c&&c<="9"
val =c-'0%
else if ('a' <= Ic && Ic <='f")
val = Ic-'a' + 10;
else
break;
if (val >= base)
break;
if (res & (~0ull << 60)) {
if (res > div_u64(ULLONG_MAX - val, base))
rv |= KSTRTOX_OVERFLOW;
by
res = res * base + val;
rv++;
S++;
by
*p = res;
return rv;
b

Koucrpykuust € | 0x20 skeuBanentna seizoBy _tolower(c). ®ynkuus div_ub4 peanusyer
[EJIOYMCICHHOe JejieHre. Ha KaxIoM [iare NuKIa BBIYUACICHUS 3HAYCHHsS LIEJIOr0 YHCia
IIPOBOAUTCS KOHTPOJIb MEPCIOJHCHUSA OYCPCAHOIO 3HAYCHMS 3a T'PAaHHUIbI THIIA unsigned Iong
long. ®axr nepenonnenus ukcupyercs outom KSTRTOX_OVERFLOW B pesynbrate QyHKINU.
OJHaKko caMO BBIYKCIICHHE 3HAYCHHs HE IMPEKpallaeTcs, MOCKOJIbKY MPEPhIBAHUE MPU 3TOM HE
reHepupyercs. BprumncieHne, KOHeYHO, OymeT HeBepHbIM. L[k mpomoimkaeTcs 10 TOJHOTO
ucuepnanus Habopa mudp. Buammo, mpeciemayercs OdYeBHAHAS I€Tb — OTCKAHUPOBATH BCIO

OCICI0BAaTCIbHOCTD I_[I/I(I)p HC U3MCHSI IPOTpaMMy.
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Hwxke npusenen xox ¢yukuum _kstrtoull, peamusyromieit BbIUMCIEHHE 1I€70T0 4HMCIa,
NPEJICTABICHHOTO OCHOBaHUEM YHnclia ¥ HabopoM nudp. B ee Tese BBI3BIBAIOTCS JBE MPEABIIYIIIE
dyuxuu _parse_integer_fixup_radix, Beruucisiomee ocHOBaHKE, KOTOPOE JaJIEe UCIIOIb3YETCSA
B BBI30BE _parse_integer mis moiydeHus 3HaueHUs 4ucia. JlanpHeimme NeHCTBUS Peau3yroT
KOHTPOJIb BO3MOKHBIX OIIMOOK B IIPEACTABICHUM YHUC/IA. BBIYHMCICHHOE 3HAUCHUE YHMCIIA
3aIMCHIBAETCS B IEPEMEHHYIO TI0 YKa3aTello reS, TpeTheMy mapaMeTpy GpyHKuuu. Bo3spaiaeMbim
pe3yabraToM (YHKIMHU siBisieTcss Kon 3aBepiieHus: 0 — HopmanbHOe 3aBepiueHne 6e3 OmMOOK,
-EINVAL — cunrakcuyeckas ommOka B mpexacraBieHuu uncia, -ERANGE — uymcno cnumkom
JIMHHOE U He moMmeniaeTcs B tin Unsigned long long.

static int _kstrtoull(const char *s, unsigned int base, unsigned long long *res)
{
unsigned long long _res;
unsigned int rv;
s = _parse_integer_fixup_radix(s, &base);
rv = _parse_integer(s, base, &_res);
if (rv & KSTRTOX_OVERFLOW)
return -ERANGE;
if (rv ==0)
return -EINVAL;
S +=rv;
if (*s =="\n")
S++;
if (*s !="0"
return -EINVAL;
*res = _res;
return 0;

Janee xon rmasHoit ¢ynknuu Kstrtoull. Ona Bbrumcnsier 3HadYeHwe IENOro YMCIa MO €ro
CTPOKOBOMY TPEJICTABICHUIO B mapamerpe S. Bropoit mapamerp base — ocnoBanue uncna: 8, 10
win 16, mu6o 0, korma OcCHOBaHWE 4YHCNA JOJDKHO OBITH OINMPEACIEHO 10 CHHTAKCHYECKOMY
NPEJCTAaBICHUIO YMCIa BO BXOJHOW cTpoke. TpeTwil mapamerp (QyHKUMU F€S — yKas3aTenb Ha
MEPEMEHHYI0, KyJla 3alMiChIBa€TCsl BHIYMCIEHHOE 3HaueHHe uucia. BosBpaiaeMbIM pe3ynbTaTomM
(GYHKIUY SIBIISIETCS KOJ| 3aBEPILLIEHUSI.

int kstrtoull(const char *s, unsigned int base, unsigned long long *res)
{
if (s[0] =="+)
S++;
return _kstrtoull(s, base, res);
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3.2. YcrpaHeHnue yka3areJieit

Jlist  ynpolueHust JeQyKTUBHOM Bepudukanuu nporpamma Kstrtoull tpanchopmupyercs B
SKBUBAICHTHYIO TPEAUKATHYIO Tporpammy. Ha mepBom srtame TpaHChOpMamuili yCTPaHSIOTCS
ykaszarenu. Onepanyy ¢ yKasaTeIsiMU 3aMEHSIOTCS SKBUBAICHTHBIME JIeHCTBUsIME 0€3 yKas3aTelen.
Ycerpanenue ykasarenen CyleCTBEHHO YIIPOILIAeT IIporpamMmmy.

B nporpamme kstrtoull ucmonbsyrorcs ykasarenu Ha CTPOKOBbIE MAacCHBBI M yKa3arejd Ha
nepeMeHHbie. [ HUX NPUMEHSIOTCS pasHble BUABI TpaHchopMmarmii. TpaHcopMaluun MOTYT
OBITh TIPUMEHEHBI TIPU COOJIOJCHUM YCIIOBHIA, MPOBEPSIEMBIX C HCIOJIB30BAHUEM CIEHATBHOTO

IIOTOKOBOI'O aHAJIM3a IPOrpaMMbl.
3.2.1. Tpanchopmauus npeacTaBjaeHus pe3yJibTaTOB GyHKIHH

B s3pike Cu Besikasgs QyHKIUS MOXKET UMETh €JMHCTBEHHBIH PE3YNIbTaT, KOTOPBIA MepenaeTcs
orepatopom return B tene Gpynakmuu. [pyroit pe3ynbrar, €clii TaKOH UMEETCsI, peaTu3yeTcs yepe3
napaMmeTp-ykasaTelb NMPUCBAUBAHUEM IEPEMEHHON, Ha KOTOPYIO CCHUIAETCS JAHHBIA yKa3aTellb.
Opna w3 mOpUMEHseMbIX TpaHChOpMalMii — 3aMeHa pe3ylbTaToB (YHKUIUU napamempamu-
pesyibmamamu B CTWJIE sA3bIKa MpeaUKaTHOro mporpammupoBanusi P [2]. OcHoBHOU pe3yibTar,
nepeaaBaeMelii oreparopoM FetUrn, u apyrue I0MOIHUTENBHBIC PE3yJIbTAThl MOMEUIAKTCS TOCIe
pa3aenuTens «:» BO BTOPOIl CEKIMH MapaMeTpOB.

Juns pesynbrata (yHKIMH, TepenaBaeMoro omneparopom Feturn, BBomuTcs uMs mapamerpa.
Hanpumep, s xoma 3aBepiieHusi BBOIUTCS uMs Fep. Peanmsyercs TpaHchopMmaiius 3aMeHbI
oreparopa return onepatopoM npucBauBaHHs MapamMeTpy, HAPUMEP:

return0 — rep =0
HoBas nepemenHast BBoguTcsi He Bcerga. MHorna ucnonb3yeTcs JOKallbHas epeMeHHas, KOTopast
CTaHOBHTCS NTApaMETPOM-PE3yJIbTaTOM, a oreparop Feturn ycrpansercs: U3 mporpaMMBbi.
[Ipy HamuuuM NABYX pe3ynbTaToB (DYHKLUMHU IpHCBaUBaHUE pe3yibTaTaM BbI30Ba (DYHKIMU

MPEJICTABIISIETCA B BUJIE ONIepaTopa MyIbTH-TIpHCBAaNBaHU:
|resl, res2| = UMs pyHKUMKU(BXOAHbIE NApaMeTpbl)

3.2.2. Tpancdopmanuu onepanuii ¢ yka3areJsiMi Ha nepeMeHHbIe
[TapameTrp-yka3aTenp, HCIONb3YEMbIN I IPUCBAWBAHUSA IEPEMEHHOM, IONOJHUTEIBHOMY
pe3yabTaty (yHKUMHU, NMpH TpaHcHOpMAIMM 3aMEHSATCS MapaMEeTPOM-PE3ylIbTaTOM C HPSIMBIM
JOCTYIIOM, HE 4Yepe3 ykaszarenb. J[Jis pa3inuyHbIX BXOXKIACHUW TapaMeTpOB-yKa3zaTelell B Tele

(GYHKIMH TPUMEHSIFOTCS CIIEAYIOMNe TpaHChopMaIuu:
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*p—p
*base — base
*res — res

& res - _res
&base — base

Ecnu mepeMeHHasi, TOCTyIHAs IO MapaMeTpy-yKaszaTelnto, Moauduuupyercss B Teie QyHKIUH,
TO B TpaHCOPMHUPOBAHHON TpOTrpamMMme Takas mepeMeHHas OyaeT HaXOAWTHhCS OJHOBPEMEHHO B

COCTaBC apryMCHTOB U PE3YJIbTAaTOB.

3.2.3. Tpancdopmanum onepanuii ¢ yka3arejsiMi Ha MAaCCUBBI

Tun ykazarens char * samensiercs Tunom maccuBa:

char * — array(char, nat)

BMmecto ykazatenss S B TpaHCOPMHPOBAHHOW IPOrpaMME HCIIOJIL3YETCS MAacCHB S H
nepeMeHHass jS — HMHIEKC B MaccuBe S. 3HaueHHE HHICKCa JS B MacCMBE S B TOYHOCTH
COOTBETCTBYET MO3UIMH YKa3aTess S B HICXOAHOM nmporpamme Ha sizbike CH.

Onpenenum TpaHcGopMaIuu s pa3TUYHbIX BXOXKICHUHN S B HCXOIHOM MTporpaMMe:

*s — s[js]

S++ — js++

S+=2—>js+=2

s[0] — s[js]

S[1] — s[js+1]

_kstrtouli(s, ...) — _kstrtoull(s, js, ...)

IlepBbiii mapamerp Bcex (QYHKUUN — CTpoKy S Oyner ynoOHee ONpeneauTh INI0OaNbHOM
NepeMeHHONl B TpaHcopmupoBaHHOW mporpamme. C ydeToM STOr0 BbI30B  (PYHKIHH

npeobpasyercs k suay _kstrtoull(js, ...).

3.2.4. llporpamMma nocJie ycTpaHeHusl yka3areJeii

Jns ynpoiienus BepupuKaluy M0Je3H0 BBIHECTH KOHCTAHTHBIE ITapaMeTphl (PyHKIINN B COCTaB
ro0anbHBIX MepeMeHHbIX. OnpeaenuM rno0aabHbIH MacCcuB S.
array(char, nat) s;

[lpu sTom mnepemeHHas |S ocraercs mapameTpoM. Ee Ttum — Size_t, cooTBeTcTBYyrOIIMiA
azpecyeMon naMsTH.

B o¢yuxuun _parse_integer_fixup_radix mapamerp base wucnonssyercst u mpucBanBaercs.
[TosToMy OH MOMEIAETCS TaKKe CpPelu pe3yiabpTaroB. Bxoxmenust *base Besme 3amenstorcs na
base. Oneparop return s ycrpansercs, a o0pa3 S, T.. MaCCUB S W HHJIEKC |S, HAJ0 OBLIO ObI
MMOMECTUTH Cpeu pe3yabTaToB GyHKIHH. OTHAKO MACCUB S — II00ANBHBIN, TOATOMY B PE3yIbTaThI

IOMECIIACTCA TOJIBKO jS.
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_parse_integer_fixup_radix(size_t js, unsigned int base : unsigned int base, size_t js)

{

if (base == 0) {
if (s[is] =='0"){
if (_tolower(s[js+1]) == 'x' && isxdigit(s[js+2]))
base = 16;
else
base = 8;
} else
base = 10;
by
if (base == 16 && s[js] == '0' && _tolower(s[js+1]) == 'X')
js += 2;

}

_parse_integer(size_t js, unsigned int base : unsigned long long p, unsigned int rv)
{
unsigned long long res;
res=0; rv=0;
while (true) {
unsigned int c = s[js];
unsigned int Ic = ¢ | 0x20; /* don't tolower() this line */
unsigned int val;
if ((0'<=c&&c<="9)
val =c-'0"
elseif ('a' <=Ilc && lc <='f")
val =lIc-"a" + 10;
else
break;
if (val >= base)
break;
if (res & (~0ull << 60)) {
if (res > div_u64(ULLONG_MAX - val, base))
rv |= KSTRTOX_OVERFLOW;

by
res = res * base + val;
rv++;
js++;
by
p = res;

Beimie mpencraBnena ¢ynkuus _parse_integer mocie Tpanchopmanuu. Ilepemennas P
CTaHOBMTCS pesyibraroM (yHkuuu. Omeparop *p = reS 3amenserca Ha P = res. Oneparop

return rv ycrpansercs. JlokanbHas MepeMeHHass IV CTAaHOBHUTCS IapaMEeTPOM-pPE3yIbTaTOM

GbyHKIHN.
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Humwke xom o¢ymkuum _kstrtoull mnocrne tpanchopmanuu. Ilepemennass reS craHOBHTCS
pesynbratom  ¢GyHKIMU. Oneparop *res = _reS 3amensiercs Ha reS = _res. Baogurcs
MepeMEHHas-pe3yabTaT FeP Uis KoJa 3aBeplIeHHs, BoO3BpamiaeMoro ormeparopoM return.
Omeparop return 0 samensiercs npucauBanmem rep = 0. Omeparop return -ERANGE
3aMEHSICTCSI (bparmenTOM {rep = -ERANGE; return}. [TockobKy byHKIN
_parse_integer_fixup_radix u _parse_integer wumeror aBa pesyibTara, NPUCBaMBAHHE
PE3YJIbTAaTOB BBI30BOB PEATHM3YETCSl ONIEPATOPOM MYJIbTH-IIPUCBAUBAHUSL.

