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Modular, crash-safe refinement for ASMs with submachines *
Gidon Ernst *, Jorg Pfdhler, Gerhard Schellhorn, Wolfgang Reif

Institute for Software & Systems Engineering, University of Augsburg, Germany

1. Introduction

This paper contributes a variant of Abstract State Machines (ASMs, [1,2]) termed Data Type Abstract State Machines and a
formally defined instance of refinement theory. They provide strong modularity guarantees with respect to submachines that
respect information hiding, and are able to handle crashes during runs, which are caused by external events such as power
cuts.

Motivation for this work is our current effort to construct a verified file system for flash memory. File system verification
has been proposed as a challenge by NASA [3] in response to problems with the Mars Rover “Spirit” [4]. At the time of
writing, we have solved a large part of this challenge; some background is presented in Sec. 2. For a complete overview,
see [5] and our web-presentation [6]. The project is realized with the theorem prover KIV [7].

The verification shows two desired properties of the file system. Functional correctness with respect to an abstract POSIX
specification ensures that the system will function as expected under normal conditions. Crash-safety ensures that unex-
pected power cuts or similar events have a well-specified, limited effect only; in practice this means that top-level operations
take effect atomically. We formally present our approach that has made the verification feasible: the given notion of refine-
ment is compositional, i.e., both standard functional correctness as well as crash-safety can be decomposed into verification
conditions for each individual refinement.

Since a power failure can happen at any point in time in the final implementation, we can not just rely on an atomic view
of operations. The foundation for the refinement theory is therefore a fine-grained, non-atomic semantics (defined in Sec. 3)
that exposes sequences of intermediate states of computations. The atomic semantics of rules can be reconstructed from
the non-atomic view by collapsing the sequence of states into the respective initial and final state. The crashing semantics
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Fig. 1. FFS upper layers. The bold dots indicate a series of nested
refinements that have been omitted here. Fig. 2. FS graph.

(defined in Sec. 6) executes a prefix of the non-atomic trace, erases non-persistent data (conceptually, the part of the state
that is stored in RAM), followed by a recovery operation to restore a consistent state.

The means to achieve a modular development is by using submachines to model different components of the system
with varying degrees of abstraction. Examples are given in Sec. 2. Taking up ideas from contract refinement as used in Z [8],
the machines in this work have operations with preconditions and designated inputs/outputs, and an internal state that is
encapsulated.

Non-crashing runs are based on the atomic semantics of rules and induce a standard notion of refinement that can be
proved by forward simulation, as formalized in Sec. 4. Refinement of an abstract specification to a concrete implementation
guarantees that the latter can be substituted for the former in a given context. We model the context explicitly as an outer
ASM, which allows us to prove the main theorem of Sec. 5, namely that this approach is sound in our setting: refinement
composes (recursively) with respect to submachines. Runs with power cuts refer to the crashing semantics instead of the
atomic one, embedding crash-safety into the previously established refinement theory (see Sec. 6). In particular, the abstract
crash specifies what an implementation has to guarantee after a crash. The novel semantic aspect here is the way we
abstract the non-atomic view of operations to an atomic one. Within the fine-grained semantics of an operation of the outer
machine, a call to an operation of the submachine is just a single step. Provided a simple condition termed “crash-neutrality”
holds, this approach will provide the lever to switch from a fine-grained “white-box” analysis of crashes to a much simpler
atomic “black-box” view—in a way that is generic and provably compatible with submachine refinement in Sec. 7.

This paper extends the work in [9]. Some of the definitions have been slightly simplified: the handling of input and
output of data type ASM rules is simpler, and we now only have one type of intervals, although we extend them twice
(with L for nontermination of a submachine call in Sec. 5 and with 4 for crashes in Sec. 6). We also give more details
on the proofs. The main contribution here are Sec. 6 and 7, where we extend the theory to consider crashes. The semantic
definitions as well as the theorems that yield simple pre/post verification conditions for crash-safe refinement are entirely
new.

2. Submachines in the flash file system

In this section, we briefly show the topmost refinement of the refinement hierarchy: Fig. 1 shows an excerpt of the
structure of the project, where boxes represent components, connected by refinement (dotted lines). These are formally
given by data type ASMs with algebraic states. The grey boxes are the leaves of the hierarchy and constitute the final
implementation.

At the toplevel, POSIX [10] specifies the requirements. On this abstract level, the file system (FS) is represented as an
acyclic graph consisting of directories (internal nodes) and files (leaves). An example is shown in Fig. 5. Files can be referred
to by multiple directories under different names (“hard-links”), consequently, names are attached to edges of the graph.
The directory part is a proper tree. The POSIX interface is based on paths, which identify files/directories and are looked up
stepwise starting from the root.

Real file system implementations consist of two parts. Generic aspects, i.e., traversing paths and checking access rights
are realized by the Virtual Filesystem Switch (VFS), similarly to the VFS that is part of the Linux kernel. Concepts specific to
a file system implementation are realized by the individual file systems (Flash FS). VFS communicates with them through a
well-defined interface. Its main data structure is called inodes in Linux. This interface is specified in terms of the Abstract File
System (AFS), which technically is a submachine of VES, we denoted by VFS (AFS). Interfaces are visualized by the symbol ¢
in Fig. 1. That VFS(AFS) correctly implements the POSIX specification is established by a refinement proof, which is denoted
by dotted lines in Fig. 1.

The development continues further down the refinement chain by implementing the AFS specification with flash specific
constructs in the model Flash FS. While the proof relates VFS(AFS) to POSIX, the final code will be composed of the imple-
mentation level models, i.e., the grey models VFS(Flash FS(...)) in Fig. 1. The size of implementation components is much
larger than the size of their respective specifications (POSIX: 50 lines, VFS: 500 lines, AFS: 100 lines, Flash FS: 500 lines).
This pattern repeats all the way down to the hardware interface HW, forming a deep hierarchy: The final system consists of
19 models and 9 refinements in total (see [6,5]), each with its own formalization of state and invariants. An approach that
exploits the compositional structure and works for power cuts makes the verification of the whole file system tractable.



POSIX: state tree, fs, ofh
posix_unlink(path)
let ino = tree[path].ino
in tree :=tree — path;
if ino ¢ files(ofh) Aino ¢ 1inks(tree)
then fs[ino] := undef

Fig. 3. POSIX specification of unlink.
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VFS: state ofh AFS: state dirs, files POSIX
vEs_unlink(path) afs_unlink(ino, name) unlink lookup*
ino :== ROOT_INO; pre: dirs[ino] # undef
while path.length>1 do { dirs[ino].entries[name] :==undef
afs_lookup(ino, path.nead; ino’) ; unlink T
path := path.tail, ino :=ino’ afs_evict(ino)
}; pre: files[ino] # undef
afs_unlink(ino, path.head); if 1inks(ino, dirs) =0
if ino ¢ files(ofh) then files[ino] := undef
then afs_evict(ino) T
Fig. 4. VFS/AFS rules (omitting permissions checks and error handling). Fig. 5. Call sequence in the final composed file system code.

As an example, Fig. 3 shows the specification of the POSIX operation posix_unlink, which removes one link to a file
denoted by path. The state of the machine is modeled by an algebraic directory tree tree, a map from file identifiers (inode
numbers ino) to their contents fs and a map of open file handles ofh with information about access to the file and the
current offset. The operation conditionally deletes the file’s content from fs as well, given that it is not referenced from the
tree (under a different path) and all file handles to this file have been closed.

The POSIX standard explicitly permits files that are not accessible from the tree any more but are still open. These
files are called orphans and must be deleted upon recovery. We explain the issue in more depth in Sec. 6.1. Orphans are
practically relevant, e.g. when a binary of a running process is overwritten with a new version during a system update, the
process still has a handle to the old version of the file and can keep on running.

The realization of the corresponding operation v£s_unlink in VFS is shown in Fig. 4 (full models can be found in [11]).
Several calls of afs_lookup are used to traverse the path, checking that the individual directories exist with suitable access
rights. Then, afs_unlink is called for the actual removal of the link in the target directory. Operation afs_unlink has a
precondition to characterize valid inputs, which needs to be checked at every call site, in this case that the parent directory
ino actually exists.

Knowledge of whether the file’s content has to be deleted is now split between the two machines (corresponding to
the two conjuncts in Fig. 3). The generic aspect of file handles is part of VFS, whereas determining the number of links
depends on the actual data representation of the flash file system and lies therefore in the responsibility of AFS as part of
an operation called afs_evict (which can thus be refined further). For the proof of refinement from POSIX to VFS (AFS),
however, the internal state AFS will be exposed; formally, dirs is correlated to tree and files to fs, respectively and ofh is
mapped by identity. The mapping and the proof is described in [12].

Fig. 2 shows the corresponding sequence of operations in the final composed code we generate (marked grey in Fig. 1). In
this code calls to abstract AFS operations have been replaced by calling the concrete FS code.

3. Syntax and semantics of data type ASM rules

Sec. 3.1 defines the syntax of data type ASM rules. We use only part of the syntax available in [1], and avoid parallel rules
which could result in clashes (cf. Sec. 8 for a discussion of the limitations and on possible extensions). The rules are given a
non-atomic semantics in Sec. 3.2 that is similar to the one of control state ASMs, however, we never use an explicit control
state. We then abstract to an atomic relational view in Sec. 3.3, which serves as the foundation for the weakest-precondition
calculus in Sec. 3.4 that we use in mechanized proofs.

