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Abstract. We propose here a modular resource analysis which is con-
structed around a rewrite-based formal specification of an embedded
system. Designing and analyzing embedded systems considers both hard-
ware and software behavioral aspects which we capture using the modu-
lar notion of system configuration. Hence, we use a configuration-based
design methodology and we instantiate parts of the configuration to
accommodate data and control-flow abstractions. These instantiations
require no modifications of the original formal specification. We imple-
ment in this manner a particular resource analysis, namely worst case
execution time (WCET), and evaluate it with respect to a reusability
metric.

1 Introduction

Interaction between an embedded system and the external environment could be
stated as a set of constraints, usually produced by resource analyses. For exam-
ple, a proper scheduling requires an analysis of the time resource, the constraints
being generally set in terms of upper/lower bounds. A schedulability analysis
requires some of the constraints to be in terms of safe and tight worst case
execution time (WCET) bounds. However, to achieve accurate WCET bounds,
one has to formalize low-level aspects, e.g., assembly languages and hardware
architecture.

The standard workflow for WCET analysis [27] exploits the modularity of the
systems (i.e. programs running on specified architectures) by separate analyses
for the control-flow and the processor behavior. The control-flow analysis derives
flow facts without architectural considerations. The processor behavior analy-
sis computes invariants w.r.t. how instructions behave in the presence of the
architecture elements. A successful approach for WCET analysis proposes a mix
of integer linear programming (ILP) for path analysis of the control-flow graph
(CFG) [19,20] and abstract interpretation (AI) [9] for various architecture ele-
ments or their combination [15,18,25,26]. This method (ILP + AI) achieved
success through tools as aiT [1] which is used in substantial industrial projects,
e.g., Airbus certification. Because of the industry’s quality requirements, aiT
is sharpen to produce precise bounds for WCET. However, to the best of our
knowledge, the modularity in aiT is resumed to the two aspects mentioned above.
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We approach the resource (in particular WCET) analysis workflow from a
slightly different perspective, originated from the observation that a program-
ming language semantics has all the necessary information to define, for any
program written in this language, the set of all possible concrete executions. This
view together with the fact that any abstraction is based on (sets of) concrete
executions, lead to the idea of a workflow for semantics-based resource analy-
sis. Its core is the formal executable language semantics (i.e., basically, a com-
pact representation of the set of concrete executions). The formal aspect of the
semantics distills the correct programs from the incorrect ones up to the seman-
tics specification, while the executability aspect allows to thoroughly test such
programs and gain confidence in the semantics. These two aspects attest that
the language semantics specification forms a trusted core which sets a foundation
for the integration of abstractions for resource analysis.

We introduce in [3], and use here, the trusted core of a formal executable def-
inition of the MIPS assembly language supported by the Simplescalar toolset [6].
Furthermore, we extend, in [2], the language core with a parametric modeling of
instruction caches. In this way, we set the grounds for a standard WCET analysis
workflow where the language semantics is used in the control flow analysis and
the architecture specification is used in the processor behavior analysis. While our
approach has been investigated only w.r.t. sequential processors, these settings
allow a similar modular integration of other hardware components, e.g., pipeline
specification or multicore processors with FPU, as well as of other resource analy-
ses, e.g., power consumption or memory usage. However, we consider fixed the
analysis method, i.e., abstract interpretation.

In this paper we present a methodology for the modular integration of abstrac-
tions for resource analysis over a trusted core - the concrete semantics specification
of a system. We instantiate this methodology on analyses for WCET [28] (e.g.,
control flow analyses such as constant propagation [8] and interval analysis [22],
and processor behavior analyses, namely, may and must for data and instruction
caches [25]). Our contribution focusses more on the engineering aspects of inte-
grating two formal methods: the concrete semantics of systems (which are formally
specified and tested to form a trusted core) and the abstract semantics for resource
analyses (the resource exemplified here is the execution time). The integration of
these two formal methods is mutually building strength to both of them. Namely,
making the abstraction to draw its abstract operators directly from the concrete
ones available in the trusted core builds confidence that the analysis is applied to
a model which is faithful to the system of origin. In turns, the system specified by
a trusted core, besides being tested w.r.t. the accuracy of the semantics specifica-
tion, is now also guaranteed to work correctly w.r.t. more subtle properties, e.g.,
tight and safe resource bounds.