_kstrtoull(size_t js, unsigned int base : unsigned long long res, int rep)
{

unsigned long long _res;

unsigned int rv;

|base, js| = _parse_integer_fixup_radix(js, base);

|_res, rv | = _parse_integer(js, base);

if (rv & KSTRTOX_OVERFLOW)

{rep = -ERANGE; return}

if (rv ==0)

{rep = -EINVAL,; return}
s +=rv;
if (s[js] == "\n’)

js++;

if (s[js] !'= zero)

{rep = -EINVAL,; return}
res = _res;
rep = 0;

Tpaucpopmarust rnaBoit Gyukiun Kstrtoull BBoauT mepemennsie-pesynbTaThl reS u rep.
[TapameTp-yKasarelib S 3aMeHseTCs TIIO0AIbHBIM MAacCHBOM S M JIOKQJIbHON IMEPEMEHHOW —
UHIEKCOM |S ¢ HavanbHOM muunuanuen Size_t js =0. Bxoxnenue S[0] 3amensercs na s[js+0],
pasnoe S[0].

kstrtoull(unsigned int base : unsigned long long res, int rep)
{ size_t js =0;
if (s[0] =="+")
js++;
|res, rep| = _kstrtoull(js, base);

¥

Pacro3naBaHue TOTo, 4YTO IIapaMeTp-yKasaTedb S MOJACTaBJISETCS apryMEHTOM B BBI30BE
_kstrtoull, a res noxcrasnsieTcst pe3ysabTaToM, peanu3yercs OTOKOBBIM aHAJIW30M Tejla (pyHKIHHU

_kstrtoull.
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3.3. Tpanchopmanuu B NpeIHKATHYI0 IPOrpamMMy

[Iporpamma mocie ycTpaHeHUs yKazaTelel IepeBOUTCS B IPEANKAaTHYIO porpammy. LIukist
3aMEHSAIOTCSl PEKYpPCUBHBIMH TporpamMMamu. Hekortopele ¢parMeHTsl mporpammbsl 0(hOpMIISIOTCS
runepyHKIUSIMH.

[TpeoOpa3yeM umeHa TUIIOB:

type = nat32 = 0..2*%*32 — 1; // unsigned int;
type = nat64 = 0..2**64 — 1; // unsigned long long;
type = size_t = nat64;

Onpenenum r100aTbHBIN MacCUB S.

array(char, nat) s;
W3 mporpammbl _parse_integer BeiHeceM (parMEHT BBIYMCICHUS 3HAYCHHS OYEPEIHOM

UQPHI.

digitVal(nat32 c : nat32 val : #notDigit){
nat32 Ic = c | 0x20; /* don't tolower() this line */
if ('0' <=c&&c<="9"
val =c-'0%
else if ('a' <= Ic && Ic <='f")
val =Ic-'a' + 10;
else
#notDigit
if (val >= base)
#notDigit

I[Tepsas BetBb runepdynkuuu digitVal cootercTByeT HOpMaTbHOMY 3aBEPIICHHIO TPOTPAMMBI
C BBIUMCIIEHHEM 3HaueHus Val s uudpst C. Beixox #notDigit mo Bropoit BeTBH runepdyHKimn
COOTBETCTBYET CiIy4aro, Korja jurtepa C — He udpa.

B mporpamme _parse_integer szamenum 1mkn While pekypcusnoii mporpammoii. Ee
JOTIOTHUTEIIPHBIME apPIyMEHTAMH CTAHOBSITCSl MEpEeMEHHbIC JS, €S U IV, Momu(uIpyeMbie B

UKIIE.

parselnt (size_t js, nat64 res, nat32 rv, base : nat64 res, nat32 rv)
{
digitval(s[js] : nat32 val : return);
if (res & (~0ull << 60)) {
if (res > div_u64(ULLONG_MAX - val, base))
rv |= KSTRTOX_OVERFLOW;
b

parselnt (js+1, res * base + val, rv+1, base : res, rv)
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OTMmeTuM, 4TO THIT IEPEMEHHOH ]S onpeelnieH Kak Size_t, copasmMepHO mamMsiTu, TOCTYITHON O
HCXOJHOMY yKa3aTeiro S.
ITporpamma _parse_integer npeobpasyercst K BUAY:

_parse_integer(size_t js, nat32 base : nat64 p, nat32 rv)

{

parselnt(js, 0, 0, base: nat64 res, rv);
p = res;

ITporpamma _parse_integer_fixup_radix ocraercs 6e3 n3meneHuii.

_parse_integer_fixup_radix(size_t js, nat32 base : nat32 base, size_t js)

{

if (base == 0) {
if (s[js] =="'0") {
if (_tolower(s[js+1]) == 'x' && isxdigit(s[js+2]))
base = 16;
else
base = 8;
} else
base = 10;
by
if (base == 16 && s[js] == '0' && _tolower(s[js+1]) == 'X')
js +=2;

[porpammer kstrtoull u _kstrtoull 3amensitorest runepdyrkimsamu ¢ Tpemst BetBsimu. [lepBast
BETBb TUMEPOYHKIMH COOTBETCTBYET HOPMATbHOMY 3aBEPIICHUIO C BBHIUMCICHHEM 3HA4YeHHs [ES
A7t menoro uucna. Bropast BeTBb 3aBepinaercs Beixogom #ERange B cimyuae Bhixoma 3HaueHUSI
KOHCTaHTBI 3a mpenenbl Ttuma Naté4. Tpersst BeTBb 3aBepiraercs BhixomoM #ESint mpu
OOHAPYKEHNH CHHTAKCHMYECKOM ONIMOKHM B IPEJICTABIEHUH YUCIA. YCTpaHSETCs NepeMeHHas -

pe3yabTaT — KoJ 3aBepuicHus Fep.
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_kstrtoull(size_t js, nat32 base : nat64 res #Valid : #ERange : #ESint)
{

naté4 _res;
nat32 rv;
|base, js| = _parse_integer_fixup_radix(js, base);
|_res, rv | = _parse_integer(js, base);
if (rv & KSTRTOX_OVERFLOW)
#ERange
if (v ==0)
#ESint
is +=rv;
if (s[js] =="\n")
js++;
if (s[js] != zero)
#ESint
res = _res;
#Valid
by

kstrtoull(nat32 base : nat64 res #Valid : #ERange : #ESint)
{ size_t js =0;
if (s[js] =="+")
js++;
_kstrtoull(js, base: res #Valid: #ERange : #ESint);

4, Cneunuxanus nNpeIuKaTHOH NPOrpaMMbl

[TonHass mpenukaTHas mporpamma IMpejacTaBieHa Bbllle HabopoM ¢yHkIMH. Crnenudukanms
IIPOrpaMMBbI COJIEPKUT MPETyCIOBHUE U MOCTYCIOBHE IS KaXJI0W (QyHKIIMH.

Jns ympomieHuss Bepu(pHUKANIWK W3 TPEIUKATHOW IMPOrpaMMbl B MaKCUMAaJbHOW CTETeHU
HKCTparupoBaHa €€ KOHCTAHTHAas YacTh, OTpa)Kalolllas BHYTPEHHHUE COCTOSIHMSI HCIOJIHSEMOMN
nporpaMMbl. [Ipy BBIHECEHMHM KOHCTAaHTHOM 4YacTH TpeAMKaTHas MporpaMMa MOJBEpIiIach
CyllecTBeHHOM Moaupukanuu. bonbmias 9acTe apryMeHTOB IpOrpaMM CTajld TJ100aJbHBIMU
MEPEMEHHBIMH. JKCTPardpOBaHHAs YaCTh ONPEACISET MOJENb mporpaMmMel, cM. Puc. 1. Otmernm,
YTO B MpPEAbIAYIIMHA penau3 JAeIyKTUBHOW Bepudukanuu Oa3upoBajicsi Ha OOBIYHOM CTHIIE
cneun(puKanuy mporpaMMmbsl 06e3 Mozenu. JlokazaTenbCTBO (GOPMYNT KOPPEKTHOCTH B CHUCTEME
Why3[18] oka3zaioch rpOMO3JIKUM H TPYIOCMKHM.

[Tocnenyronue W3MEHEHHUs, pEalM30BAHHbIE NpPU JI0Ka3aTelnbCTBE (OPMYN KOPPEKTHOCTH, B
cienu (KA U TeHepaui popMys KOPPEKTHOCTH OTMEUEHBI JAPYTHMMH I[BeTaMu. Pa3Hble 1BeTa

COOTBCTCTBYIOT Pa3HbIM CCPUSAM H3MEHEHUH.
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4.1. bazucHada 4acTh

Moygens nporpammel onpenensercs Habopom nepemennsix jSO, ks, n, sL, resN u akcuowm,
OnpeeNAoNMX UX cBoicTBa. Ilepemennas jSO ompemenser MO3MLKUIO IOCIE BO3MOXKHOIO + B
Hayajge CTPOKOBOIO MPEACTABIEHUS 4YHcia, KS ompeneiseT MO3MIMIO IEPBOM LU(PHI mocie
BO3MOXXHOTO pajiekca, 3amaroniero ocHoBanue uwucia (8,10,16); N duxcupyer mo3ummio mocie

nocieanei udpsl; SL onpenensier mozunuio nocheanei Hynaesoi surepst \0’; resN — 3Hayenue

qHCTa.
+ OCHOBaHHE YhCIia uudpsl yncia \n' "\0" base0
jsoO ks n sL base
resN

Puc. 1. Moaens nporpammsbl

Bynem cuurath, yro B Tune Char wer BepxHero perumcrpa i OyKB, 4YTO JOCTHraeTCs
npuMeHenreM ¢yukuuu _tolower. Kak cinencreue, He paccmarpuBaeTcs jurepa ‘X' M OIyCKaroTCs

BBI30BHI (hyHKIMHU tOlower B mporpamme. BBeneM KOHCTAHTSI:

char zero = \0’, nul = '0’, nl = ™\n"”, iks = "x”, plu="+";
[TapameTp base OIpeACIIACT CUCTEMY CUMCIICHUS.

formula isBase(nat base) = base = 8 or base = 10 or base = 16;

type arCh = array(char, nat);

arCh s; (*maccus murep S — cOOTBETCTBYET BXOAHOM cTpoke pynkimu Kstrtoull *)
nat sL; (* ungexc mocieaHei TUTEPH HCXOAHON CTPOKH S*)

axiom ALnat: sL >= 0;

axiom ALs: s[sL] = zero;

nat base0; (*nauanbHoe 3HaueHue Broporo aprymenta kstrtoull *)

axiom AbQ: base0 = 0 or isBase(base0);

Nunekc nocie mroca:

nat jsO = if s[0] = plu then 1 else 0;
formula radix(nat j, k, base) =
(if base0=0 then
(if s[j] = ‘0" then (if s[j+1]="%x" then base = 16 else base =8)
else base =10)
else base = base0)
&
(if base=16 & s[j] = '0’ & s[j+1="X’' then k=j+2 else k=j);
nat ks; (* unnexc HayanbHO# HUPHI B HCXOHOU cTpOKe S *)
nat base; (*urorosoe *)
axiom Kse: radix(js0, ks, base);
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Takum o6pasom, basel onpesenser HavaTbHOE 3HAYECHUE UCXOHOTO TIapaMeTpa, a base — ero
3HaueHKe Nociie Be3oBa _parse_integer_fixup_radix.
[udpsr kak moamuoxectso tuna char onpenenstorest ornomennem digit:

formula digitB(char ¢, nat base, valD);
axiom Adig: forall char ¢, nat base, valD. isBase(base) =
( 220<=c<220+base <-> digitB(c, base, valD) /\ ¢ = valD + 220)

Her nHeoOxoaumocTH ompeaensTh NeTajbHO, Kak MO IU(pe NOoIy4aeTcss ee 3HadYeHHue.
JloCTaTOYHO HCIIONIB30BaTh JTAHHYIO aKCUOMY. 311€Ch IPEIOJIAaraercs, YTo LIECTHAALATEpUUYHbIE
uu@psl CIEAYIOT HEMOCPEACTBEHHO 3a JACCSITUYHBIMHU, YTO B JEUCTBUTEIBHOCTH HE TaK. IJTO
YIPOIIEHHE MOJIE3HO IS I0Ka3aTeNbCTBA (OPMYIT KOPPEKTHOCTH.

formula digit(char ¢, nat valD) = digitB(c, base, valD);
formula isDigit(char c) = dnat valD. digit(c, valD);
formula isDigit16(char c) = 3dnat valD. digitB(c, 16, valD);

®opmyna digit onpenenser mmdppy B cHcTEME CUMCIEHHS, ONPEICISEMON TII00AIBHON
nepeMeHHoi base.
®opmyna endNum omnpeenser MHAEKC JTUTEPHI TTOCIIE TIOCIEA0BATEILHOCTH IUMP.

formula endNum(nat n) = n >= ks & —isDigit(s[n]) & Vj=ks..n-1. isDigit(s[j]);
nat n; (* unnexc 3a nocnenuneii nudpoi B crpoke S*)
axiom Anu: endNum(n);

formula nhumRes(nat k, m, nat res0, res) =
if (k=m) res = res0
else Jval. digit(s[k], val) & numRes(k+1, resO * base + val, res);
q)OpMYJ'Ia numRes BBIUHCIAET 3HA4YEeHWE 4YHciaa FeS 1o ocTaBIIENCH IIOCJICA0BATCIIBHOCTHU
uudp B BBIPE3KE S[k . m] B IIPEAIIOJIIOKEHUH, YTO res0 — 3Hayenue yucna IO MpeabIAYyIIen
IIOCIICI0BATCIIBHOCTH III/I(l)p OTMeTI/IM, qTo JaHHOC PEKYPCUBHOC OIpECACIICHUC HC
BOCIIPUHUMACTCA B Why3 BMmecTo Hero NpUIIJIOCh HUCIIOJIB30BaTh HHAYKTHUBHOC OIPCACICHUC,

KOTOPOC 3aTEM ABAKIbI ITOABECPrajIOCh MOI[I/I(I)I/IKaI_II/II/I.

formula number(nat res) = numRes(ks, n, 0, res);

nat resN;

axiom Ares: number(resN);

formula afterNum() = ks<n & (s[n]= zero \/ s[n]=nl /\ s[h+1]= zero);

®opmyia afterNum moctynupyer, 4ro o MHAEKCY N HAXOMUTCs MO0 HYJIEBOM OaiT, KGO

HIEPEBOJI CTPOKH € MOCIEAYIONIUM HyJIeBbIM OaiitoM. YemoBue KS<Nn 3meck HeoOxommmo. OHO

100aBIE€HO TIO3Ke MPH IeAYKTUBHON BepU(UKAIIH.
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OnpeziesieHHasl BBIIE MOJENTb MPOTPaMMbl  (PAKTUUECKH TIPEJICTABISACT CHCIHATH3AINIO
BXOJIHBIX aprymeHToB base u jS ¢ ¢ukcanueil CBOMNCTB KaXI0W CIEHMAIN3ALHH, YTO IO3BOJISET

KapAMHAIBLHO YIPOCTHTH JTIOKA3aTeIhCTBO (DOPMYIT KOPPEKTHOCTH.