3.1. Syntax

We assume the reader is familiar with first-order logic, where, based on a signature SIG = (F, P) with functions f € F
and predicates p € P, terms t, formulas ¢ and boolean expressions ¢ (= quantifier-free formulas) can be defined. The
semantics [t](s) of terms t and the semantics s = ¢ of formulas ¢ is defined over a state s € S consisting of an algebra and
a valuation for variables x as usual. We assume the signature is partitioned into four parts: a static signature (no updates
allowed), an input signature (that is only read by rules), an output signature (that is only written by rules), and a controlled
signature that may be read and written by rules.

We use the general convention to underline tuples of elements, i.e., a stands for a tuple ay,...,a, for some n > 0. We
write s{x +— a} for the modified state, where variable x now maps to value a, and s{f(t) — a} for the state, where function
f has been updated to have value a for arguments [[t](s). A location loc is either a variable x or f(t), so s{loc > a} denotes



a generic update. We introduce the abbreviation s{loc — t} = s{loc > [[t](s)} for terms t, and the generalization s{loc — t}
to a parallel update, when all locations are different. The leading symbol of a location is x and f, respectively. An input
(resp. output) location is a location f(t) where the leading symbol f is in the input (resp. output) signature. We use the
following syntax for our rules «, 8:
oa:=loc=t | ;B | ifethenxelsep |
while ¢ doo | choose x with ¢ in « ifnone g

For parallel updates we require that the leading symbols of loc are all distinct and writable, i.e., are local variables or part
of the controlled or output signature. We write skip for an empty parallel update. Compared to the full generality of ASM
rules we have avoided parallel rules/updates that may result in clashes.

The choose construct binds local variables x to values such that ¢ is satisfied and executes «. If there is no possible
choice (e.g. if ¢ = false) then 8 is executed instead. Standard local variable declarations are defined as

letx=tin«o = choose y with y =t in o{x > y} ifnone skip

where y are new variables and «{x — y} denotes the substitution of x with y in « (the renaming avoids conflicts when x
is used in t). Note that ifnone skip is never executed here.

3.2. Non-atomic semantics of rules

This section gives a non-atomic semantics to rules: each update and each test of a condition is executed as a separate
step. The semantics of rules is based on intervals I = (I(0),I(1),...) of states I(k) € S, which may be finite or infinite.
Formally, I = o expresses that the interval I is a possible execution of «. A finite interval indicates termination. The length
of an interval #I (number of transitions) is in N U {oo}. If I is finite it consists of #I 4+ 1 states. In particular, the smallest
interval with #I =0 has one state only.

We lift modification of states to intervals: given a tuple of variables x and a sequence of value tuples a = (agp, ay, ...) of
the same length as the interval (where each element g has the same length as x), then I{x — a} is the modified interval,
such that I{x — a}(k) := I(k){x — ai}. The semantics of sequential composition of rules «; 8 reduces to the sequential
composition of intervals I1 and I, written I; §I;. For finite I; the last state I7.last of I1 must agree with the first one of I5:
I7.last = I(0). In the result, the duplicate state is removed: I1§I := (I1(0), ..., I1.last, I2(1), [2(2),...). If I; is infinite the
second interval is discarded: I g1 :=1I;.

Finite intervals are sometimes written as (s, ...,s’) where s is the first state and s’ is the last state. The notation (s,...)
refers to infinite intervals.

Definition 1.

I=loc:=t iff [ = (s, s") and s’ = s{loc > t}
I=a; B iff there are I1, I suchthat 1 Fa, L Efand I =11§1;
I = if € then « else 3
iff either I(0) = ¢ and I |= skip; « or I(0) [~ ¢ and I |= skip; 8
I = choose x with ¢ in « ifnone
iff either I(0){x — ao} = ¢ and I{x — a} = skip; o
for some @ = (ap, ay, ...)
or I = skip; 8 and there are no values @ with I(0){x +> a} = ¢
I =while ¢ do
iff lev(AZ. {Ig |
either Io(0) = € and Iy = skip
or #Ip = oo and Ip(0) = €, Iy = skip; o
or Ip = 1181 with#I; < 00,11(0) ¢, 11 E=skip; o, I; € Z})
Most of the clauses should be intuitive. The skips in the clauses for if, while and choose indicate that evaluating the

test is done in a separate step. In the first disjunct of the semantics of choose, the sequence of states a captures the values
of local variables x in the entire interval of &, not just in the first state. The set of runs of a while loop is defined as the



greatest fixpoint v! of interval sets Z whose elements Iy denote different possibilities to execute the loop. Informally, an
interval I is a run of the while loop, if it can be split into a (finite or infinite) sequence of adjacent pieces. Each piece Iy
must be finite and execute the loop body (last line I1(0) = ¢, I1 |= skip; ), the only exception being the last interval, when
the sequence is finite. This interval may either be a nonterminating (infinite) execution of the loop body (second line of the
definition), or it may be one skip step, where the loop test evaluates to false (first line of the definition).

3.3. Atomic semantics of rules

We define the atomic semantics of rules [o] as a relation over the set S; :=S W {_L}, which augments the set of states
with a L element to indicate nontermination. From this we derive the semantics of operations in Sec. 4 that additionally
check the respective precondition.

Definition 2. The atomic semantics o] €S x S of a data type ASM rule « is defined as follows:
(s,s") € [a] iffeither (s,...,s") = « for some finite interval (s, ..., s")
or (s, ...) =« for some infinite interval (s, ...) and s’ = L

ors=s =1

The first clause collapses finite runs (s,...,s’) of « to their first and last state. Infinite runs yield L by the second
clause. The last line allows to define the semantics of calling two operations sequentially as relational composition: If the
first operation does not terminate (gives L), then attempting to call another operation is not possible and will also give L.

3.4. Calculus

To formally verify properties of data type ASM rules in KIV we use a weakest-precondition calculus. The calculus defines
two program formulas (o) ¢ and («) ¢ as follows, where s # L:

sE(a)e iff all " with (s, s") € [o] satisfy s’ # L and s’ = ¢
sE (@) iff there is s’ # | with (s,s') € [a] and s’ = ¢

Formula () ¢ expresses the weakest precondition for rule o to be guaranteed to terminate and to establish postcondition ¢
(which is often written wp(c, @) in the literature). Formula (o) ¢ is from Dynamic Logic [13] and expresses that « has a
terminating run after which ¢ holds. Dynamic Logic writes the weakest liberal precondition wlp(c, ¢) as [«] ¢, which is
equivalent to — {a) —¢.

Note that in contrast to standard wp-calculus formula ¢ is not restricted to predicate logic, but may be another program
formula. This will be exploited in the proof obligation for simulations (see Theorem 1). The wp-calculus has simple symbolic
execution rules for reasoning about rules o (some of these rules can e.g. be found in [14]).

4. Contract refinement for data type ASMs

Our formal definition of a data type ASM M = (SIG, Ax, Init, {Op;}jec;) consists of a signature SIG, a set Ax of predicate
logic axioms for the static part of the signature, a predicate Init to characterize initial states, and a set of operations for
indices j € J. Each operation Op; = (pre;, in;, aj, out;) consists of a data type ASM rule «; that describes possible state
transitions, provided precondition pre; holds. It reads input from a tuple in; of input locations, and writes output to a tuple
out; of output locations. It may modify local variables, controlled locations and the locations of out;. Rules may not have
global variables (thus, states of M are just SIG-Algebras and the values of variables are irrelevant). In concrete code like the
ones given in Fig. 3 and Fig. 4 each operation Op; has a name (instead of using an index j), and is given in the form of
name(in;; out;) pre pre; { o; }.

Definition 3. The atomic semantics [Op]] € S x S, of a data type ASM operation Op = (pre, in, &, out) extends [«] in two
ways: the input locations are erased (i.e. arbitrary) in the post-state, and any result, including nontermination, is allowed if
the precondition does not hold:

(s,s") e [op] iffeithers## L,s"# L and (s,s{in— a}) € [«] for some a
or (s, 1) € [«]

ors = pre and s’ is arbitrary in S|

! The greatest fixpoint v(AZ.{I | ¢(I, Z)}) is the union of all sets Z whose elements satisfy the recursive property ¢ (which must be monotonic in Z).
The more commonly used least fixpoint is inadequate here, since it gives the finite executions only.
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Fig. 6. [0-refinement between abstract run (asi,...) and corresponding concrete run (csy,...).

asy € dom(Op)“.“) ........ » Jas,

Fig. 7. Forward simulation R with commuting 1:1 diagrams.

The intuition for changing the input locations arbitrarily is to allow the environment (e.g., the user of the file system) to
set the input locations in to new values before the next operation is executed. This coincides with the definition of “firing
of updates” of standard ASMs (see [1]), which similarly assigns new values to monitored functions. Non-terminating runs
of o are preserved unchanged (in particular (L, L) € [Op]). The third line of the definition is the standard semantics of a
precondition.

Based on the semantics of a single operation we can define runs of a machine M = (SIG, Ax, Init, {Opj}jc;) for a finite
or infinite sequence j = (jo, j1,...) of (indices or names of) operation calls. In order to distinguish between an infinite
sequence of calls and the divergence of one operation, we allow the states of intervals to end with a sequence of L.

Definition 4 (Executions & runs of data type ASMs). An execution of the call sequence j for a data type ASM M is an interval [,
written I € exec™ (j), iff #I =#j, and

(I(k), I(k+1)) € [Op;,] forall0 <k <#j

A run, written I € runs™!( J), is an execution that starts with an initial state 1(0) = Init.