Our tactics to integrate abstractions over the concrete semantics specification
starts by identifying a set of semantic entities used to “cut” slices through the
concrete execution. Then, the abstraction-specific semantic entities are combined
with the concrete slices, in a modular fashion. A more intuitive view of the
tactics used for abstractions is given in Fig. 1. The system specification, in Fig. 1
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(left), is described structurally by a configuration Config, and semantically by
a set of rewrite rules of the form X = X’. The underlying modularity of the
specification, in Fig. 1 (middle), is captured with the possibly overlapping sub-
configurations (i.e., C7 and C5) of Config. A sub-configuration identifies a part of
the system with it afferent functionality (e.g., since X, X’ are subterms of C1, the
rule X = X’ implements the functionality of Cy). An operator “?” (also called
guard) specifies how these parts communicate between them. i.e., ?(X' NY)
means that Y = Y’ (in C5) is applied after X = X’ (in C1). If we see the
specification as a program, then “?” is an assert (cond) statement which allows
the execution to proceed if cond is true. The abstraction integration, in Fig. 1
(right), is done in two steps. First, an abstract configuration, C'A, encapsulates
the necessary information from the existing sub-configurations (e.g., the parts
of C7 and Cy used by X, X’ and respectively Z, Z’) and isolates, in this way, the
important rules (e.g., the rules using the # operator). Second, the abstraction
specify how to control the system at the points of interest. For example, the two
conditions in Abstraction enable the following execution steps (represented
with the dashed lines): rule Z = Z’, the guard/assert statement ?(#2Z' N #X)
and rule X = X'. The second guard ?(#X’'N#Y) fails and this execution stops.
Abstraction has the mechanism (i.e., rewrite rules) to perform such executions,
to collect and to process their results.

System Specification
—_— System Specification
Sy CaE G S o)
Specification @»
o
{X,X/GclzXéX/} RTINS
.. \

‘ B I 2(#X/N#Y)
2(X'NY)  (Z'nNX) 2(#2'N#X)

l \ o
Y, Y €Cy:Y =Y’
7,72 € Cy: Z = 7'

Abstraction
#X' N#Y =0

#Z' N#X #£ o0

Fig. 1. Workflow for modular resource analysis: in the initial specification (left), we
identify the components and the inter-component communication (middle), in order to
apply abstractions over an existing (part of the) infrastructure (right).

The formal and executable features of the semantics are provided by a spe-
cialized framework, called K [24] which emerged from the rewriting logic [21]. In
the graph theory x represents the connectivity of a graph. Likewise, K aims to
connect different semantics paradigms such as (modular) small/big step, contin-
uation, or reduction semantics distilled into a cell-based notation & la Chemical
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Abstract Machine. K integrates the main features of all these semantics into
the algebraic environment of rewriting logic which sets solid foundations, i.e.,
the trusted core, for automated verification. Our modular resource analysis is
prototyped in K-Maude [10], the implementation of K on top of the rewrit-
ing logic tool Maude [7]. The experimental results are presented with respect
to a reusability metric which measures the implementation from the following
perspective: keeping the formal semantics, how much of the concrete system is
used, while the abstractions are applied. Hence, with this metric we asses how
much of the effort spent in specifying the concrete system is actually used by
abstraction. We select and conduct experiments on a subset of the Malardalen
benchmarks [13].

Related Work. There are several works concerning formal development of
WCET analysis workflows. We mention here the general resource-driven method-
ology advocated by the Hume project [14], the theorem proving-based frame-
work, via Coq [5], which aims towards the WCET-certifiable compilation and
the use of symbolic execution to prove the bounds, while tightening them [4].