4.2. Cnenupukanus nporpammsl kstrtoull
[porpamma kstrtoull moguduuposana B cOOTBETCTBUH ¢ MOJENBI0. APIyMEHThI IIEPEHECEHBI
B IJ00ajJbHbIE IepeMEHHbIE. ApryMeHTHl HMcye3nu Takxke u B BbizoBe _Kstrtoull. Bxoxmenus

EpEeMEHHOM |S 3aMeHeHbI Ha |SO.

kstrtoull( : nat64 res #Valid : #ERange : #ESint)
pre Valid: pValid() pre ERange: pERange() pre ESint: pESint()
post Valid: gValid(res)
{ stize—tjs;
if (s[0] =="+") jsO = 1 else jsO =0;
_kstrtoull(js; base : res #Valid : #ERange : #ESint);

IIpu oTcyTrcTBUM apryMeHTOB HeT oOuiero mpenycioBus. Ho ectb mpeaycioBusi Mo BETBAM
runepdyukiun. [IpenycnoBue Tperbe BerBu ESINt namee ompemensiercss kak  momonHeHwue
IIPEyCIOBUI MEPBBIX JBYX BETBEH B paMKax OOLIEro MpeayCcioBusl.

nat max64 = 2**64 — 1; // = ULLONG_MAX
formula pValid() = isDigit(s[ks]) & afterNum() & resN <= max64;
formula pERange() = isDigit(s[ks]) & resN > max64;
lemma Lprel2: — (pValid() & pERange())
formula pESint() = not pValid() /\ not pERange();
lemma Lpre3: not (pValid() /\ pESint());
formula gValid(nat64 res) = isDigit(s[ks]) & res = resN
formula gkstrtoull(nat64 res, nate) =

(e = 0 -> pValid() /\ gVvalid(res)) /\

(e = 1 -> pERange()) /\

(e = 2 -> pESint());

[lpu nenykrusHoW Bepubukarmu rurnepdyukims Kstrtoull mpeobpasyercs B dynkimo ¢

JOTIONHUTENBHBIM pe3yibraroM €. Ilocrycmosue gkstrtoull sroit  ¢ynkumu cocransercs

yKa3aHHBIM 00pa30M U3 NOCTYCIOBUHN U MIPEIYCIOBUI BETBEH.

4.3. Cnenudukanust nporpammsel _kstrtoull

formula g_kstr(nat64 res, nat c) =
(c = 0 -> pValid() /\ gVvalid(res)) /\
(c = 1 -> pERange()) /\
(c = 2 -> pESint())
®opmyna (q_kstr onpenenser o6mee mnocrycnosue s runepdyaxuuu  _Kstrtoull.

Hpe,Z[y'CJIOBI/Iﬂ " NTOCTYCJIOBHA BETBEH HAaCJICAYIOTCA OT rJ1aBHOM HpOFpaMMBI-FI/IHep(IJYHKLII/II/I.
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_kstrtoull( : nat64 res #Valid : #ERange : #ESint)
pre Valid: pValid() pre ERange: pERange() pre ESint: pESint()
post Valid: gValid(res)

{
_parse_integer_fixup_radix( : base, ks);
_parse_integer( : naté4 _res, nat32 rv, bool of);
if (of) #ERange
else if (rv == 0) #ESint
else { size_tjs2 = ks + rv;
if (s[js2] == "\n") js3 = js2+1 else js3 = js2;
if (s[js3] !'= zero) #ESint
else {res = _res; #Valid }
by
b

[Tepemennast Of HCTUHHA B CITydae NEPENOTHEHHS [IPU BEIYUCIEHUN 3HAYECHHS YUCIIA.

4.4. Cnenupukanus nporpammsl _parse_integer_fixup_radix

_parse_integer_fixup_radix( : nat base, size_t js)
post radix(js0, js, base)

{
if (base0 == 0){
if (s[js0] =="0"){
if (s[js0+1]) == X' (*& isxdigit(s[js0+2])*)) base = 16
else base = 8;
} else base = 10;
¥
if (base == 16 & 5[js0] == "0' & 5[jsO0+1] == 'X') js= jsO + 2 else js = jsO;
b

Beizo  isxdigit(s[js0+2]) sBasercs wu30BITOUHEIM M OH yaaled. Ecim  He
mecTHaAarepuuHas nudpa, To base = 8 u nanee AUArHOCTUPYETCS CHHTAKCHYECKas OMIMOKA.
®dyuxuus _parse_integer_fixup_radix naxogurcs B uaTepdeiice monp3osarens 6ubnmmorekoit OC
Linux. Opnnako mogo0Hass OCOOEHHOCTh HUTJE HE OroBapuBaeTcsi. I[l03TOMY  BBI3OB
sxdigit(s[jsO+2]) me  saBusercs  HEOOXOAMMBIM M IS  HE3aBUCUMOIO  BhI30Ba
_parse_integer_fixup_radix.

formula isxdigit(char c: bool) = isDigit(c, 16);

4.5. Cnenudukanusi nporpamMmmsl _parse_integer
B nanHO# mporpamme Tpu OmMOKH. XOTS BHECEHBI OHM BIIOJHE CO3HATEIBHO C PacyeToM:
KpaiiHe MallOBEpOSITHO, YTO B PEATbHBIX MPHIOKEHHSAX KTO-TO OT HUX He moctpagaer. Twum
nepeMeHHas fV Bbimie ompezeneH kak Nat32. Ilpu nocTaTovyHO AJIMHHOW MOCIEIOBATEIBHOCTH
up 3HaueHue rV BeiigeT 3a rpanuiy tumna Nat32. Omeparop rv |= KSTRTOX_OVERFLOW

HCXOIHOM MporpaMmbl TakKKE BCTABJICH C paCuUCTOM HEAOCTUXKHUMOCTU 32-ro OuTa 3HAYEHUEM IV.
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[Ipu nenykTuBHON BepuUKAIIMU 3TH OMUOKA HEN30ekHO GUKcUpyroTcs. YToObI ATH OMUOKH HE
Mmemanu nposenenuio Bepudukanun, BMecto 6ura KSTRTOX_OVERFLOW BBenena nepemennast
of, perucrpupyromias nepenoyHeHHe UTOrOBOrO 3HaUCHUS Yrciia. THUI IepeMeHHOM 'V onpeereH
kak nat. IlepemonHeHue mpu BHIYUCICHUH IIEJIOT0 YHCIA XOTS M (PUKCHPYETCs, OJHAKO Jaliee
BBIUHCIICHHUE, TPHUBOJAIICE K TIEPENOTHEHUIO, BCE K€ 3a4eM-TO NPOU3BOAMWTCS. Bumumo, B
MIPEIIOJIOKCHUH, YTO OHO HE MPUBEIET K aBapUHHOMY 3aBEPIICHUIO UCTIOTHEHHS. BO3MOXKHO ayist
TOro, 4TroObl OTCKaHUPOBATh YHCIO JO0 KOHIA. OJHAKO ASTO HHIAE HE OroBOpeHO. YToOBI
Ky[IHpOBaTh JAHHYIO OMIMOKY TpH BepuHKANWW, I IEepeMeHHoi reS Bmecto Nat64
ucnones3yercs tumn hat.

formula gParse(nat64 p, nat rv, bool of) =

rv =n—ks & of = (p>max64) & ;

_parse_integer( : naté4 p, nat rv, bool of)
post gParse(p, rv, of)
{ parselnt(ks, 0, 0 : hat64 res, rv, of);

p = res;
b

IIposenena 3amena res & (~0ull << 60) ma res >= 2**60. Ilpu crporom moAXOMIE
SKBUBAJIEHTHOCTh TAKOW 3aMeHbl HEOOXOMUMO (POPMAIbHO JIOKA3bIBATh. 3aHATHE TO YTOMUTEILHOE U
neGnaronaproe. Brizos digitVal samenen na komnosuuuro if (isDigit(s[js], 16)) digit(s[js], 16, val).

formula pParselnt(size_t js, nat64 res, nat rv ) =
ks<=js<=n & (Vnat j=ks..js-1. isDigit(s[j])) &
numRes(ks, js, 0, res) & rv = js-ks ;
formula gParselnt(size_t js, nat64 res, res’, nat rv, rv/, of) =
numRes(js, n, res, res’) & rv' = rv + n —js & of = res’>max64;

parselnt (size_t js, nat64 res, nat rv : nat res’, nat rv/, bool of)
pre pParselnt(js, res, rv, of0) post gParselnt(js, res, res’, rv, rv, of) measure sL — js;

{  if (isDigit(s[js])) {

digit(s[js], val);
——natrest=res*base+val;
if (res >= 2**60 & res > (max64 — val) / base) else ;
parselnt (js+1, , v+1, : res’, rv/, of);
Yelse{res'=res || rv =rv || of }

5. IIponecc nenyKTHBHOM BepuuKauu

[To 3aBepmieHuto TmOCTpoeHMs crnenuduKanuu ObUla TPOBeACHA TeHepanus (opmyn
KOPPEKTHOCTH MPUMEHEHHEM cucTeMbl TipaBui [7]. Tloctpoenne hopmMya KOPPEKTHOCTH MOAPOOHO

AOKYMCHTUPOBAHO B HpI/IJ'IO)KCHI/II/I 3. q)OpMyJ'IBI KOPPEKTHOCTU BMECTE CO CHCI.[H(I)HK&I.IHGIZ
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coOpaHbl B Teopuu, mpezacraBieHHble B [Ipunoxenun 1. Teopuu ObulM TMepeBeleHbl HA S3BIK
crierudukanuii cucremsl Why3 [18].

Bepudurkanus B cucteme Why3 okazanach Tsokenol. EcTecTBEHHBIH M MPUBBIYHBIA CTHIIb
crenu(puKauyu UHOT/Ia IPUBOJUT K TPOMO3IKUM JI0Ka3aTeabcTBaAM (OpMYJ KOPPEKTHOCTH, KOTIa
JI0Ka3aTeJIbCTBO JIFOOOT0 MPOCTOr0 YTBEPkKACHUS TPeOyeT AMUTENbHON paboThl. UTOOB! yIIPpOCTUTH
Bepu(UKaLMIO, W3 TPEAUKATHOW TMPOrpaMMbl B MaKCHMAaJbHOH CTENEHU HKCTparupoBaHa ee
KOHCTAHTHAasl 4acTh B BHJI€ MOJENIH, onucaHHoM B pasza. 4.1, Puc. 1. ®daktuuecku mnpoBelieHa
ClCHUAIM3AIMs 110 apryMeHTaM base wu JS, 9ro MO3BOJWIIO YIPOCTHTH MPOrpaMmy
cnenuduKaIuio.

B mpouecce Bepudukanum mocieqoBaTeNbHO HCHPABISUIUCH OLIMOKM B crienU(UKAINH.
Tpwkabl mMoaubunupoBaiack mnporpamma parselnt. Ilpumensuncy pasHbie CIOCOObI 00x07a
omuOO0K, yKa3aHHBIX B pa3na. 4.5. KoHeuHble TEOpHH TO 3aBEpIICHHUIO Ipollecca BepuUKAIIUH
npenacrasieHsl B [punoxenun 2.

e memmbr NUEQ u NuNext, tpeOyromme mokasaTenbCTBa MO HHIYKIIMH, JOKa3aHbI C
MOMOIIIBIO anmapata Jiemma-GyHkiwi [17]. st 9Toro cTpouTcs BCIOMoOrateibHas MpeauKaTHast
nporpaMma, crenu@ukanus KOTOPOM COBMAgaeT ¢ MCXOIHOUW jemMmoi. [lokaxem 3Ty cTaBIIyrO
nonyJsipHO# TexHuKy Ha npumepe semmbl NUEQ.

lemma NuEq : forall k:int, m:int, res0:int, res:int, resi:int.
numRes k m res0 res /\ numRes k m res0O resl -> resl = res

Crpowutcs cnenyronias npeJuKaTHas IporpamMma.

NuEq(int k, m, res, res0, resl)
post numRes(k, m, res0, res) & numRes(k, m, res0, resl) = resl = res;
measure m

{ if(k=m){ } else { NuEq(k, m-1, res, res0, resl)} }

[Iporpamma He o0si3aHa ObITh MpaBWIbHOW. [109TOMY mMepBas BETBb YCIOBHOTO OIEepaTopa
nycras. IloctycnoBue 3mech B TouHocTH (opmyia semmbl NUEQ. Ilo manHO# mporpamme
TeHEepHUPYETCs caeayromas GopMyna KOPPEKTHOCTH:

RB5: k <> m & gNuEq(k, m-1, res, res0, resl) = qNuEq(k, m, res, res0, resl)
Ucnons3ys ¢popmyny RB5, SMT-pemarenu Z3 u CVC4, Bxoasmue B coctaBe cuctembl Why3
[18], yxe criocoOHBI aBTOMaTHYecKH Joka3ath jemmy NUEQ.