The definition of runs mimics the definition of runs of data types, although we consider both finite and infinite runs.
Note that runs may well call an operation with the precondition being false. According to the semantics of one operation
(Definition 3) the rest of the run is unpredictable then: either the operation diverges, and the interval ends with a sequence
of L states, or execution may continue with an arbitrary state.

Refinement between an abstract machine A = (SIGA, InitA,AxA, {Opf‘}jej) and a concrete machine C = (SIGC, Initc, AxC,

{Op?} jej) with the same operation set | is defined relative to a relation I0 € AS x CS (“input/output correspondence”) over
the state sets AS and CS of A and C. Often IO requires identity of input and output locations, but more general cases are
possible.

Definition 5. Correspondence of two intervals I€ and 1A of C resp. A (“IC matches [4 via 10”) is defined as

I°Cio 1A iff #1€ = #1 and for all k < #1€
either IA(k) =1 (and I (k) is arbitrary)
or ISk # L, I(k) # L, and (I (k), I°(k)) €10

Fig. 6 visualizes two [0-matching runs. In the example, the concrete run diverges after step k, which is matched by the
abstract L. Refinement relative to IO is then defined as follows.

Definition 6 (Data type ASM refinement). Machine C refines machine A relative to 10, written C Cjg A, if for every call
sequence j and every I€e runsc(l') an abstract run 14 € runsA(l') exists, such that 1€ Cjp I holds. In the common case
where [0 = Id we omit I0 and just write C C A.

The definition allows to refine an abstract run, which calls a diverging operation (for example, one where the precondi-
tion is violated), with a terminating run: the state IA(k) (compare Fig. 6) after the diverging operation (and all subsequent
states) will be 1, and match any concrete state. Thus our definition follows the contract approach to data refinement [8].

Proofs of refinement are typically done with forward simulation, composing runs (as those shown in Fig. 6) from com-
muting diagrams (as shown in Fig. 7).



Theorem 1 (Forward simulation). C Cjo A follows from a forward simulation R C AS x CS such that R C 10 and
Initialization: it ran(InitA <R)
Correctness: (dom(Opj-“) <R)g [[Opjc]] C [[0pr SR forall je |
where dom(Op;“) :={aseS|(as, L) ¢ [[Op}“]]}
Here, _3_ denotes composition of relations (instead of intervals), _ < _ denotes domain restriction, and ran is the range of a relation.

The correctness proof obligation is visualized in Fig. 7. A state as; has to be found such that the diagram commutes. The restriction
asy € dom(Opf‘) defines the “interesting” cases, where the state as; is not L. Otherwise, Opf‘ has a non-terminating run, so choosing

asy = L is sufficient for refinement. Note that the correctness condition also enforces termination of Op]C in the interesting case, i.e.,

csy cannot be L (so in particular prej: (cs1) must hold), since [[Opj“]] SR does not contain any pair (asy, L). In (the contract version of)
data refinement [8], this “applicability” condition is often stated separately.

That a forward simulation is sufficient for refinement is proved as usual by induction over the number of steps that are
simulated. The semantic proof obligations for a forward simulation can also be expressed equivalently in the calculus:

Initialization: nit® (cs) — as. Init™ (as) A R(as, cs)
Correctness: pref(as) A R(as, cs) A (|ozj4 ) true
— prejc-(cs) A (|oz§-3 ) (a;“)R(as, cs) forall je J

5. Submachines

In this section we define data type ASMs M (L) that use a submachine £, by extending the syntax and semantics
of rules with calls to the operations of L. Proper use of a submachine is subject to certain restrictions that ensure that
M(L) is independent of the inner workings of L, i.e., only the inputs and outputs of £ are relevant. As a consequence,
the submachine £ can be replaced by a refined machine K in a compositional way, i.e., X C £ implies M(K) C M(L).
Theorem 2 will make the correspondence precise.

For a data type ASM M = (SIG, Ax, Init, {Op;}ic;) that calls operations of a submachine £ = (SIGE | AXE, InitZ, {Opf}jej)
the following restrictions apply:

e M contains L’s signature and axioms: SIGE C SIG and AxF C Ax. Thereby, a state s of M(L) can be split into the
“local” part Is of £ and the remaining “global” part gs of M, which we write as s = Is@gs. Similarly, we write [£@IM
for the point-wise split of intervals over disjoint signatures.

e Initialization of M respects initialization of L: {Is | Isdgs € Init} C it~

o M respects information hiding: The signature of £ is never accessed directly by operations of M, i.e.,, M can only
read and update the signature of £ indirectly via calls to operations of £. The latter means that the local state of L,
consisting of the locations in the input, output and controlled signature of £, may not be used in updates, actual call
parameters or tests of M operations.

5.1. Syntax & semantics of submachine calls

Rules « of the machine M may now contain calls to operations of £. We extend the syntax of rules of Sec. 3.1 with
= ...|Opf(t; loc)

The call expects the actual inputs ¢ in the input locations i_njﬁ of Opjﬁ, executes the rule Oij, and finally copies Mf back

to actual outputs loc, which must be writable locations of M. Within the run of «; the call to Opj-: is considered as one
atomic step, except when the submachine call does not terminate (Is' = L) then I continues with an arbitrary and possibly
infinite number of L states, as indicated by L* below.

In order to record (and later extract) the sequence of submachine calls, we extend the semantics | = to I, j =« with

an explicit sequence of submachine calls j € (J W {7})®, where ] is the index set of L.

Definition 7 (Semantics of submachine calls).

I, j = 0opf (t; loc)
iff ls(igf) =[tl(gs) and (s,Is") € [[Opf]]



10

IE=o
Lt
. x=n , %yl x=n
M(L): Isepgs Isepgs IsSegs’ ——— > IS’ dgs
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I eexecE(t, j, 7)

Fig. 8. Example execution of a rule @ with calls to submachine £ and corresponding execution of £ with stutter steps.

(Is@gs. Is'gs{loc > Is'(outf)}) ifls' # L

and | = ]
(Isdgs, L®) otherwise

j ifIs' £ 1

and j = (].) . if Is' .
= (J,-..) such that #j = #I otherwise

Ordinary assignments in M appear as stutter steps 7 in this call sequence of the submachine, and sequential compo-
sition simply concatenates the call sequences. Thus, I and j have the same length. We omit the sequence of submachine
calls j if it is not needed explicitly. h

The above definition’ ensures that given a run of M it is always possible to look at the non-atomic semantics of
each rule applied and extract a (stuttering) run of L. Fig. 8 exemplifies the extraction by looking at one atomic step from
(Isdgs) to (IsS'@gs”) in a run of M. Assuming that the rule executed is ¢, the fine-grained semantics of o gives an interval
I = « that starts with (Is@gs) and ends with (Is'@gs”). In the example the interval consists of three steps. The first and
last step are simply assignments to the global M-state gs. The second step is a submachine call that induces a transition
from local state Is to Is'. Projecting all states to local states (lower line), we get an execution IZ of £ with explicit stutter
steps (indicated by t) that executes the call sequence (t, j, 7). Formally, stuttering executions execf( j) (and runs) of £ are
defined like ordinary ones, but elements of the call sequence are in J; := J W {t}, where the semantics of t-transitions is
just identity.

Proposition 1. Given an execution [, j = « of a rule « over the signature of M, I = 1£@IM can be split into the global interval I’
and a stuttering L-execution [~ € execZ (j).

5.2. Submachine refinement

In this section we show that refinement is modular in the following sense: Given a machine M(£) and a refinement
K Cro L, then replacing calls to £ in operations of M with calls to IC gives a machine M (K) that refines M(L). M(K)
is defined over the signature (SIG\ SIGE) W SIGK, its initialization is:

nitM®) .= {kspgs | Isdgs € mitM ) and ks e nit"}.

The result needs one additional restriction compared to general refinement: LIO is the identity relation over the input and
output parameters of £ and K:

LIO :={(Is, ks) | Is(in®) = ks(in™) and Is(out®) = ks(out™)} (1)

where igﬁ, out® are all input/output locations of £, likewise for K.
For the refinement M (K) Cjo0 M (L) we can establish identity as the strongest possible relation I0 on the two global
states:

10 := {(Is®gs, ks®gs') | gs=gs'}

Given these prerequisites we have

Theorem 2 (Compositionality). K Cpjo L implies M(K) 5o M(L).

2 The semantics of submachine calls differs slightly from the one we gave in [9]. In particular, copying input is no longer necessary as it is now assumed
to be already there (compare Definition 3), and L-states now follow a diverging call instead of an infinite sequence of arbitrary states (which likewise
implied, that the calling M -operation diverges). Furthermore, we added the sequence of submachine calls to the semantics. These changes simplify the
extraction of a stuttering £-run.
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=@M, ji = oy (K~ L)
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1 kso € it™ - - - ------- > ks ksk+1

I ksobgsg - - ------- > ks Dgsy KkSk-+1D8Sk11

I=IFeIM, jk =,

Fig. 9. Substitution lemma.

To prove the theorem, one has to note that it is not possible to incrementally construct a run of M (L) from one of
M(K) by induction over the number of steps done by M (K). Given IM®) £;5 ML) and assuming M) is a prefix
of ') then refinement guarantees the existence of I’’®©) with '’M®) £ I’M(ﬁ) but not that I js a prefix of
'"ML) | 5o the induction hypothesis is not applicable. Our proof therefore has to consider a full run of M(K) as a whole.