The Hume project uses a domain-specific, multi-level (low- to higher-order)
language called Hume [14]. Hume combines concurrent finite-state automata
(called boxes) as the specification mechanism with the executability support
of the functional programming (i.e., through pattern-matching and rich typing
information). Both Hume and our approach share similar principles w.r.t. modu-
larity. To a Hume box it corresponds a K module which is a rewriting-logic theory
(through its compilation into a Maude module). To a Hume wiring (connection
between boxes) it corresponds communication tokens between K modules. One
key difference is how the abstractions are handled: Hume embeds the abstractions
in the workflow, while our methodology advocates for a more flexible scheme,
lifting the definition of abstractions at the application level.

The work in [5] uses the infrastructure of the CompCert [17] verified C com-
piler to formally prove a specific control-flow analysis - the loop bound estima-
tion. As in our methodology for modular integration of abstractions, the Coq
formalization of a loop bound analysis is also integrated into an existing work-
flow (i.e., of CompCert). The working language is the CompCert RTL interme-
diate representation which is augmented with loop scoping in order to extract
control-flow information from loops. While we share a similar low-level language
representation, our methodology does not explicitly extend the existing concrete
configuration, but it slices it using the wrapping. Another difference is that the
Coq formalization of the loop-bound abstraction is fully proved within the work-
flow, while our approach relies on offline proving of the abstractions.

The WCET analysis workflow is wrapped into a counterexample guided
abstraction refinement cycle, in [4]. The point is to consider a WCET bound
and to further tighten/prove it using a symbolic execution engine. Both our
methodology and [4] follow the same ILP + AI method, w.r.t. the infrastruc-
ture for WCET analysis. The key difference is in the workflow, the symbolic
execution approach is formal w.r.t. the results of the WCET analysis, while our
methodology also proves that the computation for the WCET bound is correct
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(i.e., up to the specification). The combined ILP + AI approach for WCET
analysis was straightforwardly encoded in [2]. In this paper we propose a general
methodology to integrate abstract executions and show how our previous encod-
ing of ILP + AI is just an instance of this methodology. Moreover, we present
the implementation and experiments w.r.t. the quality of integration.

While the general approach to evaluate abstractions is through experimenta-
tion, several techniques address this problem from the more systematic perspec-
tive - that of a metric definition. The flow is simple: define a standard (i.e., a set
of characteristics) and project each abstraction on this standard. For [12], the
abstraction-refinement procedures are compared w.r.t. a standard counterexam-
ple. In other words, the metric evaluates the capabilities (i.e., accuracy, perfor-
mance) of an abstraction. Along the same lines, the standard (i.e., a collection of
metrics) defined in [23] captures predictability aspects of cache memories w.r.t.
the impact on the WCET analysis. Our metric does not measure the accuracy
of an abstraction, as in [12,23]. We propose as standard, the structure of the
concrete semantics, hence an abstraction is measured from a more structural
point of view. It is more closely related to the metrics in software engineering
[11] which evaluate integration of design patterns (in fact our integration of
abstraction could be assimilated with a design pattern).

Paper Outline. This paper is organized as follows: Sect.2 covers some back-
ground notions of K and overviews some aspects of the abstract interpretation
and its application to WCET analysis. Sections 3 and 4 overview the general sys-
tem design and, respectively, its instance for the timing analysis. Section 5 covers
some implementation and experimental details with the current prototype while
Sect. 6 contains the conclusions.

2 Preliminaries

The K framework: We introduce K and illustrate some key concepts in our
approach by using a simple specification of an embedded application running on
a very basic architecture.