COOTBETCTBYIOIIHME MPOTrPaMMbl U TeHepanus (HopMya KOPPEKTHOCTH UIs jieMMa-(QyHKIIHH

npuBeacHbI B KOoHIle [Tpunoxenus 3. Bbutd TpyIHOCTH € TIOCTPOSHHUEM MPABUIIBHBIX MPOTPAMM IS

nemma-dyrakuuii. [Ipu nmokaszarensctBe mocienHeir aemmbl NUNext oOnapykuimack ommoOka B
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MHIYKTUBHOM ONpE/ACIeHNH npeankata NUMRES: WHIYKTUBHO TOPOKAAEMOE MHOMXKECTBO
0Ka3ajloCh ITYyCTBIM.

JIONOJTHUTENBHBIX JIEMM OTHOCHUTEIBHO HEMHOTO: 4 JIeMMBI TpU JOKa3aTenbcTBE (HOpMyI
KoppekTHOCTH nporpammbl parselnt u 15 nemm kak pacimpenue ncxoiHou mozenu. B cucreme

CoqQ mpoBeIeHO TOJIBKO TPH KOPOTKHX J0KA3aTeIbCTRA.
6. O0630p pador

Tpancopmanuu, ycTpaHsIONIME yKa3aTeld — HOBOE HalpasiieHHe uccienoanuil. Haubonee
OJIM3KUMHM 371€Ch SBISIIOTCS PabOTHI 10 aHAIM3Y BUJIOB CTPYKTYp AaHHBIX (shape analysis) [10, 12,
13] u ob6parHoit Tpancsiuu [14,16] Ha 361K OoJiee BEICOKOTO ypoBHs. [IpudeM B 3Tux padorax He
CTaBUTCSI 3a/1a4a YCTPAHEHHUS yKa3aTeleH.

HaGops! Tpanchopmanuuii 111 ycTpaHeHUs yKa3aTesed, IpUMEHSeMbIX AJIs pa3HbIX [PpOrpamMm
Ha s3pike Cu, ominyarorcs. M moka paHO TOBOPUTH O CO3AaHUU YHUBEPCAIBHOM CHUCTEMBbI
Tpanchopmanmii. Tpanchopmarmu A NPOrpaMMbl KOHKAaTE€HAMKM CTPOK [6] omepupyror c
HECKOJIbKUMH YKa3aTeJsIMA Ha OJTHOM MAacCHBE, Yero HeT B HacTosmmen padore. Tpancopmanuu
YCTpaHEeHHUs yKa3arelel Uil IporpaMMbl MUPaMUIAIBLHON COPTHPOBKH [5] Golsiee MPOCTHI: TaM He
TpeOyeTcsl BBEACHUS NIEPEMEHHBIX-UHAEKCOB. B Hacrosmeil paboTe ucnonb3yercs 0ojbllie BUIOB
Tpanchopmanmii. HOBbIMU SIBISIFOTCS TpaHC(hOpMAMK AJIsl TTapaMETPOB-yKa3aTeae U BXOXKICHHHA
yKa3zaTesneil B kauecTBe (PaKTUIECKUX MMapaMeTPOB BHI30BOB (DYHKITHIA.

[Tapamerp-yka3zarenb oOKa3blBaeTCsl HEOOXOAMMBIM JJIsi BTOPOro pe3yibTara (YHKIUH,
MOCKOJIBKY B si3bIke CH BesiKass (YHKIIMS MOXKET UMETh €MHCTBEHHBIN pe3ysbTar, rnepeiaBaeMblil
oneparopom return B tene gynkuun. B s3pike npenukarHoro nporpammupoBanus P [2] u s3bike
byukroHanbHoro mporpammupoBanus WhyML [18] momyckaercsi HECKOJBKO pPe3yJbTaTOB.
Kpome Toro, B si3bike P jmomyckaercst HECKOJIBKO BBIXOZOB B TUIEP(YHKIHSX, TPHYEM KaxIbIil
BBIXOJI MOXET HWMETh HECKOJIbKO pe3ynbTaToB. CXO0XHe MO BBIPA3UTEIIFHOCTH BO3MOXKHOCTH B
sizpike WhyML: uckimtodeHns ¢ HECKOJIbKHMH MapaMeTpamMH.

Bbrunciienue 3HaueHus 1IEJI0r0 YyHcia MO ero CTPOKOBOMY IPE/ICTaBIECHUIO MPEACTABISIETCS B
BUJC CTaHAAPTHON OWMOMMOTEYHON (YHKIMM TPAKTUYECKH BO BCEX IOMYISIPHBIX S3bIKAX
nporpaMMupoBaHus. Tem He MeHee, (popmanbHON Bepudukanuu 3Tol QYHKIHMH, MO-BUIUMOMY,

HHUKOI'Ja HC ITPOBOANIIOCH.
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/. Utoru Bepudurkanumn

Kasanocs 051, iporpamma kstrtoull npocra, u B Heit He qoKHO OBITH OMIKMGOK. OHAKO UHOTIA
OIIMOKK BHOCSITCSL CO3HATEIBHO B IIEJISAX ONTUMU3AIMH IPOrPAMMBI 10 BPEMEHH MCIIOJHEHUIO HJIH
10 pa3Mepy 00bEKTHOTO KOja. 37eCh pacyeT Ha TO, YTO B PEATbHBIX MPHIOKEHHUIX TAKUE OIIHOKH
HUKOTJa HE TMpOSIBATCS. Pasymeercs, Takas IpPAKTHKa TMPOBOLMPYET IYPHOH  CTHIIb
[POrpaMMHUPOBAHUSL.

[Tporpamma _parse_integer coaepKuT Caeayromne OMMOKH:

1. Tun nepemennas rv onpenenen kak unsigned int. Ilpu gocraro4Ho IMHHOM
MOCIICIOBATEIbHOCTH HYJIEBBIX HU(p 3HAYCHWE IV BBIAACT 3a rpaHuily tuma. Jis ycTpaHeHus
OIIMOKKH HEOOXOIMM KOHTPOJb BBIXOJA 3a I'PAHUIIBI THIA C BBIJAYEH JIOMOJIHUTENHLHOIO (iara
omm0Oku. bosee nmpaBuibHO GBLTO GBI ONpeeuTh T IV Kak Size_t, copasmepro Ty ykaszarens
MEPEMEHHOM S.

2. Tlpx 1OCTaTOYHO UIMHHOM IIOCJIENOBATEILHOCTH HHU(p 3HAYCHHE TEPEMEHHON IV Oymer
coZiepkaTh enuHHUIy B 32-m Ourte, 4yTO OyIeT AMAarHOCTUPOBAHO Kak mepernosHeHue. Iloatomy
ommmbo4yHo  mcnonb3oBatk  omepatop vV |= KSTRTOX_OVERFLOW  nns  muarHocTukm
MePETIOTHEHHUS.

3. KoHTpoib NepenojHEeHuss NpPH BBIYUCIEHUHM LEJNOro 4ucia peanusyercs. OHaKo
BBIYHCIICHUE, NIPUBOJISIIEE K MEPENOIHEHNIO, BCE K€ 3a4eM-TO MPOU3BOIUTCS. UTo, O€3yCIIOBHO,
OLIMO0YHO.

JlaHHbIe OMMIMOKK XOPOIIO W3BeCTHBI. OHHM HE WCIPABISIOTCS 10 TOM MPUYUHE, YTO Ha
pEATBHBIX MPUIIOKCHUSIX ITH OLIMOKU HE MPOSIBUIUCH.

4. B Bepuduimpyemoii nporpamme _parse_integer_fixup_radix ymanena nposepka ycloBus
isxdigit(s[2]). B pesyaprare Takoro usMmeHeHus, ecnu mocie «0X» gmamee ciemyer He
mecTHaAIaTepuyHas rudpa, To nporpamma Beiact base=16, xors panee BeyiaBana base=8. s
OIIMOOYHOTO 4YKCIa 3TO HE MNPUHIMOHANIBHO. [l03TOMY ClieyeT PEeKOMEHIOBaTh YCTPAHHTh
nposepky isxdigit(s[2]) B 6ubmmoreke cranaaptHbx mporpamm OC Linux.

B ocraneHoM, mporpamma Kstrtoull B Tounoctr cootBeTcTBYET CcrienuduKaiiy U HE COMEPIKHUT

JOPYTUX OLUINOOK.
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Hpunoxkenne 1

Teopuu nis popmya KOPPEKTHOCTH

Omnpenenrm HaboOp TeopHii ¢ GopMyIaMu KOPPEKTHOCTU IJISi BCEX MPOTpPaMM, a Takxke Habop
(dbopMyI1, BBI3BIBAEMBIX B POpMYyJIaX KOPPEKTHOCTH, B YACTHOCTH, B MIPEIYCIOBUSAX U MMOCTYCIOBUSX.

theory Base {
char zero = \0’, nul ='0", nl ="\n”, iks = "x”, plu="+";
formula isBase(nat base) = base = 8 or base = 10 or base = 16;
type arCh = array(char, nat);
arCh s; (*nepssrii apryment kstrtoull *)
nat sL; (* unnexc mocienHel TUTEPHI HCXOIHON CTPOKH S*)
axiom AlLnat: sL >=0;
axiom ALs: s[sL] = zero;
nat base0; (*sropoii apryment kstrtoull *)
axiom AbQ: base0 = 0 or isBase(base0);
nat jsO = if s[0] = plu then 1 else 0;
formula radix(nat j, k, base) =
(if base0=0 then
(if s[j] ='0" then (if s[j+1]="x' then base = 16 else base =8)
else base =10 )
else base = base0)
&
(if base=16 & s[j] = 0’ & s[j+1="x' then k=j+2 else k=j);
nat ks; (* ungexc HayanbHoM HUQPHI B UCXOAHOM cTpoKe S*)
nat base; (*urorosoe *)
axiom Kse: radix(js0, ks, base);
formula digitB(char ¢, nat base, valD);
axiom Adig: forall char ¢, nat base, valD. isBase(base) =
( 220<=c<220+base <-> digitB(c, base, valD) /\ c = valD + 220)
formula digit(char ¢, nat valD) = digitB(c, base, valD);
formula isDigit(char c) = dnat valD. digit(c, valD);
formula isDigit16(char c) = Inat valD. digitB(c, 16, valD);
formula endNum(nat n) = n >= ks & —isDigit(s[n]) & Vj=ks..n-1. isDigit(s[j]);
nat n; (* unnekc 3a nocneaueit nudpoi B crpoke S*)
axiom Anu: endNum(n);
formula nhumRes(nat k, m, nat res0, res) =
if (k= m) res = resO
else 3Jval. digit(s[k], val) & numRes(k+1, resO * base + val, res);
formula number(nat res) = numRes(k, n, 0, res);
nat resN;
axiom Ares: number(resN);
formula afterNum() = s[n]= zero \/ s[n]=nl /\ s[n+1]= zero;
} Base;

®dopmyasl koppekTHocTH nporpammbl kstrtoull

theory Kstrtoull {
import Base;
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formula pValid() = isDigit(s[ks]) & afterNum() & resN <= max64;
formula pERange() = isDigit(s[ks]) & resN > max64;
lemma Lprel2: — (pValid() & pERange())
formula pESint() = not pValid() /\ not pERange();
lemma Lpre3: not (pValid() /\ pESint());
formula gValid(nat64 res) = isDigit(s[ks]) & res = resN
formula gkstrtoull(nat64 res, nat e) =
(e = 0 = pValid() & gValid(res)) &
(e = 1 = pERange()) &
(e = 2 = pESint())
formula S(size_t js) = if s[0] = '+' then js =1 else js =0;
formula g_kstr(nat64 res, nat c) =
(c = 0 -> pValid() /\ gVvalid(res)) /\
(c =1 -> pERange()) /\
(c = 2 -> pESint())
HSB2:--Ss)=-pKkstr(s):
COR1: 5(js0) & gValid( res) & pValid() & e=0 = gkstrtoull( res, e);
COR2: 5(js0) & pERange() & e=1 = gkstrtoull( res, e);
COR3: S(js0) & pESint() & e=2 = gkstrtoull(res, €);
}Kstrtoull;

®opmyJanl KoppekTHocTa nporpammsbl _kstrtoull

theory Kstrtoull_ {
import Base, Kstrtoull;
type size_t = nat;
formula anrse(nat64 p, nat32 rv, bool of) =
= n - ks & of = (p>max64) & ;
QSB—l—a—ks%r@s)—&—mdee@sas&—baseﬂ—a—pParse@s&—baseﬂ

formula p3(nat64 _res, nat32 rv, bool of) = radix(js0, ks, base) & gParse( _res, rv, of);

COR4: p3( _res, rv, of) & of & c=1 = qg_kstr(res, ¢);
CORS5: p3( _res, rv, of) & —of & rv = 0 & c=2 = qg_kstr(res, ¢);
formula p4(size_t js2, nat64 _res, nat32 rv, bool of) =
p3( _res, rv, of) & —of & —rv = 0 & js2 = ks + rv;
formula S3(size_t js2, js3) = if (s[js2] = "\n') js3 = js2+1 else js3 = js2;

CORG6: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] !'= zero & c=2 = q_kstr(res, c);
CORZ7: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res & c=0 = q_kstr(res, ¢);
IKstrtoull_;

dopmyJibl KOppekTHOCTH Mporpammbl _parse_integer_fixup_radix

theory Parse_integer_fixup_radix {
import Base, Kstrtoull;
formula S4( nat base) =
if base0 = 0 then ( if s[jsO] = '0' then
(if s[jsO+1]) = 'x' then base = 16 else base = 8)
else base = 10)
else base = base0;
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QS1: 3 base. S4(base);

formula C2( nat base) = base = 16 & s[js0] = '0' & s[jsO0+1] = 'x;
CORS: S4(base) & C2(base) & js= jsO + 2 = radix(js0, js, base);
COR9: S4(base) & —C2(base) & js = jsO = radix(js0, js, base);