Proof. We have to prove that every run (s, s1,...) € runs™® (i) of M(K) refines some run (89,57, ---) of M(L). Assum-
ing sy is ksygs, whenever s, # L, we construct a run of the form (ISo®gsg, Is1Dgsq,...) € runsM(Q(g’) (where each state
is L if sy = L) in several steps. The bottom of Fig. 9 depicts this situation.

First, for each step from sy to sgyq an interval Iy, ji = o, exists, which consists of the steps executed by rule Op;,
and produces submachine calls j to K. The first state Ix(0) of every interval is sy (if sy = L then we set I = (J_)) The
interval is either infinite or ends with L whenever s;; = L, otherwise it is finite with Ij.last = s 1.

Second, all Iy can be concatenated to one interval I (depicted at the bottom), similarly all j, yield the sequence of

M(K)

submachine calls j, and the local states of K can be projected out to give a stuttering run £ e runs’f(l') of machine K.
Since K Cyjo £, a corresponding run £ e runsff(l') with IX Ty IX exists (the two runs in the middle).

Next, the global states of I can be combined with the ones of I£ to give I’ := I£@®I*™ (shown at the top). Since I
and I’ have the same length, I’ can be split into subintervals I, = I,feal,f\/t with the same lengths as Ij. Finally, the initial
states I;(0) for all k are the states s; of the run of M(£) we wanted to construct (their global state is gs;, whenever
I,(0) # 1)

We show [}, ji = «; {K — L} for each k by Lemma 1, which proves that the resulting interval is indeed a run
of M(L£). O

Lemma 1 (Substitution of submachine calls). If I*®IM, j = o then I € exec® (j) and I* Syyo - implies I“ @I, j = a{K — L}.
Proof. By structural induction on «. O

Remark. Compositional replacement can be nested. A" (M (K)) E N (M(L)) for any (proper) outer context A follows triv-
ially, because I0 implies that M (L) will have the same outputs as M (K), i.e., satisfies the equivalent of (1) on the outer
level.

6. Crashes & recovery

In this section we consider data type ASMs that exhibit crashes during execution. A crash is an event that is triggered
asynchronously, aborting the currently executing operation in some intermediate state. In the context of file system verifi-
cation, this typically means unexpected power loss. Intuitively, a crash erases volatile state (i.e., data in main memory such
as caches), but the persistent state remains unchanged; crash safety means that operations have an observably atomic effect
with respect to power cuts.

After a crash, a designated recovery operation tries to reconstruct the previous situation. In practice, the difficulty is to
determine how far the aborted operation has progressed, i.e., whether the operation can be considered to have taken effect
or not.

However, the intuitive understanding of crash-safety as observable atomicity is insufficient for realistic systems. In the
flash file system, for example, many intermediate layers (i.e., submachines) expose some effect of a crash that cannot be
masked by the recovery because of incomplete information (an example is given in the next section, more complex ones
are described in [15,16]). As a consequence, the effect cannot be masked from the specification either, which motivates our
approach to integrate crash-safety into refinement: an abstract machine .4 has to specify to what extent the corresponding
implementation C must be able to recover from a crash.
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Fig. 10. Different degrees of atomicity of crash behavior of an operation of machine M (L). The states denoted by circles are generated by the semantics

from Sec. 3.2. M.(L.) considers the black states only, MD(L.) adds the white states to the behavior and MU (LD) additionally considers the gray
states. At the top, an example crash in an intermediate state and subsequent recovery is shown. The corresponding states at the top are generated by the
crashing semantics as defined in Sec. 6.4.

6.1. Observable effects of crashes in POSIX

On the POSIX level, the effect of a crash and subsequent recovery is to drop all open file handles and to delete all
orphaned files. This is formally specified as a binary predicate over pairs of states

posix-crash-recovery(tree, fs, ofh, tree’, fs', ofh’)
<« tree’ =tree AfS' =[5\ orphans(tree, fs) A ofh’ =

where orphans(tree, fs) = {ino € fs | 1inks(ino, tree) = @}, i.e., orphaned files are those that had already been unlinked
from the tree at the time of the crash, but were still referenced by some open file handle which now doesn’t exist any
more. Orphans are now obsolete because no more references to them exist.

Power cuts are treated compositionally in VFS. The crash predicate of VFS is equivalent to the one of AFS, i.e.,

vfs-crash(dirs, files, ofh, dirs’, files’, ofh’)
< afs-crash-recovery(dirs, files, dirs’, files")

without specifying a value for ofh’ after the crash. This asymmetry is because ofh is now an implementation level vari-
able that is stored in main memory (and is therefore arbitrary after the crash as formalized by Definition 12 below). It
is therefore initialized explicitly within the recovery procedure of VFS in order to establish the requirement imposed by
posix-crash-recovery:

vEs_recover() {ofh:=0}

The effect specified by POSIX is matched on the AFS level, for a suitable definition of orphans (that commutes with the
simulation relation).

afs-crash-recovery(dirs, files, dirs’, files') (2)
< dirs' = dirs A files' = files \ orphans(dirs, files)

6.2. Atomicity of operations

The basic idea is that the non-atomic semantics of a rule I = « defines the states I(k) in which crashes need to be
considered. An example is shown in Fig. 10 where an operation of a machine M (L) executes several steps. Disregarding
the submachine call for a moment, an example crash occurs in state after two steps, followed by a recovery to another state
represented by the circle at the top right. The crash semantics defined in terms of intervals I =« will allow us to reason
about such intermediate states. In order to specify the properties of such states, we will use refinement, just as we do for
ordinary, final states.

Extending this notion to submachines with crashes raises the question about atomicity of calls. To what extent can they
be treated atomically? In Fig. 10, the submachine operation at the bottom has some intermediate states (gray). Given that £
is an abstract machine, i.e., one that is refined further, it makes sense to interpret £-calls as atomic, since proofs for crashed
runs of M (L) will be simpler. Consequently, only crashes within £ in the white states should be considered. In contrast,
if the submachine corresponds to an implementation, all intermediate states (white and gray) are relevant for the analysis,
because that is what will eventually run in reality. We capture these different views by two semantics for crash-behavior:

A machine M with “white-box” crash behavior permits crashes any time during the execution of its operations. Under
certain conditions, such a machine can be reduced to a machine M™ with “black-box” crash behavior: only states in
between operations are relevant in order to study crashes. Black-box crash behavior of submachines £™ is what makes it

possible to treat calls atomically. In the following, let M denote a machine with either crash behavior M" or M™.
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A key feature is that refinement remains compositional with respect to submachines. The distinction into black-box and
white-box semantics gives rise to different composition patterns with increasing degree of atomicity (cf. Fig. 10): Machines
MP(LP) consider crashes at any point in time during execution, even in the middle of submachine calls. Such machines
correspond to the system that will finally run, i.e., the system whose correctness we are ultimately interested in. Machines
M (L™) view operations of £ atomically, however, it is still possible to have a crash in the middle of an M-operation.
Machines M™(£™) consider crashes between AM-operations only. From a verification point-of-view such machines are
much simpler, since it is possible to reason about their behavior in an entirely atomic setting. Technically, this means that
weakest precondition calculus, as presented in Sec. 3.4, is sufficient for proofs of their correctness.

Generally, we wish to switch from a white-box to a black-box view whenever possible, because a formal proof for the
latter has to consider significantly less states. The two main theorems are:

e A submachine with crashes can be substituted in a context, e.g., K™ = £™ implies MP(K™) = M7 (L™) (Theorem 4),
and
o M (L™ = M™(L™) holds under certain conditions (Theorem 5).

6.3. Application to the file system

In general, we are interested in the correctness of the machine (omitting several intermediate machines for clarity)
C:= VFSZ(FSZ (HW™)),

since this is the final code that will run (cf. Fig. 1). We assume that our atomic specification HW™ of the flash driver
already captures the full crash behavior correctly [15]. The correctness of the entire system is expressed as the refinement
C C POSIX™. Thus, from the perspective of the user of our POSIX-compliant file system either an operation took effect in its
entirety before a crash or the operation had no effect.

We start with the innermost machine FS” (HW') with full crash behavior and reduce it to FS'(HW'). The reason why
FS2 (HW™) = FS™(HW™) holds is twofold: First, the entire state of FSZ is considered to be in RAM and is therefore arbitrary
after a crash. The state of HW™ on the other hand is unchanged by a crash. Second, all operations of HW™ can always
fail without changing the stored data (but may signal an error code by setting some output parameter). This models that
the flash driver can always run out of memory for some memory allocation (for e.g. buffers) or simply that the flash
hardware could not handle the request. From an execution I of an operation of FS”(HW™) that crashed in the middle, we
can construct an execution of FS™(HW™) by extending I just by executing the operation to the end and choosing that every
submachine call to HW™ should fail without modifying the persistent data. The complete execution then crashes to the
same state as the incomplete one.

This allows us to refine the easier system FS™HW™) to AFS™

FS® (HW™) C FS™(HW™) C AFS™. (3)

Since submachines with crashes are compositional, we can substitute AFS™ for FsY (HW') in the context of VFS. Thus,
we have proven

VFS® (FS® (HW™)) T VES™ (FS™ (HW™)) T VES™ (AFS™).