Ezample 1. Without restricting the generality, we consider a toy system given
by: (1) a RISC assembly language as the programming language of choice which
consists of representatives of the arithmetic-logic instructions - add, the branch
and jump instructions - beq, and the memory-access instructions - 1w and sw;
(2) the architecture which features a minimal direct-mapped data cache (with
one data assigned per cache line) and a main memory module. (I

Next, we introduce the development platform - the K framework - which is a
specialization of rewriting logic for the specification and analysis of programming
languages. A K specification consists of configurations, rules, and computations.
A configuration defines all the semantic entities necessary for representing the
system (or program) states. Namely, the K configuration is a nested set of K-cells
where the K-cell is essentially a generic type formed by a label giving the identity
of the cell, and the sort of the cell’s contents, defined as { ContentSort )iapel-
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Ezample 2. Our toy RISC assembly language configuration, Cfg;,,riscs is:
Cfgtoyrisc = (K)x (Reg)pc (Reg — Val)iegs

where k, pc, and regs are K-cells, and Reg and Val are sorts for registers and
respectively stored values. The cell called k is specially designated in K to contain
the list of computational tasks (of sort K), according to the continuation-based
semantics. Hence, the cell k is supposed to be the functional engine of the K-
specification. The cell pc holds the program counter register while the cell regs
maintains the integer register file - a map from registers to values. In a similar
fashion, the configurations for the data cache memory - Cfg 1, p - and the main
memory - Cfg;,, 1 - are as follows:

Cfgroypc = (K (CAddr— Val)q.

where dc is the content mapping cache addresses C'Addr to data Val and
Cftoymm = (K)x (MAddr — Instr)emem(MAddr — Val)gmem

where the K-cells cmem and dmem are the code and respectively data memory
mapping addresses MAddr to instructions Instr and, respectively, to data Val. O

The rules in K describe patterns of system execution which produce changes
in the states of the system (i.e., in the instantiations of the configuration). For
example, the rules over subterms of Cfg,,,rsc give semantics to the language
constructs (i.e., the instructions add, beq, 1w and sw of our toy RISC language)
while the rules over Cfgro,pc 0r Cfguoy0 give semantics to the architecture
(e.g., cache hit/miss on read/write requests and main memory read/write opera-
tions). The rules are classified as: computational rules, which may be interpreted
as transitions in a program execution, and structural rules that modify a term to
enable the application of a computational rule. Unless labeled with the keyword
[structurall, a K-rule is computational.

Example 3. The semantics of the load instruction - 1w Rd, 0ff(Rs); updates
a destination register Rd with the value at the memory address calculated based
on a source register value Rs and an offset 0ff. The following K rules encode
the semantics of 1w - rule R_LW and of register update - rule R_RU:

( 1w Rd, Off (V1); Yk [R_LW, structural]
updReg(| getd(V1 + Off) |, Rd)
(apdReg(V, R)i (~ B> ds  [RE]

14

A K rule uses a specialized bi-dimensional notation to specify the rewriting
context and the location of the rewriting. For example, in the rule R_LW, the
1w instruction appearing inside cell k is transformed into a register update, via
a getd data request from the main memory. Note that in rule R_.LW the con-
text is given by the cell k. Moreover, the boxing of the term getd(V; + Off)
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shows that over this term we apply the reduction semantics. Namely, when a
term T is boxed at the top of k cell in the context C| i.e., (C «)k, then
K applies the reduction semantics style, by pushing 7' - called redex - out-
side the box, at the top of the continuation, i.e., (I'~C[ ] ~)k. Hence, the
reduction-based feature of K pushes getd(V; + Of f) at the top of the k cell, i.e.,
(getd(Vi + Of f) ~updReg(| |, Rd) ). After the reduction of getd(Vy + Of f)
to its normal form, an integer in this case, the result is pushed back into the
box, i.e., <udeeg(, Rd) )k, then the box is dissolved leaving updReg(V, Rd)
at the top of k.