} Parse_integer_fixup_radix;

®dopMyJIbl KOPPEKTHOCTH MPorpamMmel _parse_integer

theory Parse_integer {
import Base, Kstrtoull, Kstrtoul_;

formula pParselnt(size_t js, naté4 res, nat32 rv ) =
ks<=js<=n & (Vnat j=ks..js-1. isDigit(s[j])) &
numRes(ks, js, 0, res) & rv = js-ks ;
formula gParselnt(size_t js, nat64 res, res’, nat32 rv, rv’, of) =
numRes(js, n, res, res’) & rv' = rv + n —js & of = res’>max64;
QSB2: pParselnt(ks, 0, 0 );

formula gParse(nat64 p, nat32 rv, bool of) =

rv =n—ks & of = (p>max64) & p = resh;
COR10: gParselnt(ks, 0, res, 0, rv, of) & p = res = gParse(p, rv, of);
formula m(size_t js) = sL —js;

RP1: pParselnt(js, res, rv, of0) & —isDigit(s[js]) & res’ =res & rv' = rv & of = =
gParselnt(js, res, res’, rv, rv’, of);
formula E6(nat res, val, of0, ofl) =
if (res >= 2**60 & res > (max64 — val) / base) then else
RP3: o res. i iittsisT
: L=—resi-& v =rtvr&of=true &il=is=
formula p6(size_t js, nat res, val, nat32 rv, of0, ofl) =

pParselnt(js, res, rv, of0) & isDigit(s[js]) & digit(s[js], val) & E6( res, val, of0, ofl);
formula pB(size_t js, nat rv) = rv+1 < 2**32;
RB1: p6(is, res, val, rv, of0, ofl) = pParselnt(js+1, , v+1, of1) & m(js+1)<m(js);
RB2: p6(]s, res, val, rv, of0, ofl) & gParselnt(js+1, ,res’, rvl+1, rv/, of) =
gParselnt(js, res, res’, rv, rv’, of)
}Parse_integer;

Hpunoxenue 2

Teopumn 1iist popmMyJ1 KOPPEKTHOCTH HA sa3bIke Why3

Teopuu, npuBenennsle B [Ipuioskenun 2, mpeoOpa3oBaHbl Ha A3bIK CHELU(PUKALUNA CUCTEMBI
Bepudpukarmu  Why3. 3neck mnpuBeieHa (QUHANbHAs BEpCHsS IOCIE IPOBEIHHHS BCEX
JI0Ka3aTENIbCTB.

theory Base
use export int.Int
use export map.Map

type nat32 = int
type nat64 = int
type size_t = int
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type char = int

constant zerO: char = 0
constant nul: char = 220
constant nl: char = 1
constant iks: char = 2
constant plu: char = 3

type arCh = int -> char

constant s: arCh (*first parameter of kstrtoull*)
constant sL: int

axiom Alnat: sL >=0

axiom ALs: s[sL] = zerO

predicate isBase(base: int) = base = 8 \/ base = 10 \/ base = 16
constant base0: int (*second kstrtoull parameter *)
axiom AbQ: base0 = 0 \/ isBase(base0)

constant jsO: int = if s[0] = plu then 1 else 0

lemma Ljs0: jsO <= sL

predicate radix(j k base: int) =
(if base0=0 then
(if s[j] = zerO then (if s[j+1]=iks then base = 16 else base = 8)
else base =10 )
else base = base0)
/\
(if base=16 /\ s[j] = nul /\ s[j+1] = iks then k=j+2 else k=j)
lemma RaEq: forall k k1 basel base2: int.
radix jsO k basel /\ radix jsO k1 base2 -> k = k1 /\ basel = base2
lemma RaEx: exists k, basel: int. radix jsO k basel
constant ks: int
constant base: int
axiom Kse: radix jsO ks base
lemma Lba: isBase base
lemma Lks: ks <= sL
lemma Lks0: jsO <= ks

predicate digitB(c: char) (base valD: int)
axiom Adig: forall c: char, base valD: int. isBase base ->
( 220<=c<220+base <-> digitB c base valD /\ c = valD + 220)
predicate digit(c: char) (valD: int) = digitB ¢ base valD
lemma LAO: forall valD: int. not (digit zerO valD)
lemma LAnul: digit nul 0
lemma LAv: forall c: char, base valD: int. digitB ¢ base valD -> 0<=valD<base
predicate isDigit(c: char) = exists valD: int. digit c valD
predicate isDigit16(c: char) = exists valD: int. digitB c 16 valD

predicate endNum(n: int) =
n >= ks /\ not (isDigit s[n]) /\ (forall j: int. ks<=j<n -> isDigit s[j])
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lemma LnuEg: forall n1 n2: int. endNum n1 /\ endNum n2 -> nl = n2
lemma LnuEXx: exists n: int. endNum n

constant n: int

axiom Anu: endNum n

lemma Lnuls: n <= sL

lemma LnuKs: ks <=n

inductive numRes int int int int =
| Last: forall k m resO: int. k = m -> numRes k m res0 res0
| Next: forall k m resO res valD: int.
k <= m /\ digit sfm] valD /\ numRes k m res0 res ->
numRes k (m+1) res0O (res * base + valD)
(* | Next: forall k m res0 res valD: int.
k < m /\ digit s[k] valD /\ numRes k m res0 res ->
numRes (k+1) m (resO * base + valD) res *)
lemma NuEq: forall k m resO res resl: int.
numRes k m res0 res /\ numRes k m res0O resl -> resl = res
lemma NuNext: forall res resO k m valD: int. k < m /\ digit s[k] valD /\
(forall j: int. k<=j<m -> isDigit s[j]) /\
numRes (k+1) m (resO * base + valD) res -> numRes k m res0 res
predicate number(res: int) = numRes ks n 0 res
(* lemma NuEx: exists res: int. number res *)
constant resN: int
axiom Ares: number resN
predicate afterNum() = ks<n /\ (s[n]= zerO \/ s[n]=nl /\ s[n+1]= zerO)
end (*Base*)

theory Kstrtoull
use Base
use export int.EuclideanDivision
use export bv.Pow2int

constant max64: int = pow2 64 - 1 (*= ULLONG_MAX*)
predicate pValid() = afterNum() /\ resN <= max64
predicate pERange() = resN > max64
lemma Lprel2: not (pValid() /\ pERange())
(* predicate pESint() = not (isDigit s[ks]) \/ not afterNum()*)
predicate pESint() = not pValid() /\ not pERange()
lemma Lpre3: not (pValid() /\ pESint())
predicate qValid(res: int) = isDigit s[ks] /\ res = resN
predicate gkstrtoull( res e: int) =
(e = 0 -> pValid() /\ gValid res) /\
(e = 1 -> pERange()) /\
(e = 2 -> pESint())
predicate sS( js: int) = if s[0]=plu then js = 1 else js = 0
goal COR1: forall res e: int. sS(js0) /\ gValid(res) /\ pValid() /\ e=0 -> gkstrtoull res e
goal COR2: forall res e: int. sS(js0) /\ pERange() /\ e=1 -> gkstrtoull res e
goal COR3: forall res e: int. sS(js0) /\ pESint() /\ e=2 -> gkstrtoull res e
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end (*Kstrtoull*)

theory Kstrtoull_
use Base
use Kstrtoull
(* predicate p_kstr(js: int) = js=js0*)
predicate g_kstr(res c: int) =
(c = 0 -> pValid() /\ gVvalid res) /\
(c =1 -> pERange()) /\
(c = 2 -> pESint())
predicate gParse(p: int)(rv: nat32)(of: bool) =
rv =n - ks /\ of = (p>max64) /\ p = resN
predicate p3(_res: int)(rv: nat32)(of: bool) = radix jsO ks base /\ gParse _res rv of
goal COR4: forall res _res c: int, rv: nat32, of: bool.
p3 _res rv of /\ of /\ c=1 -> g_kstr res c
goal CORS5: forall res _res c: int, rv: nat32, of: bool.
p3 _resrvof /\ notof /\rv=0/\c=2->q_kstrres c
predicate p4(js2 _res: int)(rv: nat32)(of: bool) =
p3 _resrvof /\ notof /\rv <> 0/\js2 =ks + rv
predicate s3(js2 js3: int) = if s[js2] = nl then js3 = js2+1 else js3 = js2
goal COR®6: forall res _res c js2 js3: int, rv: nat32, of: bool.
p4 js2 _res rv of /\ s3 js2 js3 /\ s[js3] <> zerO /\ c=2 -> q_kstr res c
goal COR?7: forall res _res c js2 js3: int, rv: nat32, of: bool.
p4 js2 _res rv of /\ s3 js2 js3 /\ s[js3] = zerO /\res = _res /\ c=0 -> q_kstr res c
end (*Kstrtoull_*)

theory Parse_integer_fixup_radix
use Base
use Kstrtoull
use Kstrtoull_

predicate s4() =
if base0 = 0 then ( if s[jsO] = nul then
(if s[jsO+1] = iks then base = 16 else base = 8 )
else base = 10)
else base = base0
(* goal QS1: forall js: int. p_kstr js -> s4() *)
predicate c2() = base = 16 /\ s[js0] = nul /\ s[jsO+1] = iks
goal CORS: forall js: int.
s4() /\ c2() /\ js= jsO + 2 -> radix jsO js base
goal CORG9: forall js: int.
s4() /\ not c2() /\ js= jsO -> radix jsO js base
end (*Parse_integer_fixup_radix*)

theory Parse_integer
use Base
use Kstrtoull
use Kstrtoull_
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predicate pParselnt(js res rv: int)(of0: bool) =
ks<=js<=n /\ (forall j: int. ks<=j<js -> isDigit s[j]) /\
numRes ks js 0 res /\ rv = js-ks /\ of0 = (res>max64)
goal QSB2: pParselnt ks 0 0 false
predicate gParselnt(js res res9: int)(rv rv9: nat32)(of: bool) =
numRes js nresres9 /\rv9 =rv + n -js /\ of = (res9 > max64)
function m(js: int): int = sL - js
goal COR10: forall p res: int, rv: nat32, of: bool.
gParseInt ks 0 res 0 rv of /\ p = res -> gParse p rv of
lemma JsEgN: forall js:int. js>=ks /\ (forall j:int. ks<=j<js -> isDigit s[j]) /\
not (isDigit s[js]) ->js =n
goal RP1: forall js res res9: int, rv rv9: nat32, of of0: bool.
pParselnt js res rv of0 /\ not (isDigit s[js]) /\ res9 = res /\ rv9 = rv /\ of=0f0 ->
gParselnt js res res9 rv rv9 of
predicate e6(res valD: int)(of0 ofl: bool) =
if res >= pow2 60 /\ res > div (max64 - valD) base then ofl = true else of1 = of0

lemma RnumR: forall js:int, valD:int, res:int.
js <= n /\ (forall j:int. ks <= j < js -> isDigit s[j]) /\
numRes ks js 0 res /\ digit s[js] valD ->
numRes ks (js + 1) 0 ((res * base) + valD)
lemma Rgr60: forall valD:int, res:int.
O<=valD<base /\ max64 < ((res * base) + valD) -> res >= pow2 60
predicate p6(js res valD rv: int)(of0 of1: bool) = pParselnt js res rv of0 /\
isDigit s[js] /\ digit s[js] valD /\ e6 res valD of0 of1
goal RB1: forall js valD res: int, rv: nat32, of0 ofl: bool. p6 js res valD rv of0 ofl ->
pParselnt (js+1) (res*base+valD) (rv+1) ofl /\ m(js+1) < m(js)
lemma Rlsn: forall js: int. js<=n /\ isDigit(s[js]) -> js<n
goal RB2: forall js valD res res9: int, rv rv9: nat32, of of0 ofl: bool.
p6 js res valD rv of0 ofl /\ gParselnt (js+1) (res*base+valD) res9 (rv+1) rv9 of ->
gParselnt js res res9 rv rv9 of
end (*Parse_integer*)

theory LemmaFunctions
use Base
use Kstrtoull
(*correctness formulas of lemma function for the lemma:
lemma NuNext: forall res:int, resO:int, k:int, m:int, valD:int.
k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res ->
numRes k m res0 res
*)

predicate pNun(k m valD res0 res: int) =
k < m /\ digit s[k] valD /\ (forall j: int. k <=j< m -> isDigit s[j])
predicate gqNun(k m valD res0 res: int) =
numRes (k + 1) m ((resO * base) + valD) res -> numRes k m res0 res
goal COR11: forall k m valD res0 res: int.
pNun k m valD resO res /\ m = k+1 -> gNun k m valD res0 res
goal QSB3: forall k m valD res0 res resl: int.
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pNun k m valD resO res /\ m <> k+1 ->
pNun k (m-1) valD res0 resl1 /\ isDigit s[m-1]
goal COR12: forall k m valD va res0 res resl: int.
pNun k m valD res0 res /\ m <> (k+1) /\ gNun k (m-1) valD res0 res1 /\
digit sfm-1] va /\ res = ((res1*base)+va) -> gNun k m valD res0 res

(* correctness formulas of lemma function for the lemma:
lemma NuEq: forall k m resO res resl: int.
numRes k m res0 res /\ numRes k m resO resl -> resl = res
*)

predicate gNuEq(k m res res0 resl: int) =
numRes k m res0O res /\ numRes k m res0 resl -> resl = res
goal COR13: forall k m res0O res resl: int. k = m -> qNuEqg k m res res0 res1
goal RB5: forall k m res0 res resl: int.
k <> m /\ gNuEq k (m-1) res res0 resl -> gNuEq k m res res0 resl

end (*LemmaFunctions*)
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Hpunoxenne 3