Now we again have a machine with intermediate crashes with a submachine. However, it now does not necessarily hold that
every operation of AFS™ has a run that leaves the state unchanged, because there is no longer a clear distinction between
in-RAM and persistent state in the AFS™ submachine. Therefore, we generalize the property: An operation is crash-neutral, if
it has an execution that can be reverted by a crash. This property is formalized in Sec. 7 and we prove that this is sufficient
to construct a complete execution with subsequent crash to a partial, crashing execution (as we did above). The operations
of the hardware model are trivially crash-neutral. This also holds for AFS™.

Therefore, we can complete the refinement tower, by repeating the strategy that was used to establish (3) and get:

VFS” (AFS™) = VFS™ (AFS™) C POSIX™

Note that we need to reason about machines with crashes at the end of operations only and about the crash-neutrality
of each submachine, both of which can be expressed in the calculus.

6.4. Semantics of crashes

Definition 8 (Data type ASM with crash behavior). A data type ASM with crash behavior MM =(SIG, Ax, Init, {Opj}jey,Cr) has
an additional static predicate Cr € S x S describing possible state transitions of the dynamic part of the signature triggered
by a power cut. Immediately afterwards (and only then) a designated operation Op,e. With index rec € J is called implicitly
in order to restore a consistent state.
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We define the semantics of machines M~ and M™ in terms of a modified atomic semantics of their rules, [«]° and
[[oz]]' respectively. In analogy to nontermination L, the state space is extended with states s; € S, that signal a crashed
state where S; :={s; |s € S}. The 4 is merely an annotation, that indicates that the state s cannot be used by any operation
except recovery.

Crashed states imply that the currently running operation is aborted and subsequent steps are not possible. Sequential
composition of intervals is adapted so that Io§I1 :=Io whenever Ig.last =5, is a crashed state, i.e., the remainder Iy is not
executed.

Definition 9 (White-box crash semantics of rules).
(s,s) e [a]” iffeither (s,s") € [o]
or for some sg, s1, I :
(s,...,50)8] = and (sp,s1) € Crand s’ =51y

or(s,...,s14) Faands =syy

The first clause permits an uncrashed execution. The second clause splits the fine-grained semantics of « into a finite
prefix (s, ..., So) and a remainder I (that is ignored). Assuming that sg is a normal state the effect of the crash Cr is applied
to get to s; and the 4-marker is set. The third clause propagates crashes that have occurred during the submachine calls
(see Definition 11).

Definition 10 (Black-box crash semantics of rules).
(s.8") € [a]™ iffeither (s,5') € [o]
or for some sg, $1 :
(s, 50) € [o] and (so,s1) € Crand s’ =57

or (s,s1) € Crand s’ = sy

The second clause introduces crashes after terminating executions of «. The third clause permits immediate crashes
before o has even started. In contrast to Definition 9 it is sufficient to refer to the atomic semantics of «. Note that sg € S
is neither L nor crashed since Cr C S x S. The black-box semantics is a subset of the white-box one, i.e., [a]™ < [«]".

The atomic semantics of operations with crashes [Op j]]KI for j e J \ {rec} (except recovery) simply refers to the corre-
sponding semantics of its rule [[oz]]KI (analogously to Definition 3). Since [[oz]]KI does not contain any transitions starting in a

crashed state, the same holds for [[Opj]}n, ie., [[Opj]]:I € S1 x (SLWSy). This captures the notion that normal operations
are prohibited in crashed states. In contrast, the recovery operation Ope. = (true, (), 0rec, Out) is only run in a crashed

state. Its atomic semantics [[Oprec]]:I C(S; W{l}) x S is defined by
(5.5) € [Oprec] ™ iffs=1
or there is a state § € S with §; =sand (5, s") € [erec],

i.e, if s is some crashed state S, , then the crash marker is removed and the recovery rule is called.

To simplify the discussion, we have excluded crashes during recovery by referring to the normal non-crashing atomic
semantics of o here. However, the assumptions of Theorem 5 are sufficient to guarantee crash-safety even then. We also
assume that the recovery operation has no input parameters and its precondition is just true.

The executions and runs of machines M~ are defined in terms of [[Opj]]:I just like in Definition 4. As a consequence
crashed states are exposed in the runs, reflecting the fact that crashes should be observable. A single transition in a run can
be a normal execution of a callable operation, or a crashing execution of such an operation resulting in some state 5, in
which the subsequent step must be recovery.

6.5. Crash-safe, compositional submachine refinement

Refinement C~ Cjo 4 AM between two machines with crash behavior needs to be adapted slightly in comparison to the
conditions given in Sec. 4. The relation IO is extended to crashed states as follows: (as, cs) € 10 iff (as, ¢s) € I0 are normal
states, or both as and cs are crashed (without further constraints).

The proof for forward simulation proceeds by discerning whether the concrete operation 0p€ exhibits a crash or not. If
there is a crash, we do not construct a 1:1 diagram as shown in Fig. 7, but instead a 2:2 diagram that includes recovery as
the next step. A crash is therefore never considered in isolation, and it is not necessary to extend the simulation relation R
to crashed states. The extra proof obligations that support this reasoning can be factored out as follows:
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Theorem 3 (Forward simulation with crashes). C~ = A" follows from a forward simulation that satisfies the conditions of Theorem 1
(for the index set ] \ {rec}) and additionally for all j € ] \ {rec}:

Crash:  (dom(0p7') <R)§[0p{]" 8 [opc]™ < [0p7' 1" 8 [Oprec] ™ R

The proof that the extended forward simulation establishes refinement for the modified setting is again by induction
over the number of steps executed. Note that we have defined I0, to hold for any pair of crashed states in the middle of
the 2:2 diagram, so there is nothing to prove for these.

A direct proof for the new conditions of Theorem 3 for the refinements of our case study is however difficult in the
white-box setting, because it is necessary to reason about all intermediate states of the execution of [[Opjc]]D. The abstract

operation [[Op;“]]D is less critical, because we can choose to treat it atomically by witnessing whole executions only.

For a black-box refinement C™ = .A™ the theorem yields the following simple proof obligations, in addition to “Initializa-
tion” and “Correctness” from Sec. 4.

Recovery: R(as, cs) A (cs, cs') € cr¢
— (0p%.(; cs)) (Fas'. (as, as’) € Cr™ A (Opia.(; as)) R(as', cs') )

Next, we describe how the desired behavior of the different composition patterns M2 (£2), M2 (L™ and M™ (™),
which we have outlined in the introduction to this section, is established.

Proper use MM(£V) has an extra condition: the crash predicate Cr of M can be split into the effects Cr< on the local
state of £ and a predicate Cr™ on the global state of M:

Cr:={(Isdgs, IS ®gs) | (Is,Is') € Cr* and (gs, gs') € cr'M)

In a white-box context M, a crash can occur either in M-steps or in £-calls. For the former we simply apply Cr (compare
second case in Definition 9). For the latter, by the semantics of En—operations, the resulting state ls’é has already been

modified by crf and only cr™ must be applied (lifting the marker 7).
The semantics of submachine calls is therefore (extending Definition 7):

Definition 11 (Semantics of submachine calls with crashes (j # rec)).
N
I'=0pf (t:loo)
iff ls(iﬂf) =[t](gs) and (s, Is) e [[Opf]]:I
(Is@gs, Is' Bgs{loc — ls’((Mjﬁ)}) ifls# LandlIs' ¢ S,

and | — | (s®ss. (sgs') ;) if Is' = Is; for some Is
and (gs, gs') € cr'M
(Isdgs, L) ifls =1

This semantics also works within a black-box context M™: Definition 10 filters out crashes in calls to submachines by
the condition that only executions of the rule o leading to normal states are accepted. The additional case for submachine
calls given above is irrelevant for black-box runs.

Analogously to Theorem 2, the following compositionality result holds:

Theorem 4. Let C € {K™, K7} and A e {£™, £O} be data type ASMs with crash behavior, then C T A implies MP(C) T M (A)
and M®C) = M®(A). O

7. Crash reductions

In this section we formulate two assumptions, which in practice allow us to only consider crashes at the end of oper-
ations, i.e., we can prove M7 (£L™) = M™(£™) under these assumptions. The basic idea is that for every execution of an
operation that crashes in the middle resulting in state s, we can construct a complete execution with a crash at the end,
that still yields s. Thus, we can move or postpone a crash to the end of an operation without any visible effect.

The first assumption restricts the crash predicate of AM™: It must be such that the entire state of M without the
submachine is arbitrary. This allows us to move a crash over one step (other than a submachine call) of an M-rule « while
still resulting in the same state after the crash:
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Fig. 11. Crash-neutrality guarantees the existence of Is;.

Definition 12 (Unrestricted M~ crash). The crash of M™, which properly uses the submachine £, is unrestricted iff cr'™
satisfies

(gs,gs") € crM for all gs, gs'.

This assumption corresponds to the intuition that the state of MM is in RAM and therefore lost during a crash. For the
VFS model of the case study this is satisfied as shown in Sec. 6.1, only the open file handles ofh are part of the state of VFS,
the directory structure dirs and the file content files are part of the submachine AFS.

Complementarily, the second assumption about each operation of the submachine £~ allows us to move a crash over a
submachine call:

Definition 13 (Crash-neutral). An operation Opf is crash-neutral iff

pref” < [cr°] < [opi 9 [Cr*].

Crash-neutrality is trivially implied by [[Opf]] C Id. This simpler condition is satisfied is satisfied by all operations of the
hardware, which are typically modeled as rules of the form

flash_op(in; err)
{ flash := f (in, flash); err := ESUCCESS } or { err := EFAIL }

where the failure case witnesses the crash neutral run.