The rule R_RU can be applied after the rule R_LW, which places the updReg
operation on top of cell k. The result is twofold: in k, the new computation
is the empty task, represented by “.” notation standing for the wvoid element,
and somewhere in the regs cell any previous value associated to R is replaced
by V. Note that the K notation for somewhere is given by the ellipses “ --”
appearing near the walls of cell regs (i.e., the ellipses stand for other elements
in the respective cell, the “” included). Also, note that any value (contained in
the register R) is denoted by the wildcard “” (i.e., R+ _). O

A computation in K is a sequence of rewrite rules applications.

Ezample 4. Let us consider yet another rule for our toy specification which cap-
tures a data request from a given memory address Addr:
(getd(Addr) «)x (~ Addr—V -)dmem [RMD]
retd(V)

Note that this rule, R-MD, is working on the configuration Cfg,,, s, according to
the cells used by this rule. Note also that while R_RU has to be part of Cfg,,,rrsc
for R_LW we have no restrictions but we prefer to place it in Cfg,,,r1sc as well. We
then observe that the sequence of rule applications R_LW, R_MD, R_RU, intercalated
with the reduction mechanism (denoted as M for pushing the redex out of the
box, and U for pushing it inside the box), is a K-computation. Namely, the

evolution of the continuation - the contents of the k cell - for the substitution
Rd/5,0ff/1,V,/3, Addr/4 and V/7, is:

(1w 5,1(3);)k ==y (updReg(| getd(3+ 1) |,5))k 0 (getd() mudeeg([]7 5))

S 3B+1~ getd(| |)~updReg(| ],5))« Hdn getd([ |)~updReg([ |,5))«
= (getd(4)mudeeg(D, 5Nk (= 4—T7 “)dmem = (retd(7) mudeeg(D, 5))k
(7~ updReg([],5)) = (updReg(T, )k (= 512 “hregs > (i (= 527 g

where the rule R_RD simply rewrites retd(V) into V if V is an integer (i.e., a basic value
in Val). Hence, this computation starts from the module corresponding to Cfg,,,r1sc
via R LW, and goes to Cfg,,,, to execute RMD, and it ends in Cfg,,,risc with RMD. OJ

In the settings of Example 1, the rule R.MD specifies part of the main mem-
ory behavior. This rule emphasizes two key features of our approach. First, the
configuration Cfg,,,pp of the main memory has also a code memory cell (i.e.,
cmem in Ezample 2) which is not used in the rule R-MD. The reason is the con-
figuration abstraction mechanism of K, which allows compact representations of
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the rewrite rules (and hides a rule completion mechanism). The intuition is to
use only the relevant semantic entities when writing a particular rule. Second,
the getd request is placed on top of cell k after applying the rule R_LW, as seen
in Example 3, and it enables the application of the rule R-MD. At its turn, R_MD
places retd at the top of communication to signal the enabling of R_RU. Hence,
we specify an inter-component communication via getd and retd.

Abstract Interpretation: Since it was introduced in [9], abstract interpreta-
tion established itself as one of the major program reasoning techniques, along
with model checking and deductive verification. For a given programming lan-
guage, abstract interpretation is used to systematically design abstract seman-
tics which target the analysis of specific properties. We introduce the settings of
abstract semantics for WCET analysis, as in [28].

A program analysis relies on the following two elements: an abstract domain
and an abstract semantics. The abstract domain is defined by a complete semi-
lattice, a pair of monotonic (with respect to partial orderings, both in con-
crete and abstract) functions - called representation and concretization. The
representation function maps/represents concrete to abstract states while the
concretization function maps abstract states to sets of concrete states. The fol-
lowing translation holds: a concrete state is represented by an abstract state
which is concretized to a set of states containing the particular concrete state. A
third function, called abstraction, is defined in terms of the representation func-
tion and, together with the concretization function, forms a Galois connection.
An essential part is the abstract semantics which re-implements the transfer
functions of the concrete semantics, under certain requirements. The abstract
semantics is used to solve the program analysis problem, by employing a fixpoint
computation.