I'enepanus ¢popmys1 KOPPEKTHOCTH

[puBeneM HaGOp ompejeeHuid, HEOOXOMUMBIX uisi Bepudukanuu mnporpammbl kstrtoull u
HCIIOJIb3yEMBIX B IIPEINYCIOBHUAX U MMOCTYCIOBHUSIX.

char zero = \0’, nul ='0", nl ="\n”, iks = "x”, plu="+";
formula isBase(nat base) = base = 8 or base = 10 or base = 16;
type arCh = array(char, nat);
arCh s; (*nepssiii apryment kstrtoull *)
nat sL; (* ungekc nmocnenanei TUTEPH HCXOAHON CTPOKH S*)
axiom AlLnat: sL >= 0;
axiom ALs: s[sL] = zero;
nat base0; (*sropoii apryment kstrtoull *)
axiom AbQ: base0 = 0 or isBase(base0);
nat jsO = if s[0] = plu then 1 else 0;
formula radix(nat j, k, base) =
(if base0=0 then
(if s[j] = ‘0" then (if s[j+1]="%' then base = 16 else base =8)
else base =10 )
else base = base0)
&
(if base=16 & s[j] ='0’ & s[j+1="x’' then k=j+2 else k=j);
nat ks; (* ungexc HayanbHOM UQPHI B UCXOAHOM cTpoKe S*)
nat base; (*urorosoe *)
axiom Kse: radix(js0O, ks, base);
formula digitB(char ¢, nat base, valD);
axiom Adig: forall char ¢, nat base, valD. isBase(base) =
( 220<=c<220+base <-> digitB(c, base, valD) /\ ¢ = valD + 220)
formula digit(char ¢, nat valD) = digitB(c, base, valD);
formula isDigit(char ¢) = dnat valD. digit(c, valD);
formula isDigit16(char c) = Inat valD. digitB(c, 16, valD);
formula endNum(nat n) = n >= ks & —isDigit(s[n]) & Vj=ks..n-1. isDigit(s[j]);
nat n; (* ungekc 3a nocneaueit uudpoi B crpoke S*)
axiom Anu: endNum(n);
formula numRes(nat k, m, nat res0, res) =
if (k= m) res = resO
else Jval. digit(s[k], val) & numRes(k+1, resO * base + val, res);
formula number(nat res) = numRes(k, 0, res);
nat resN;
axiom Ares: number(resN);
formula afterNum() = s[n]= zero \/ s[n]=nl /\ s[h+1]= zero;
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dopmyJabl koppekTHocTH nporpammbl kstrtoull

nat max64 = 2**64 — 1; // = ULLONG_MAX

formula pValid() = isDigit(s[ks]) & afterNum() & resN <= max64;
formula pERange() = isDigit(s[ks]) & resN > max64;

lemma Lprel2: — (pValid() & pERange())

formula pESint() = not pValid() /\ not pERange();

lemma Lpre3: not (pValid() /\ pESint());

formula gValid(nat64 res) = isDigit(s[ks]) & res = resN

kstrtoull( : naté4 res #Valid : #ERange : #ESint)
pre Valid: pValid() pre ERange: pERange() pre ESint: pESint()
post Valid: gValid(res)
{ if (s[0] =="+") jsO = 1 else jsO =0;
_kstrtoull( : res #Valid : #ERange : #ESint);
by

[ToctpouM mpasuiia KoppekTHocTH s runepdyrukiun kstrtoull.

Jlnst runepyHKIMA BBOJUM IapaMeTp-pe3yabTaT € — HOMEpP BETBM THIEPPYHKIUH CO
snaveHusmu 0, 1 u 2. TloctycioBue it THHEPHYHKIHH:

formula gkstrtoull(nat64 res, nat e) =
(e = 0 = pValid() & gValid(res)) &
(e = 1 = pERange()) &
(e = 2 = pESint())

[Mpumenum mpasmio QS.

P(x) = 3Jz. B(x: 2);

Qs: vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)1;
- B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

KOHerTI/I3aHI/IH paBujia:

3 js. if (s[0] = '+") jsO = 1 else jsO =0;
_kstrtoull( : res #Valid : #ERange : #ESint) corr
[S(js0), gkstrtoull(res, e)];

Qs: if (s[0] ="'+") jsO = 1 else jsO =0; _kstrtoull( : res #Valid : #ERange : #ESint) corr
[true, gkstrtoull( res, e)]

formula S(size_t js) = (s[0] = '+' = js =1) & (—s[0] = '+' = js =0);

BTOpaH ITOCBIJIKA ITpaBUJjIa ONIPEACTIACT HOBYIO ILICIIb!:

_kstrtoull( : res #Valid : #ERange : #ESint) corr [S(js0), gkstrtoull( res, e)]

IMpumennm npasuo HSB [27, Paznen 7].
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B(x: y, z, e) corr” [P(x), Q(x, ¥, z,€)];  P1(x) = P*(x);
C(y: u) corr [P1(x) & S(x, y) & E(x), Q1(x,v,u)];
D(z: u) corr [P1(x) & R(x, z) & —E(x), Q1(x,v,u)]
B(x: y #M1: z #M2) case M1: C(y: u) case M2: D(z: u) corr [P1(x), Q1(x,v,u)]
3nech B — runepdynkiust Buga
B(x:y #1: z #2) pre P(x) pre 1: E(x) post 1: S(x, y) post 2: R(x, zX{ ... };

Br130B runepdyHkiuy npeodpasyercs K BULY:

_kstrtoull( : res #M1 : #M2 : #M3) case M1:{e=0} case M2: {e=1} case M3:{e=2}
Ompenenum npeaycinobue u nocrycnosue s _kstrtoull.

HSB:

formula p_kstr(size_t js) = true;
formula g_kstr(naté4 res, nat ¢) =
(c = 0 -> pValid() /\ gValid(res)) /\
(c = 1-> pERange()) /\
(c = 2 -> pESint())

Hwxe xoukperusanus npasuia HSB.

_kstrtoull( : res #M1 : #M2 : #M3) corr” [p_kstr(js), q_kstr(res, c)];
S(js0) = p_kstr(js, base);

e=0 corr [S(js0) & gValid( res) & pValid(), gkstrtoull( res, e)];

e=1 corr [S(js0) & pERange(), gkstrtoull( res, e)]

e=2 corr [S(js0) & pESint(), gkstrtoull( res, e)]

HSB: — strtoull( : res #M1 : #M2 : #M3)

case M1:{e=0} case M2: {e=1} case M3:{e=2} corr
[S(js0), gkstrtoull( res, e)]

Bropas mocsuika npasuiia onpesessieT GopMyTy KOPPEeKTHOCTH:
HSB2:—5(js)=-pkstr(js);
Jlst noceutok 3-5 npumensiercs npasuiio COR.
vX,y. P(x) & H(x: y) = Q(X, y);
COR: X P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(x, y)]
KoHkpeTH3arys npaBuia uist TpeX MOChUIOK:

S(js0) & gValid( res) & pValid() & e=0 = gkstrtoull( res, €);
S(3s0) & gValid( res) & pValid() = 3 e. e=0

R:
co e=0 corr [S(js0) & gValid( res) & pValid(), gkstrtoull( res, €)];
S(js0) & pERange() & e=1 = qgkstrtoull( res, e);
COR: S(js0) & pERange() = F e. e=1

e=1 corr [S(js0) & pERange(), gkstrtoull( res, €)]
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S(js0) & pESint() & e=2 = gkstrtoull(res, e);
COR: S(js0) & pESint() = J e. e=2

77

e=2 corr [S(js0) & pESint(), gkstrtoull(res, e)];

[TepBBie TOCHUIKHM B KQXKIOM HX TPeX KOHKPETU3alUi Jat0T (GOpPMYITbl KOPPEKTHOCTH:

COR1: 5S(js0) & gValid( res) & pValid() & e=0 = gkstrtoull( res, e);
COR2: 5(js0) & pERange() & e=1 = gkstrtoull( res, e);
COR3: S(js0) & pESint() & e=2 = gkstrtoull(res, €);

®opmybl kKoppekTHocTH nporpammbl _kstrtoull

_kstrtoull( : naté4 res #Valid : #ERange : #ESint)
pre Valid: pValid() pre ERange: pERange() pre ESint: pESint()
post Valid: gValid(res)

{
_parse_integer_fixup_radix(is©: base, ks);
_parse_integer(ks;baset: nat64 _res, nat32 rv, bool of);
if (of) #ERange
else if (rv == 0) #ESint
else { size_t js2 = ks + rv;
if (s[js2] == "\n') js3 = js2+1 else js3 = js2;
if (s[js3] !'= zero) #ESint
else {res = _res; #Valid }
by
b

formula g_kstr(nat64 res, nat c) =
(c = 0 -> pValid() /\ gVvalid(res)) /\
(c = 1-> pERange()) /\
(c = 2 -> pESint())
nat sizemax;
type size_t = subtype(nat x: x<= sizemax);

Jlst rena nporpammsl _Kstrtoull mpumensiercst npasuiio QSB.

B(x: 2) cort” [Pe(x), Qa(x, 2)]; P(X) = P'a(x);
osB: 2 C(x 22 y) corr [P(x) & Qe(x, 2), QUx, Y)I;
" B(x: 2); C(x, z: y) corr [P(x), Qx,Y)]

Konkperu3zarus npasuia QSB.
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_parse_integer_fixup_radix(: base, ks) corr*
[true, radix(jsO, ks, base)];
p_kstr(js, base) = p_kstr(js, base);
QSB: Z corr [radix(js0, ks, base), g_kstr(res, c)];
_parse_integer_fixup_radix(: base, ks); Z corr
[true, g_kstr( res, ¢)]
3nech u gasiee Z 0003HAYAET OCTABIIYIOCS YaCTh MPOrpaMMbl. TpeThsi MOCHUIKA OMpPEICIsAeT

HOBYIO ILICJIb.

_parse_integer( : nat64 _res, nat32 rv, bool of); Z corr
[radix(js0O, ks, base), q_kstr(res, c)];

Ipumensiercs npasuio QSB.

B(x: z) corr” [Ps(x), Qe(x, 2)]; P(x) = P"s(x);
vz. C(x, z: y) corr [P(x) & Qs(x, 2), Qx, Y)I;
B(x: 2); C(x, z: y) corr [P(x), Q(X,Y)]

QSB:

formula gParse(nat64 p, nat32 rv, bool of) =
rv = n—ks & of = (p>max64) & (p>max64 = p = resN);

_parse_integer(size—tjs;-base : nat64 p, nat32 rv, bool of)
pre-isBasefbase)&js=ks post gParse(p, rv, of)

Koukperuzarms npasuia QSB.

_parse_integer( : _res, rv, of) corr* [true, gParse( _res, rv, of)];
radix(jsO, ks, base) = true;
QSB: Z corr [radix(js0, ks, base) & gParse( _res, rv, of), g_kstr(res, ¢)];

_parse_integer( : _res, rv, of); Z corr [radix(jsO, ks, base), q_kstr(res, c)]
Bropas mocsuika onpezaensier GopMyiny KOppeKTHOCTH:
TpeTLH IMMOCBIIIKA OIMPEACIIACT HOBYHO LICIIb.

formula p3(nat64 _res, nat32 rv, bool of) = radix(js0O, ks, base) & gParse( _res, rv, of);
if (of) #ERange else Z corr [p3( _res, rv, of), q_kstr(res, ¢)];

[Mpumensiercs mpasuiio QC.

B(x: y) corr [P(x) & E(x), Q(x, Y)I;
QC: C(x: z) corr [P(x) & —E(x), Q(X, y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(x, y)]

Konkperuzarus npasuia QC:

c=1 corr [p3( _res, rv, of) & of, q_kstr(res, c)];
Z corr [p3( _res, rv, of) & — of, g_kstr(res, ¢)]

Qc: if (of) c=1 else Z corr [p3( _res, rv, of), q_kstr(res, c)]



QC:

System Informatics (Cucremuas undopmaruka), N0.17 (2020)

K nepBoii moceuike npumernM npasuio COR.
vx,y. P(x) & H(x: y) = Q(x, y);

COR: 7% P(x) = 3y. H(x: y)
H(x: y) corr [P(x), Q(X, Y)]

KOHerTI/I3aI_[I/IH [mpaBujia:

p3( _res, rv, of) & of & c=1 = qg_kstr(res, ¢);
COR: p3( _res, rv, of) & of = 3 c. c=1
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c=1 corr [p3( _res, rv, of) & of, g_kstr(res, ¢)]
[TepBas moceuTKa ompeaenseT GOpMyITy KOPPEKTHOCTH.
CORA4: p3( _res, rv, of) & of & c=1 = q_kstr(res, ¢);
Bropas mocsuika npasuia QC omnpezenser HOBYIO 1eb.
if (rv = 0) #ESint else Z corr [p3( _res, rv, of) & — of, g_kstr(res, ¢)]

IMpumensiercs npasuio QC.
B(x: y) corr [P(x) & E(x), Q(x, y)];
QC: C(x: z) corr [P(x) & —E(x), Q(%, ¥)]
{if (E()) B(x: y) else C(x: y)} corr [P(x), Q(x, y)]

Konxkperuszanwus npasuia QC:

c=2 corr [p3( _res, rv, of) & —of & rv = 0, q_kstr(res, c)];
Z corr [p3( _res, rv, of) & —of & —rv = 0, g_kstr(res, c)]

if (rv = 0) c=2 else Z corr [p3( _res, rv, of) & — of, q_kstr(res, c)]

K nepBoii mockuike npumernM npasuiio COR.
vx,y. P(x) & H(x: y) = Q(x, y);

COR: X P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(X, Y)]

KOHerTI/I3aI_[I/I$I mpaBujia:

p3( _res, rv, of) & —of & rv = 0 & c=2 = qg_kstr(res, ¢);

COR: p3( _res, rv, of) & —of & rv =0 = 3 c. c=2
"~ ¢=2 corr [p3( _res, rv, of) & —of & rv = 0, q_kstr(res, c)];

[TepBast OCHUIKA ONpeaesieT GOPMyYITy KOPPEKTHOCTH.