There are exceptions, though, which do require the generality of this definition. On the AFS level, for example, the error
handling that is added to the operations shown in Fig. 4 follow the scheme above for afs_unlink (which therefore
satisfies [afs_unlink] CId).

However, afs_evict is an exception since never fails (roughly speaking, the corresponding unlink operation dropping
the last link has already succeeded previously, and evict operates on RAM data exclusively). To prove that afs_evict is
crash-neutral for the case where 1inks(ino, dirs) = (), after substituting Fig. 4 and (2) into Definition 13 it remains to be
shown that

files \ orphans(dirs, files) C files \ {ino} \ orphans(dirs, files)

This holds since 1inks(ino, dirs) =@ implies ino € orphans(dirs, files).
Fig. 11 shows an arbitrary transition of a crash from Isg to Is1. If Opf is crash-neutral then there is a state Is; that is
reachable through a submachine call to Opf and also yields Isq if we postpone the crash until after the call. This allows us

to complete a crashed run of M7 (£™) until the operation terminates, by extending the crashed run with these transitions
of crash-neutral operations.

Lemma 2. If all operations of L are crash-neutral, the MM (L™ crash is unrestricted, and all runs of Opf/l = (prej, i_nj, o, out;)
terminate within pre;, then [op']” = [op]™ holds.

Proof. Given (sg, s’é ) € [a]”, we have by definition of [«]" the case of a crashing run (so,...,s1)§l =« with (s1,s") € Cr
and [ finite. The case of a crashing submachine call is not possible here, and the case without crash is trivial. Fig. 12 depicts
this situation. We incrementally extend (sg, ..., s1) to a complete run of « ending in a state s, with (s,, s’) € Cr, in which
case we are done.

If the first transition in I is a submachine call to Op£

i, we know that the precondition holds, since otherwise Op]M
has an infinite run. Since Opf is crash-neutral, there is a state Is; with (Is1,1sy) € [[Opf]] and (Is, Is") crt (cf. Fig. 11).
We extend the partial run with the state s, := Is,@®gs;. Note that (sz,s’) € Cr holds. Furthermore, we know that a finite
completion I’ of the new run exists, because rules can not get stuck and all runs of Oij terminate.

Otherwise, the first transition of I leaves the state of £ unchanged. We extend the partial run with s, := (1) and the

completion I” is (I(1), ..., I.last).
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Fig. 12. Reduction to Complete Runs.
In both cases we have extended the partial run of o one step while still being able to crash to the same state s'.
We repeat this process until we have a complete run of « that crashes to s’. If this process does not terminate, we have

constructed an infinite run of «, contradicting the assumptions. O

We lift this property to the entire machine (via Theorem 3):

Theorem 5. If all operations of £ are crash-neutral, the M~ (£™) crash is unrestricted, and all runs of all operations of M terminate
within their precondition, then MP(L™) = M™(L™) holds. O

The conditions of this theorem yield the following additional proof obligations in the calculus (where J is the index set
of M and K the one of £):

Termination: prej\’t — (|aJM ) true forall je J
M~ (£™)-Crash: Cr(lsebgs, IsS ®gs’) < Cre (s, Is)
Crash-Neutral: pre,f(ls) A Cr‘(ls, Is"

— (af) (Cr-(s,Is) ) forallk € K

Note that Is in the precondition of “Crash-Neutral” refers to the state before executing ozkﬁ. whereas Is after (oekﬁ

the post-state.

)y refers to

8. Related work

The first part of this section summarizes related work to refinement and submachines. A more detailed description has
been given in [9]. The second part discusses related work with regard to crash-safety and file systems.

8.1. ASMs & submachines

In general our approach is based on iterated refinement, following the idea of ASM refinement [2]. The specific instance
of refinement defined here is based on data refinement [17], in particular the contract-based approach of Z [8]. It can
be viewed as an adaption of this approach to the setting of ASMs. We prefer the operational style of ASM rules over
the relational style of Z operations, since ASMs can be executed and directly translated to code. Nevertheless, our atomic
semantics (Definition 3) of ASM operations parallels the contract embedding of Z relations into states with bottom, except
that we do not add {L} x S, but just {1} x {L} to preserve the meaning of L as “nontermination” (not “unspecified”).
[18] argues that for both embeddings the same refinements are correct, in particular our simulation proof obligations are
those of Z refinement.

It is a folklore theorem of data refinement that proof obligations for individual operations are sufficient to allow sub-
stitution of abstract with concrete operations in any reasonable context, i.e., one that does not access the local state of
operations. Our formal proof of Theorem 2 shows that ASM rules are one suitable context. We are not aware of formal
proofs that propagate refinement expressed in terms of submachine runs to the context. In [19] analogous results are shown
that simulations propagate (Theorems 4.10 and 9.5). This is simpler since an incremental construction over the number of
steps is possible while we need to consider the run as a whole (cf. Theorem 2).

The refinement concept discussed here differs from our earlier formalization [20,21], and from Event-B [22] in that it
uses preconditions, not guards (the earlier B formalism [23] had both preconditions and guards). Whether one needs one
or the other concept is application dependent: when rules are called by the environment, the precondition approach is
appropriate; if the machine itself chooses a rule, then the guard interpretation is appropriate.

The definition given here is on the one hand more liberal than the one in [21], as it allows one to implement a diverging
operation on the abstract level with any run on the concrete level. On the other hand it is more strict, as it forbids general
m:n diagrams where m > 1 abstract operations are implemented with n concrete ones, since the environment cannot be
forced to call a specific sequence of m operations.
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With respect to ASMs, our syntax only uses a fragment of the syntax available in [1]. In particular we use parallel
updates only in the atomic updates, while control state ASMs allow arbitrary ASM rules. It would be possible to generalize
the atomic steps to general ASM rules, however, this would complicate code generation. Also, symbolic execution rules
would get significantly more complex (cf. Chapter 8 of [1]), since parallel rules may have clashes.

For the atomic semantics given in Definition 3 it is not difficult to show that it agrees with standard rule semantics of
ASM rules, when «o; 8 is interpreted as « seq $ in the following sense: (s,s’) € [Op] corresponds to a successful computa-
tion of a consistent set of updates of a Turbo ASM rule in [1], Chapter 4 (and s’ is the new state from applying this set).
(s, L) € [op] corresponds to either a diverging computation of updates, or to the computation of an inconsistent set. Our
definition of submachines is different from the one in [1], where a submachine is a subrule that may be called within a
rule, similar to a call of a submachine operation here.

For sequential ASMs with regular upate-set semantics as contexts, it should be possible to prove a modularity result
comparable to the one Sec. 5 when submachine operations are represented by named procedures. Synchronously parallel
submachine calls (0p£ par 0p£) are problematic, because it would not be possible to extract a submachine run according
to Proposition 1 and Definition 4. In practice, such parallel calls are also likely to produce clashes.

The crash theory of Sec. 6 could in principle be represented by control state ASMs, however, this introduces undesired
overhead (see e.g. [24]).

Event-B has two decomposition concepts for machines that roughly correspond to interleaved [25] and synchronous
parallel execution of rules [26]. It is not immediately clear how our submachine concept could be encoded by such a
decomposition, since events in Event-B have no internal control structure.

8.2. File systems & crash-safety

The interrupt operator of CSP is similar to our semantic definition of a crash regarding the possibility to abort a running
operation: Process PA;Q denotes that P executes until an (external) event i occurs, after which P is discarded and Q is
started. The operator originates from [27] and is further explored in [28]. In [29], a trace-based semantics is given that is
equivalent to our white-box semantics of rules [a]".

In [30] a high-level modeling language specifically designed for file systems is described. Examples cover sophisticated
optimizations such as reordering of writes and versioning. However, the modeling language is not intended for an actual
implementation of a file system. Bornholt et al. [31] similarly consider different crash consistency models and check the
guarantees made by existing file systems in practice using the FERRITE tool.

In the context of operating system kernels, interrupts are similar to crashes in that they can occur at any time. The
approaches we are aware of [32,33] allow interrupts at specific locations in the code only.

In the context of the flash verification challenge, we know of several approaches that handle crashes. Kang et al. [34]
uses the bounded model-checker Alloy [35] to analyze crashes during a write operation. However, the approach intertwines
the effect of power loss with the specification of the write operation. The adequacy of the model is therefore hard to
judge. The approach [36] uses bounded model-checking with SPIN to examine every intermediate state. Both approaches
currently scale only to models that are specifically tuned for a small state space. Damchoom et al. [26] decompose the write
operation at the granularity of pages using Event-B refinement. Crash safety is specified with respect to a shadow copy of
the complete state (which is not realistic for Flash). The authors of [37] have performed an extensive analysis of existing
file systems, including recovery, and have found multiple bugs.

Ridge et al. [38] provide a tool called SibylFS that serves as a test oracle and reference specification for existing file
systems. Our implementation successfully passes the relevant tests.

Mari¢ and Sprenger [39] consider a storage system which has similar properties as a file system, but with a strong
focus on redundancy. They model crashes with exceptions that are thrown by hardware operations, which resembles our
black-box machine HW™.

Chen et al. [40] discuss different formalisms to express crash and recovery on a high level. The follow up work [41]
introduces Crash Hoare Logic in more detail and presents the verification of a small but complete file system called FSCQ
targeting conventional magnetic drives. In comparison, their approach requires one to reason about all intermediate states
using a special logic, whereas we are able to reduce the proof effort on a semantic level.

The approach in [42] annotates possibly nested regions of a program with a corresponding recovery operation. It is
assumed that the runtime resp. the operating system knows which recoveries to start after a crash if this flexibility is used
(in comparison of one top-level recovery in our approach). Modular abstraction of crashes and recovery is not supported by
the formalism.

In both [41] and [42] each step of the program causes an additional proof obligation connecting a crash in the current
state to the precondition of recovery.

Recent work by Koskinen and Yang [43] explores a strategy similar to our notion of crash neutrality: Recovered programs
should not introduce behaviors that were not present in the original (uncrashed) program (Section 3.1). This amounts to the as-
sumption that the original program is already functionally correct in the absence of crashes and that crashes are in fact
completely unobservable (i.e., the abstract crash + recovery of our setting is just identity, which is insufficient for us).
Supported by an automatic tool ELEVENS2, the authors have uncovered erroneous behavior in production quality data base
systems.



19

We are aware of another ongoing efforts to construct a verified file system: the authors in [44] have focused on a
promising approach to simplify the transition to C-code using domain specific languages [45]. A model similar to our AFS
is presented in [46] including a high-level functional specification the operation fsync to flush caches. Specification and
verification methodology for crash safety is not described.

For an overview of existing efforts in the context of file system verification, see for example [47]. An extensive compari-
son of these efforts on a technical level to our approach can be found in [16,12,15].

9. Conclusion

We have defined a refinement theory for data type ASMs with submachines, which respect information hiding, and
recovery from power failures. The theory has been a key to enable modular and incremental development of the flash file
system case study.

In particular the reduction from crashes in intermediate to final states is an important contribution to the question of
how to handle crashes with reasonable effort, that we found indispensable in practice: Usually, the most difficult proof
on each level in the refinement hierarchy is showing a refinement between the concrete and abstract recovery operation.
Considering the recovery explicitly at each step of a normal operation (and of the recovery itself) is virtually impossible.

Even with the theory we have presented here, developing a realistic flash file system, which has to bridge a large gap
between abstract directory trees and low-level arrays to model flash pages is still a large undertaking, and we were only able
to scratch the surface of the problems inherent in such a development in this paper. The specifications size is approximately
15k lines. Approximately half of the specifications are the rules of 19 ASMs, the other half are algebraic definitions. We
generate 13k lines of C code as the final implementation.

The fact that we were neither limited to verifying low-level C code, nor to purely algebraic specifications of transition
systems, has helped enormously to specify and verify on the right level of abstraction.

One key difficulty was integrating the solutions for the various aspects that have to be solved. Integrating the solutions
properly was significantly more complex, than solving individual aspects in isolation like caching, orphans, dividing writes
into pages etc. Often the integration of one additional aspect has lead to various modifications that propagated through
several layers of refinements.

In particular integrating power cut safety is still one of the most difficult aspects. We estimate that at least half of the
overall project of approximately three to four person years can be attributed to errors and power cut safety.

There are two important aspects, which we will consider in future work. Both will not cause tremendous changes to the
final code, but amount to extensions and modifications that will affect the whole refinement tower in a non-local way.

First, the actual implementation uses concurrency to do work, such as garbage collection of erase blocks, in the back-
ground. On the syntactic level our approach is currently limited to consider sequential constructs only. We have been careful
to define the syntax and semantics of our rules such that it is compatible with an extension to concurrency. In particular,
our theorem prover KIV already supports a logic called RGITL (rely-guarantee interval temporal logic) for such an extension
to interleaved programs [48]. Second, our models currently flush internal caches at the end of POSIX operations and there-
fore the effects of the operation can not be lost in a crash after the operation completed. The implementations in Linux,
however, only flush when £f1lush or sync is called and it is therefore possible that a crash reverses several of the last
operations.

References

[1] E. Borger, R.F. Stark, Abstract State Machines—A Method for High-Level System Design and Analysis, Springer, 2003.
[2] E. Borger, The ASM refinement method, Form. Asp. Comput. 15 (1-2) (2003) 237-257.
[3] R. Joshi, G. Holzmann, A mini challenge: build a verifiable filesystem, Form. Asp. Comput. 19 (2) (2007) 269-272.
[4] G. Reeves, T. Neilson, The Mars Rover Spirit FLASH anomaly, in: Aerospace Conference, IEEE Computer Society, 2005, pp. 4186-4199.
[5] G. Schellhorn, G. Ernst, J. Pfahler, D. Haneberg, W. Reif, Development of a verified flash file system, in: Proc. of ABZ 2014, in: Lect. Notes Comput. Sci.,
vol. 8477, Springer, 2014, pp. 9-24 (invited paper).
[6] G. Ernst, ]. Pfdhler, G. Schellhorn, Web presentation of the Flash Filesystem, https://swt.informatik.uni-augsburg.de/swt/projects/flash.html, 2015.
[7] G. Ernst, ]. Pfdhler, G. Schellhorn, D. Haneberg, W. Reif, KIV - overview and verify this competition, Softw. Tools Technol. Transf. 17 (6) (2015) 677-694.
[8] J.C.P. Woodcock, ]. Davies, Using Z: Specification, Proof and Refinement, Prentice Hall International Series in Computer Science, 1996.
[9] G. Ernst, ]. Pfdhler, G. Schellhorn, W. Reif, Modular refinement for submachines of ASMs, in: Proc. of ABZ 2014, in: Lect. Notes Comput. Sci., vol. 8477,
Springer, 2014, pp. 188-203.
[10] The Open Group, The Open Group Base Specifications Issue 7, IEEE Std 1003.1, 2008 Edition http://www.unix.org/version3/online.html (login required).
[11] G. Ernst, G. Schellhorn, D. Haneberg, ]. Pfahler, W. Reif, A formal model of a virtual filesystem switch, in: Proc. of Software and Systems Modeling
(SSV), EPTCS, 2012, pp. 33-45.
[12] G. Ernst, G. Schellhorn, D. Haneberg, ]. Pfihler, W. Reif, Verification of a virtual filesystem switch, in: Proc. of Verified Software: Theories, Tools,
Experiments, VSTTE, in: Lect. Notes Comput. Sci., vol. 8164, Springer, 2014, pp. 242-261.
[13] D. Harel, D. Kozen, ]J. Tiuryn, Dynamic Logic, MIT Press, 2000.
[14] W. Reif, G. Schellhorn, K. Stenzel, M. Balser, Structured specifications and interactive proofs with KIV, in: W. Bibel, P. Schmitt (Eds.), Automated
Deduction—A Basis for Applications, vol. II, Kluwer, Dordrecht, 1998, pp. 13-39.
[15] J. Pfdhler, G. Ernst, G. Schellhorn, D. Haneberg, W. Reif, Formal specification of an erase block management layer for flash memory, in: Hardware and
Software: Verification and Testing, in: Lect. Notes Comput. Sci., vol. 8244, Springer, 2013, pp. 214-229.
[16] G. Ernst, J. Pfahler, G. Schellhorn, W. Reif, Inside a verified flash file system: transactions & garbage collection, in: Proc. of Verified Software: Theories,
Tools, Experiments, VSTTE, in: Lect. Notes Comput. Sci., vol. 9593, Springer, 2016, pp. 73-93.


http://refhub.elsevier.com/S0167-6423(16)30018-1/bib61736D626F6F6B3033s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib426F65726765722D41534D7265663033s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib4A6F7368692D486F6C7A6D616E6E3037s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib4D617273466C617368416E6F6D616C793035s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib466C6173684F766572766965772D3230313441425As1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib466C6173684F766572766965772D3230313441425As1
https://swt.informatik.uni-augsburg.de/swt/projects/flash.html
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib4B49562D535454543134s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib5A3A576F6F643936s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib436F6D706F736974696F6E616C41534D2D3230313441425As1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib436F6D706F736974696F6E616C41534D2D3230313441425As1
http://www.unix.org/version3/online.html
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73745646532D32303132535356s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73745646532D32303132535356s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73745646532D323031335653545445s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73745646532D323031335653545445s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib486172656C32303030444C73686F7274s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib525353423938646667696665s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib525353423938646667696665s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib50666165686C65722D32303133485643s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib50666165686C65722D32303133485643s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73744A6F75726E616C2D323031355653545445s1
http://refhub.elsevier.com/S0167-6423(16)30018-1/bib45726E73744A6F75726E616C2D323031355653545445s1

20

[17] J. He, CAR. Hoare, J.W. Sanders, Data refinement refined, in: Proc. of the European Symposium on Programming on ESOP’86, Springer-Verlag New
York, Inc., 1986, pp. 187-196.

[18] G. Schellhorn, ASM refinement and generalizations of forward simulation in data refinement: a comparison, J. Theor. Comput. Sci. 336 (2-3) (2005)
403-435.

[19] W. de Roever, K. Engelhardt, Data Refinement: Model-Oriented Proof Methods and Their Comparison, Camb. Tracts Theor. Comput. Sci., vol. 47, Cam-
bridge University Press, 1998.

[20] G. Schellhorn, Verification of ASM refinements using generalized forward simulation, ]J. Univers. Comput. Sci. 7 (11) (2001) 952-979, URL:
http://www.jucs.org.

[21] G. Schellhorn, Completeness of fair ASM refinement, Sci. Comput. Program. 76 (9) (2009) 756-773.

[22] ]J.-R. Abrial, Modeling in Event-B, Cambridge University Press, 2010.

[23] J.-R. Abrial, The B Book - Assigning Programs to Meanings, Cambridge University Press, 1996.