CORS5: p3( _res, rv, of) & —of & rv = 0 & c=2 = qg_kstr(res, ¢);
Bropas nocsuika npasuia QC onpeienseT HOBYIO 1Eb.

size_tjs2 = ks + rv; Z corr [p3( _res, rv, of) & —of & —rv = 0, q_kstr(res, ¢)]
[Mpumensiercst mpasuio QS.

P(x) = Jz. B(x: 2);
Qs: vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)1;
- B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

KOHKpCTI/BaI_[I/ISI IpaBujia:
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p3( _res, rv, of) & —of & —rv = 0 = Jjs2. js2 = ks + rv;
Qs: Z corr [p3( _res, rv, of) & —of & —rv = 0 & js2 = ks + rv, g_kstr(res, €)];
" js2 =ks + rv; Z corr [p3( _res, rv, of) & —of & —rv = 0, g_kstr(res, c)]

BTOpaH IIOCBIJIKA OIMPEACIIACT HOBYIO LICJIb.
formula p4(size_t js2, nat64 _res, nat32 rv, bool of) =

p3( _res, rv, of) & —of & —rv = 0 & js2 = ks + rv;
if (s[js2] == "\n') js3 = js2+1 else js3 = js2; Z corr [p4(js2, _res, rv, of), g_kstr(res, ¢)];
formula S3(size_t js2, js3) = if (s[js2] = '\n') js3 = js2+1 else js3 = js2;

[pumensiercs npasuio QS.

P(x) = 3z. B(x: 2);

vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)1;
B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

Konkperusanus npasuia:

QsS:

p4(js2, _res, rv, of) = 3js3. if (s[js2] = '\n') js3 = js2+1 else js3 = js2;

Qs: Z corr [p4(js2, _res, rv, of) & S3(js2, js3), q_kstr(res, c)];
©if (s[js2] == "\n") js3 = js2+1 else js3 = js2; Z corr [p4(js2, _res, rv, of), g_kstr(res, C)]

BTOpa}I MOCBhUIKA OIIPEACIISICT HOBYIO LICJIb.
if (s[js3] !'= zero) #ESint else {res = _res; #Valid } corr
[p4(js2, _res, rv, of) & S3(js2, js3), q_kstr(res, c)];
[pumensiercs mpasmito QC.
B(x: y) corr [P(x) & E(x), Q(x, Y)I;
QC: C_(x: z) corr [P(x) & —E(x), Q(X, y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(X, Y)]
Konkperuzarus npasuia QC:
c=2 corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] != zero, q_kstr(res, c)];
res = _res; #Valid corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero, q_kstr(res, )]

QC: if (s[js3] != zero) #ESint else {res = _res; #Valid } corr
[p4(js2, _res, rv, of) & S3(js2, js3), q_kstr(res, c)]

K mepBoii moceuike npumernM npasuiio COR.
vx,y. P(x) & H(x: y) = Q(x, y);

COR: X P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(X, Y)]

KOHerTI/I3aI_[I/I$I paBujia:

p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] != zero & c=2 = q_kstr(res, ¢);

COR: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] !'= zero = I c. c=2
"~ c=2 corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] != zero, q_kstr(res, c)];

HepBa;I MMOCHIJIKA OIMPECACIIACT (I)OpMyJ'Iy KOPPCKTHOCTH.
CORG6: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] !'= zero & c=2 = q_kstr(res, ¢);

Bropas mocsuika npasuia QC onpenenser HOBYIO 11eb.
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res = _res; #Valid corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero, q_kstr(res, c)];
[pumensiercs npasuio QS.
P(x) = 3z. B(x: 2);

Qs: vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)1;
- B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

Konkperusanus npasuia:

p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero = 3Jres. res = _res;
Qs: c=0 corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res, q_kstr(res, )];

res = _res; #Valid corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero, q_kstr(res, ¢)]
Jlst Bropoii moceutku npumensiercss COR.
vxy. P(x) & H(x: y) = Q(x, y);

COR: VX P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(x, Y)]

Konkperusanus npasuia:

p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res & c=0 = q_kstr(res, c);
COR: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res = 3 ¢. ¢=0

c=0 corr [p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res, q_kstr(res, c)]
[lepBas moceuKa onpezenseT GopMylly KOPPEKTHOCTH.

COR7: p4(js2, _res, rv, of) & S3(js2, js3) & s[js3] = zero & res = _res & c=0 = q_kstr(res, ¢);

®dopMmyJibl KOPppPEeKTHOCTH Mporpammel _parse_integer_fixup_radix

_parse_integer_fixup_radix( : nat base, size_t js)
pre-js=jse post radix(js0, js, base)

{
if (base0 == 0){
if (s[js0] =="0") {
if (s[jsO+1]) == X' (*& isxdigit(s[js+2])*)) base = 16
else base = 8;
} else base = 10;
¥
if (base == 16 & 5[js0] == "'0' & s[jsO+1] == 'X') js= jsO + 2 else js = jsO;
by

formula S4( nat base) =
if base0 = 0 then ( if s[jsO] = '0' then
(if s[jsO0+1]) = 'x' then base = 16 else base = 8)
else base =10)
else base = base0;

Jlns Tena mporpammel _parse_integer_fixup_radix npumensiercs npasuio QS.
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P(x) = 3z. B(x: 2);
Qs: vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)];
- B(xt 2); C(x, z: y) corr [P(x), Q(x,y)]
KOHerTI/ISaHI/IH [IpaBujia:
3 base. S4(base);

Qs: Z corr [S4(base), radix(js0, js, base)];
© if (base0 == 0)...; Z corr [true, radix(js0, js, base)]

[TepBast mockLIKa onpeaenseT GopMyTy KOPPEKTHOCTH:
QS1: 1 base. S4(base);

Jlst BTOpoii mockuiku npumMensieTcs QC.

B(x: y) corr [P(x) & E(x), Q(x, Y)I;
C(x: z) corr [P(x) & —E(x), Q(X, y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(x, y)]

QC:

formula C2( nat base) = base = 16 & s[js0] = '0' & s[jsO0+1] = 'X;
Konxkperuszanwus npasuia QC:

js= js0 + 2 corr [S4(base) & C2(base), radix(js0, js, base)];
js = jsO corr [S4(base) & —C2(base), radix(js0, js, base)];

QC: if (base == 16 & s[js0] == '0' & s[js0+1] == 'X") js= jsO + 2 else js = jsO corr
[S4(base), radix(js0, js, base)]

K mepBoii u Bropoi nocsuike mpumennm mpasiio COR.

vx,y. P(x) & H(x: y) = Q(x, y);
VvX. P(x) = 3y. H(x: y)

H(x: y) corr [P(x), Q(x, y)]

Konkperusaruu npasuia COR:

S4(base) & C2(base) & js= jsO + 2 = radix(js0, js, base);
S4(base) & C2(base) = 3 js’. js=js0 + 2

COR:

R:
co js= js0 + 2 corr [S4(base) & C2(base), radix(js0, js, base)];

S4(base) & —C2(base) & js = jsO = radix(js0, js, base);
S4(base) & —C2(base) = 3 js. js = js0

COR:
js = jsO0 corr [S4(base) & —C2(base), radix(js0, js, base)];

HCpBLIC MOCHIJIKY B KaXXO0H U3 KOHKpCTI/I3aI_II/II71 JaroT (I)OpMyJ'H:I KOPPCKTHOCTU:

CORS8: S4(base) & C2(base) & js= jsO + 2 = radix(js0, js, base);
COR9: S4(base) & —C2(base) & js = jsO = radix(js0, js, base);
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®opMyJIbI KOPPEKTHOCTH POrpaMmel _parse_integer
formula gParse(nat64 p, nat32 rv, bool of) =
rv =n-ks & of = (p>max64) & ;
_parse_integer( : naté4 p, nat32 rv, bool of)
pre-isBasefbase)&js=ks post gParse(p, rv, of)
{ parselnt(ks, 0, 0 : hat64 res, rv, of);
p = res;
by
Jlst Tena mporpammel __parse_integer npumensiercst npasuio QSB.
B(x: z) corr” [Pa(x), Qe(Xx, 2)]; P(x) = P*s(x);
qQsB: 72 Cx, 2 y) corr [P(x) & Qs(x, 2), Q(x, Y)];
" B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]
Koukperuzarms npasuia QSB.
parselnt(ks, 0, 0 : nat64 res, rv, of) corr”
[pParselnt(ks, 0, 0 ), gParselnt(ks, O, res, 0, rv, of)];
QSB: pParselnt(ks, 0, 0 );
" p = res corr [gParselnt(ks, 0, res, 0, rv, of), gParse(p, rv, of)];
parselnt(ks, 0, 0 : naté4 res, rv, of); p = res corr [true, gParse(p, rv, of)]

Bropas mocsuika onpenensier popmMyiry KOPPEeKTHOCTH:
QSB2: pParselnt(ks, 0, 0 );
Jlnst Tpetheii noceutku npumensiercs npasuio COR.
vX,y. P(x) & H(x: y) = Q(X, Y);

COR: X P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(X, Y)]

Konkperuzarms npasuia COR:

gParselnt(ks, 0, res, 0, rv, of) & p = res = gParse(p, rv, of)

COR: gParselnt(ks, 0, res, 0, rv, of) = d p. p = res
" p = res corr [gParselnt(ks, 0, res, 0, rv, of), qParse(p, rv, of)]

I[TepBas nmocelIKa 1aeT GopMyy KOPPEKTHOCTH:

COR10: gParselnt(ks, O, res, 0, rv, of) & p = res = qParse(p, rv, of);

[MTocTpoum (opmyIibl KOPPEKTHOCTH [yTst Tiporpammel parselnt.

formula m(size_t js) = sL — js;
formula pParselnt(size_t js, naté4 res, nat32 rv ) =
ks<=js<=n & (Vnat j=ks..js-1. isDigit(s[j])) &
numRes(ks, js, 0, res) & rv = js-ks ;
formula gParselnt(size_t js, nat64 res, res’, nat32 rv, rv’, of) =
numRes(js, n, res, res) & rv' = rv + n —js & of = res’>max64;

parselnt (size_t js, nat64 res, nat32 rv : nat res’, nat32 rv/, bool of)
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pre pParselnt(js, res, rv, ) post gParselnt(js, res, res’, rv, rv’, of) measure sL — js;
{ if (isDigit(s[js])) {

digit(s[js], val);
—natrest=res*base+val;

if (res >= 2**60 & res > (max64 — val) / base) else ;
parselnt (js+1, ,v+1, : res’, rv/, of);
telse{res'=res || rv' =rv]|of }

Jnst tena nporpammel parselnt npumensercs npasuno QC.
B(x: y) corr [P(x) & E(x), Q(x, y)I;
QC: C(x: z) corr [P(x) & —E(x), Q(X, y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(X, y)]

Konxkperuszanus npasuia QC:

Z1 corr [pParselnt(js, res, rv, of0) & isDigit(s[js]), qParselnt(js, res, res’, rv, rv/, of)];
QC: Z2 corr [pParselnt(js, res, rv, of0) & —isDigit(s[js]), gParselnt(js, res, res’, rv, rv’, of)];

if (isDigit(s[js])) Z1 else Z2 corr [pParselnt(js, res, rv, of0), gParselnt(js, res, res’, rv, rv’, of)]

IMoceutku mpasmia QC onpenensroT aBe HOBBIE IIENH.

digit(s[js], val);Z1 corr
[pParselnt(js, res, rv, of0) & isDigit(s[js]), gParselnt(js, res, res’, rv, rv’, of)]
res'’=res || rv' =rv || of corr

[pParselnt(js, res, rv, of0) & —isDigit(s[js]), qParselnt(js, res, res’, rv, rv’, of)]

Jnst Bropoi nenu npumenum npasuwio RP.
B(x: y) corr* [Ps(x), Qs(X, ¥)];
C(x: z) corr* [Pc(x), Qc(x, 2)];

RP: vy, z (P(X) & QB(XI Y) & QC(XI Z) = Q(XI Y Z))I
" P(x) = P*p(x) & P*c(x);

{B(xzy) [| C(x: 2)} corr [P(x), Q(x, Y, 2)]

Konkperuzanus npasuia RP:

res’ = res corr* [true, res’ = res];
rv' = rv corr* [true, rv' = rv];

of = false corr* [true, of = 0f0];

pParselnt(js, res, rv, of0) & —isDigit(s[js]) & res’ = res & rv' = rv & of = =
RP: gParselnt(js, res, res’, rv, rv/, of);

pParselnt(js, res, rv, of0) & —isDigit(s[js]) = true & true & true;

{res"=res || v =rv]|of = } corr

pParselnt(js, res, rv, of0) & —isDigit(s[js]), gParselnt(js, res, res’, rv, rv’, of)]
quBCpTaﬂ MOCBhIJIKA OMMPCACIIACT (I)OpMYIIy KOPPCKTHOCTHU:

RP1: pParselnt(js, res, rv, of0) & —isDigit(s[js]) & res’ = res & rv' = rv & of = =
gParselnt(js, res, res’, rv, rv’, of);

Jlnst nepBoit nenu npasmwia QC: mpumenum npasuio QS.
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P(x) = 3z. B(x: 2);
vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)];
B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

KOHerTI/I3aHI/IH [IpaBujia:

QsS:

pParselnt(js, res, rv, of0) & isDigit(s[js]) = 3 val. digit(s[js], val);

Z1 corr [pParselnt(js, res, rv, of0) & isDigit(s[js]) & digit(s[js], val),
gParselnt(js, res, res’, rv, rv’, of)];

digit(s[js], val);Z1 corr

[pParselnt(js, res, rv, of0) & isDigit(s[js]), gParselnt(js, res, res’, rv, rv/, of)]

QsS.:

BTOpaSI IMOCBhIJIKA OMMPECACIIACT HOBYIO LICJIb!:
E6( res, val, of0, ofl); parselnt (js+1, , rv+1, : res’, rv/, of) corr

[pParselnt(js, res, rv, of0) & isDigit(s[js], 16) & digit(s[js], 16, val),
gParselnt(js, res, res’, rv, rv’, of)];

formula E6(nat res, val, of0, ofl) =
if (res >= 2**60 & res > (max64 — val) / base) then else

CHoBa npumensietcs mpasuiio QS.
P(x) = 3z. B(x: 2);
Qs: vz. C(x, z: y) corr [P(x) & B(x: z), Q(x, y)1;
- B(x: z); C(x, z: y) corr [P(x), Q(x,y)]
Konkperusanus npasuia:
pParselnt(js, res, rv, of0) & isDigit(s[js], 16) & digit(s[js], 16, val) = 3 ofl. E6( res, val, of0, ofl)
parselnt (js+1, , v+1, : res’, rv, of) corr
[pParselnt(js, res, rv, of0) & isDigit(s[js], 16) & digit(s[js], 16, val) & E6( res, val, of0, ofl),
gParselnt(js, res, res’, rv, rv’, of)];

QS:

E6( res, val, of0, ofl); parselnt (js+1, , rv+1, : res’, rv/, of) corr
[pParselnt(js, res, rv, of0) & isDigit(s[js], 16) & digit(s[js], 16, val),
gParselnt(js, res, res’, rv, rv’, of)];

BTOpaSI IMOCBhUJIKA OMPEACIISICT HOBYIO LCJIb:

parselnt (js+1, , v+1, : res’, v/, of) corr
[pParselnt(js, res, rv, of0) & isDigit(s[js], 16) & digit(s[js], 16, val) & E6( res, val, of0, of1),
gParselnt(js, res, res’, rv, rv’, of)];

npumeHnM mpasuiio RB:

vz C(x, zi y) corr* [Pc(X, 2), Qc(X, Y)I;
SV(Pg, B)(x);
P(x) = Ps(x) & P*c(x, B(x));
rB: 7Y (P(X) & Qc(B(x), y) = Q(x, y) );
C(x, B(x): y) corr [P(x), Q(x, y)]
formula p6(size_t js, nat res, val, nat32 rv, of0, ofl) =
pParselnt(js, res, rv, of0) & isDigit(s[js]) & digit(s[js], val) & E6( res, val, of0, of1);
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formula pB(size_t js, nat rv) = rv+1 < 2**32;
Konkperusanus npasuia:

parselnt(js, res, rv, of0: res’, rv/, of) corr*
[pParselnt(js, res, rv, of0), gParselnt(js , res, res’, rv, rv/, of)];

p6(js, res, val, rv, of0, ofl) = pB(rv) & pParselnt(js+1, , 'v+1, of1) & m(js+1)<m(js);
p6(js, res, val, rv, of0, ofl) & gParselnt(js+1, , res’, rvi+1, rv', of) =
RB: gParselnt(js , res, res’, rv, rv’, of);
" parselnt (js+1, , v+1, : res’, rv, of) corr

[p6(js, res, val, rv, of0, of1), gParselnt(js , res, res’, rv, rv/, of)]

3neck B(js, res, rv) = (js+1, res * base + val, rvl+1). IIpuuem Pg(X) = js+H<2*¥%32-&
= rv+1 < 2**32. Bropas u TpeThs MOCHUIKH OMPEAEIIAIOT CIEAYIOHe POPMYJIbl KOPPEKTHOCTH:
RB1: p6(]s, res, val, rv, of0, ofl) = pParselnt(js+1, , v+1, of 1) & m(js+1)<m(js);
RB2: p6(js, res, val, rv, of0, ofl) & gParselnt(js+1, , res’, rvl+1, rv/, of) =
gParselnt(js, res, res’, rv, rv’, of)

I'enepauusi GopmyJ1 KOPPEKTHOCTH JIS JIEMM-TIPEIMKATOB
B.1. JJemma NuNext.

HpI/I A0Ka3aTCJIbCTBC BO3HUKIIA CIICAYIOIIAasd JICMMa:

lemma NuNext: forall res:int, resO:int, k:int, m:int, valD:int.
k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res ->
numRes k m res0 res

HOCTpOI/IM CJICAYIOIM YO COOTBETCTBYIOIIYIO IIPOIrpaMMy B KA4YCCTBC JICMMbI-TIPpCIUKATA:

NuNext(int k, m, valD, resO0, res)
pre k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res
post numRes k m res0 res
measure m
{ if (m = k+1) true
else {{ NuNext(k, m-1, valD, res0, resl) || digit(sim-1], va)}; res= resl*base+va}

¥

formula pNun(k, m, valD, res0, res) =
k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res
formula gNun(k, m, valD, res0, res) = numRes k m res0 res

formula hm(nat m) = m;

[Mpumenum mpasuio QC.
B(x: y) corr [P(x) & E(x), Q(x, Y)];
QC: C(x: z) corr [P(x) & —E(x), Q(x, ¥)]
{if (E(X)) B(x: y) else C(x: y)} corr [P(x), Q(x, Y)]

Konkperuzarus npasuia QC:
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true corr [pNun(k, m, valD, res0, res) & m = k+1, gNun(k, m, valD, resO0, res)];
Z; res= resl*base+va corr

QC: [pNun(k, m, valD, res0, res) & m <> k+1, gNun(k, m, valD, res0, res)]

if (m = k+1) true else Z corr [pNun(k, m, valD, res0, res), gNun(k, m, valD, res0, res)]
Jlst nepBoit moceutku npumenum npasuio COR.
vxy. P(x) & H(x: y) = Q(X, y);

COR: 7% P(x) = 3y. H(x: y)
R Hox y) corr [PO), Q(x, )]

KOHerTI/I3aHI/IH [IpaBujia:

pNun(k, m, valD, res0, res) & m = k+1 & true = gNun(k, m, valD, res0, res);
COR: pNun(k, m, valD, res0, res) & m = k+1 = db. true
" true corr [pNun(k, m, valD, res0, res) & m = k+1, gNun(k, m, valD, res0, res)]

[epBas moceuIKa onpenesnseT GopMyry KOPpEKTHOCTH:

COR11: pNun(k, m, valD, res0, res) & m = k+1 = gNun(k, m, valD, res0, res);
Bropast nocsuika npasuina QC onpeenser nens:

Z; res= resl*base+va corr
[pNun(k, m, valD, res0, res) & m <> k+1, gNun(k, m, valD, resO0, res)]

[Tpumensiercs npasuio QSB.

B(x: z) corr” [Pg(x), Qs(X, 2)]; P(x) = P"8(X);
QsB: Y2 Clx, Z: y) corr [P(x) & Qe(x, 2), Qx, y)];
- B(x: 2); C(x, z: y) corr [P(x), Q(x,y)]

Konkperusanus npasuia:

Z corr [pNun(k, m-1, valD, res0, resl) & isDigit(s[m-1]),
gNun(k, m-1, valD, res0, resl) & digit(s[m-1], va)]
pNun(k, m, valD, res0, res) & m <> k+1 -> pNun(k, m-1, valD, res0, resl) & isDigit(s[m-1])
res= resl*base+va corr
QSB: [pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, res1) & digit(sm-1], va),
gNun(k, m, valD, res0, res)];

Z; res= resl*base+va corr
[pNun(k, m, valD, res0, res) & m <> k+1, gNun(k, m, valD, resO0, res)]

Z corr [pNun(k, m-1, valD, res0, resl) & isDigit(s[m-1]),
gNun(k, m-1, valD, res0, resl) & digit(s[m-1], va)]
BTOpa}I MOCBhIJIKA OMPCACIIACT (bOpMYHy KOPPCKTHOCTU:

QSB3: pNun(k, m, valD, res0, res) & m <> k+1 ->
pNun(k, m-1, valD, res0, resl1) & isDigit(s[m-1]);

TpeThsist MOCHUTKA OTIpeessieT HOBYIO 1enb. [Ipumensiercst mpasimio COR.
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Vx,y. P(x) & H(x: y) = Q(x, y);
COR: 7% P(x) = 3y. H(x: y)
H(x: y) corr [P(x), Q(X, Y)]

KOHerTI/I3aHI/IH [IpaBujia:

pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, res1) & digit(sim-1], va) &
res= resl*base+va -> gNun(k, m, valD, res0, res)
pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, resl) & digit(sim-1], va)

COR: res= resl*base+va corr
[pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, resl) & digit(sfm-1], va),
gNun(k, m, valD, resO0, res)]

[lepBas noceLIKa onpezaenser GopMyny KOPPEKTHOCTH:

COR12: pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, resl) &
digit(s[m-1], va) & res= res1*base+va -> gNun(k, m, valD, res0, res)
B utore MoJIy4YumM Teopmo:

formula pNun(k, m, valD, res0, res) =
k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res

formula gNun(k, m, valD, res0, res) = numRes k m res0 res
COR11: pNun(k, m, valD, res0, res) & m = k+1 = gNun(k, m, valD, res0, res);
QSB3: pNun(k, m, valD, res0, res) & m <> k+1 ->

pNun(k, m-1, valD, res0, resl) & isDigit(s[m-1]);
COR12: pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, resl) &

digit(sfm-1], va) & res= res1*base+va -> qNun(k, m, valD, res0, res)

predicate pNun(k m valD res0 res: int) =
k < m /\ digit s[k] valD /\ numRes (k + 1) m ((resO * base) + valD) res
predicate gqNun(k m valD res0 res) = numRes k m res0O res
goal COR11: pNun k m valD res0 res /\ m = k+1 -> gNun k m valD res0 res
goal QSB3: pNun k m valD resO res /\ m <> k+1 ->
pNun k (m-1) valD res0 res1 /\ isDigit sm-1]
goal COR12: pNun(k, m, valD, res0, res) & m <> k+1 & gNun(k, m-1, valD, res0, resl) /\
digit sfm-1] va /\ res = ((res1*base)+va) -> gNun k m valD res0 res

B.2. Jlemma NuEq.
[Ipu m0oKa3aTeNBCTBE BOSHUKIIA CIICAYIOMIAs JIeMMa.:

lemma NuEq : forall k:int, m:int, res0:int, res:int, resl:int.
numRes k m res0 res /\ numRes k m resO resl -> resl = res

HOCTpOI/IM CICAYIOMYIO COOTBETCTBYIOIIIYIO ITPOrpaMMy B KaUCCTBC JICMMBI-TIPC/IUKATA:

NuEq(int k, m, res, res0, resl)
post numRes k m res0 res /\ numRes k m res0 resl -> resl = res;
measure m

{ if (k=m)true else { NuEq(k, m-1, res, res0, resl)} }
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formula pNuEq(int k, m, res, res0, resl) = true;
formula gNuEq(int k, m, res, res0, resl) =
numRes k m res0 res /\ numRes k m res0 resl -> resl = res;

Beenem dopmyny st MEpBHI.
formula hm(nat m: nat) = m;
[Mpumenum mpasuio QC.
B(x: y) corr [P(x) & E(x), Q(x, y)J;
QC: C_(x: z) corr [P(x) & —E(x), Q(x, Y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(Xx, y)]

Konkperusanus npasuia QC:

true corr [pNuEq(k, m, res, res0, resl) & k = m, gNukEq(k, m, res, res0, resl)];
NuEq(k, m-1, res, res0, resl) corr
QC: [pPNuEq(k, m, res, res0, res1) & k <> m, gNuEq(k, m, res, res0, resi1)]

numRes k m res0 res /\ numRes k m res0 resl -> resl = res corr
[PNuEq(k, m, res, res0, resl), gNuEq(k, m, res, res0, resl)]

Jnst iepBoii mocwuiky mpumenum npasuio COR.
vx,y. P(x) & H(x: y) = Q(X, y);

COR: VX P(x) = dy. H(x: y)
H(x: y) corr [P(x), Q(x, Y)]

Konkperusanus npasuia:

pNuEq(k, m, res, res0, resl) & k = m & true = gNuEq(k, m, res, res0, resl);
COR: pRNumMR(js, valD, res) & ks = js = 3b. true

true corr [pNuEq(k, m, res, res0, resl) & k = m, gqNukEq(k, m, res, res0, resl)]

I[TepBas nocelaka onpenenseT GopMyny KOPPEeKTHOCTH:

COR13: pNuEq(k, m, res, res0, resl) & k = m = gNuEq(k, m, res, res0, resl);

Bropas nocsuika npasuna QC ompenenser mensb:

NuEq(k, m-1, res, res0, resl) corr [k <> m, gNuEq(k, m, res, res0, resl)]
3neck yuTeHo npuMeHeHne npasuia QS.

[Tpumenum npasuiio RB.

vz C(x, z: y) corr* [Pc(X, ), Qc(X, Y)];
P(x) = Ps(x) & P*c(X, B(X));
RB: 7Y (P() & Qc(B(x), y) = Q(x, y) );
C(x, B(x): y) corr [P(x), Q(X, )]

Konkpernszanun npasuia:
RnumR(int js, valD, res) corr” [pRnumR(js-1, va, res), qRnumR(js-1, va, res)];
k<>m= m-1<m;
k <> m & gNuEq(k, m-1, res, res0, resl) = gNuEq(k, m, res, res0, resl)

NuEq(k, m-1, res, res0, res1) corr [k <> m, gNuEq(k, m, res, res0, res1)]
[Moceutku mpasuiaa RB onpenensitor GpopmyIisl KOppeKTHOCTH:
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RB5: k <> m & gNuEq(k, m-1, res, res0, resl) = gNuEq(k, m, res, res0, resl)

B urore nomyuum Teopuio:

formula gNuEq(int k, m, res, res0, resl) =
numRes k m res0 res /\ numRes k m res0 resl -> resl = res;
COR13: k = m = gNuEq(k, m, res, res0, resl);
RB5: k <> m & gNuEq(k, m-1, res, res0Q, resl) = qNuEq(k, m, res, res0, resl)

predicate gqNuEq(k m res res0 resl: int) =

numRes k m res0 res /\ numRes k m resO resl -> resl = res
goal COR13: k = m -> gNuEq k m res res0 resl
goal RB5: k <> m /\ gNuEq k (m-1) res res0O res1 -> gNuEq k m res res0 resl