[24] E. Borger, J. Schmid, Composition and submachine concepts for sequential ASMs, in: P. Clote, H. Schwichtenberg (Eds.), Proc. 14th International Work-
shop Computer Science Logic (Gurevich Festschrift), in: Lect. Notes Comput. Sci., vol. 1862, Springer, 2000, pp. 41-60.

[25] J.-R. Abrial, S. Hallerstede, Refinement, decomposition, and instantiation of discrete models: application to Event-B, Fundam. Inform. 77 (2007) 1-28.

[26] K. Damchoom, M. Butler, Applying event and machine decomposition to a flash-based filestore in Event-B, in: Formal Methods: Foundations and
Applications, Springer, 2009, pp. 134-152.

[27] C.AR. Hoare, Communicating Sequential Processes, Prentice Hall, 1985.

[28] A.A. McEwan, ]. Woodcock, Unifying theories of interrupts, in: A. Butterfield (Ed.), Unifying Theories of Programming, in: Lect. Notes Comput. Sci.,
vol. 5713, Springer, 2010, pp. 122-141.

[29] A.W. Roscoe, C.A.R. Hoare, R. Bird, The Theory and Practice of Concurrency, Prentice Hall, 1997.

[30] M. Sivathanu, A.C. Arpaci-Dusseau, R.H. Arpaci-Dusseau, S. Jha, A logic of file systems, in: FAST, vol. 5, 2005, p. 1.

[31] J. Bornholt, A. Kaufmann, J. Li, A. Krishnamurthy, E. Torlak, X. Wang, Specifying and checking file system crash-consistency models, in: Proc. of Archi-
tectural Support for Programming Languages and Operating Systems (ASPLOS), ACM, 2016, pp. 83-98.

[32] G. Klein, K. Elphinstone, G. Heiser, ]J. Andronick, D. Cock, P. Derrin, D. Elkaduwe, K. Engelhardt, R. Kolanski, M. Norrish, T. Sewell, H. Tuch, S. Winwood,
seL4: formal verification of an OS kernel, in: Proc. of the ACM SIGOPS 22Nd Symposium on Operating Systems Principles, SOSP’09, ACM, New York,
NY, USA, 2009, pp. 207-220.

[33] C. Baumann, T. Bormer, Verifying the PikeOS Microkernel: an overview of the verisoft XT Avionics Project, in: 4th International Workshop on Systems
Software Verification, SSV 2009, in: Electron. Notes Theor. Comput. Sci., Elsevier Science B.V., 2009.

[34] E. Kang, D. Jackson, Designing and analyzing a flash file system with alloy, Int. J. Softw. Inform. 3 (2-3) (2009) 129-148.

[35] D. Jackson, Software Abstractions: Logic, Language, and Analysis, MIT Press, 2006.

[36] P. Taverne, C. Pronk, RAFFS: model checking a robust abstract flash file store, in: Proc. of Int. Conf. on Formal Engineering Methods: Formal Methods
and Software Engineering, ICFEM’'09, Springer, 2009, pp. 226-245.

[37] J. Yang, P. Twohey, D. Engler, M. Musuvathi, Using model checking to find serious file system errors, in: Proc. of OSDI, USENIX, 2004, pp. 273-288.

[38] T. Ridge, D. Sheets, T. Tuerk, A. Giugliano, A. Madhavapeddy, P. Sewell, SibylFS: formal specification and oracle-based testing for POSIX and real-world
file systems, in: Proc. of SOSP, ACM, 2015.

[39] O. Mari¢, C. Sprenger, Verification of a transactional memory manager under hardware failures and restarts, in: FM 2014: Formal Methods, in: Lect.
Notes Comput. Sci., vol. 8442, Springer, 2014, pp. 449-464.

[40] H. Chen, D. Ziegler, A. Chlipala, M.F. Kaashoek, E. Kohler, N. Zeldovich, Specifying crash safety for storage systems, in: 15th Workshop on Hot Topics in
Operating Systems, HotOS XV, USENIX Association, 2015.

[41] H. Chen, D. Ziegler, A. Chlipala, N. Zeldovich, M.F. Kaashoek, Using crash hoare logic for certifying the FSCQ file system, in: Proc. of SOSP, ACM, 2015,
pp. 18-37.

[42] G. Ntzik, P. da Rocha Pinto, P. Gardner, Fault-tolerant resource reasoning, in: Proc. of the Asian Symposium on Programming Languages and Systems,
APLAS, in: Lect. Notes Comput. Sci., vol. 9458, Springer, 2015, pp. 169-188.

[43] E. Koskinen, J. Yang, Reducing crash recoverability to reachability, in: Proc. of Principles of Programming Languages (POPL), ACM, 2016.

[44] G. Keller, T. Murray, S. Amani, L. O’Connor, Z. Chen, L. Ryzhyk, G. Klein, G. Heiser, File systems deserve verification too!, in: Proc. of the 7th Workshop
on Programming Languages and Operating Systems, PLOS, ACM, 2013, pp. 1-7.

[45] L. O’Connor-Davis, G. Keller, S. Amani, T. Murray, G. Klein, Z. Chen, C. Rizkallah, CDSL version 1: Simplifying verification with linear types, Tech. rep.,
NICTA, 2014.

[46] S. Amani, T. Murray, Specifying a realistic file system, in: Workshop on Models for Formal Analysis of Real Systems, 2015, pp. 1-9.

[47] M. Lali, File system formalization: revisited, Int. J. Adv. Comput. Sci. 3 (12) (2013) 602-606.

[48] G. Schellhorn, B. Tofan, G. Ernst, ]J. Pfahler, W. Reif, RGITL: a temporal logic framework for compositional reasoning about interleaved programs, Ann.
Math. Artif. Intell. 71 (2014) 131-174.

List of symbols

f: A function symbol (p. 5)

p: A predicate symbol (p. 5)

SIG: A signature (p. 5)

x: A variable (p. 5)

A tuple (of variables) (p. 5)

A term (p. 5)

: A formula (p. 5)

: A quantifier-free formula (p. 5)
a: An element of an algebra (p. 5)
s€S: A state (= algebra and valuation of variables) (p. 5)
s{x+> a}: A state with modified variable (p. 5)

s{f(t) — a}: A state with updated function (p. 5)

loc: A location (either f(t) or x) (p. 5)

[t1¢s): The semantics of a term (p. 5)

o, B: A program (p. 6)

I: An interval (poss. inf. sequence of states) (p. 6)

#I1: The number of steps of an interval (p. 6)

I{x — a}: Interval with modified variables (p. 6)
11 81: Sequential composition of intervals (p. 6)
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(s,...,s"): Interval with finite length (p. 6)

(s,...): Interval with infinite length (p. 6)

I = o Nonatomic semantics of a program (p. 6)

S1: States with L (p. 7)

[e] €51 x Si: Atomic semantics of a program (p. 7)

(o)) @: o always terminates and ¢ holds at the end (p. 7)

(o) @: o has a terminating run with ¢ (p. 7)

M: Data type ASM (p. 7)

pre: A precondition (p. 7)

in: A tuple of input locations (p. 7)

out: A tuple of output locations (p. 7)

Op = (pre, in, oz, out): An operation (p. 7)

j € J: Indexes of operations of a data type ASM (p. 7)

Opj: An operation of a data type ASM (p. 7)

[op] €S.1 x Si: Atomic semantics of an operation (p. 7)

j= (o, j1,...): finite or infinite call sequence (p. 8)

exec™M (j): executions of call sequence j (a set of intervals) (p. 8)
runs™ (j): runs of call sequence j (a set of intervals) (p. 8)

A, C: Abstract and concrete machine (p. 8)

as € AS, cs € CS: Abstract and concrete states (p. 8)

Opj“, Opf: Abstract and concrete operation (p. 8)

10 C AS x CS: Input/Output correspondence (p. 8)

1€ Cio I: Interval IC refines interval I with 10 (p. 8)

CCjo A: C refines A (p. 8)

R C AS x CS: A forward simulation (p. 9)

R1 g R2: Relational composition of two relations (p. 9)

Init* < R: Domain restriction of relation R to set Init* (p. 9)
ran(R): Range of relation R (C CS) (p. 9)

L, K: Submachines (Data type ASMs) (p. 9)

Is, ks: States of machine £ and K (p. 9)

M(K): Machine M (a data type ASM) which uses machine K (p. 9)
Isedgs: A state of machine M(L) (p. 9)

ksdgs: A state of machine M (K) (p. 9)

I, j Ea: Nonatomic semantics of a program with explicit submachine call sequence (p. 9)
execf(l'): Stuttering execution with 7 steps (p. 10)

MU Machine M with crashes at any time (“white-box”) (p. 12)
M™: M with crashes only between operations (“black-box”) (p. 12)
Mn: Extended machine which can have crashes (pp. 12, 13)
MD(LD): Crashes only between AM-operations (p. 13)
M.(LD): Crashes within M ops., but with atomic £ ops. (p. 13)
M.(ll.): Crashes even within £-operations (p. 13)

Oprec: Distinguished operation called for recovery from a crash (p. 14)
Cr € S x S: Relation describing the behavior of a crash (p. 14)

sy €Sy state with crash marker (p. 14)

|I0!]]DI White-Box semantics of a rule with crashes (p. 14)

[[ot]].: Black-Box semantics of a rule with crashes (p. 14)

[op;] N €S x(S1WSy): Black- and white-box semantics of an operation (p. 14)
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