In the context of our approach for modular integration of abstractions, and
according to [28], we consider abstract interpretation-based analyses both at the
level of the program (i.e., value analyses), and architecture (i.e., cache analyses).

3 A General System Design

Let us consider a complex computational system, specified in K, that has the
configuration Cgoper Which comprises all semantic entities that are necessary
to capture the system behavior. We take the Cyopq; configuration and split it
into a number of (not necessarily disjoint) sub-configurations: Ci,Cy,...,C,.
Informally, each sub-configuration handles a well-defined component of the sys-
tem. The configuration splitting induces a first stage of modularization of the
semantics. As such, we distinguish two types of modules functional and struc-
tural, according to the presence or, respectively, the absence of the k cell in
the sub-configuration associated with the module. Given that cell k handles the
sequencing of the computations, the (functional) modules containing this cell
are to be responsible of producing slices of computations.
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Ezample 5. For our simple specification, introduced in Fzxample 1, the Cyjopq is:

(K)x (Reg)pc (Reg — Val)regs (CAddr — Valyae (MAddr — Val)cmem (MAddr — Val)dmem

while the modularization consists of the sub-configurations Cfg,,,r1scs Cf9 roypcs
and Cfg,,,01, €ach inducing a functional module. Moreover, the specification is
equipped with a structural module, which contains the arithmetic (i.e., the rules
for the add, 1w, and sw instructions) and logic operations (i.e., for the beq instruc-
tion) on 32-bits. O

Apart from its computational purpose, the cell k also facilitates the inter-modular
communication through tokens (e.g., getd is the token for data request from the
main memory as seen in Example 4). Structurally, a token is part of the module
interface and semantically, it is a computational task which acts like a guarded
message passing between modules. Therefore, any execution in this system is
an interleaving of inner-module computations and guarded messages that are
exchanged between the modules. We assume that any token is sent and received
by one module, however this model is amenable to extensions to accommodate
concurrent exchanges of tokens.

The configuration abstraction of K completes the partially defined rules with
the cells which were omitted. The mechanism of rule completion identifies first
the nesting structure of the configuration, then it inserts the missing cells in the
correct place, defining like this the notion of rule context. As such, it heavily relies
on the shape defined by the configuration. Our idea is to integrate abstractions
by changing the configuration shape, through K cell wrapping, creating in this
way new rule contexts.

Ezample 6. TheruleRMD (i.e., in Example4) is completed according to Cfg,,, arus
as:
(getd(Addr) )« (- Addr—V “)dmem (C)cmem [R.MD_completed]
retd(V)

where the code memory content C, in cmem cell, is unchanged. However, if
the cells k and dmem are wrapped in a new cell then the rule completion does
not add cmem. Hence, getd acts like a guarded message, the guard being here
the structure of Cfg;,,ap- Moreover, we can use also other types of guarded
messages by giving the message rule as a conditional rule where the guard is
the predicate in the condition. Note that the conditional rules are denoted in
K by the keyword “when”, i.e., “l = r when p” where [ and r are the left-
and, respectively, the right-part of the rewrite while p is the predicate denoting
the condition which has to be met in order for the rewrite to be triggered. For
example, such a guarded message is retd and the conditional rule associated to

it is denoted as: Lﬁ(v) when isInt(V) =pgoe true [RRD]”. O

We present the abstraction integration methodology as a meta-algorithm, in
Fig.2, then we instantiate it for the WCET analysis workflow. The integration
considers a set of modules M;, each being represented by sub-configurations
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Input:
M; - K modules with corresponding sub-configurations C;, with i = 1..n;
T ={tij|i,7 =1..n,i # j} - tokens between the modules M; and M;;
((-Yx (S0)states{ RE)slicePattern R€St)abst (-)concr - the abstract configuration inside
cell abst where Sy is the initial abstract state, RE the slicing pattern given
as, e.g., a regular expression over T', and Rest being other abstraction-specific
information, and an empty concrete configuration inside the concr cell.
Output:
((S)states (RE)slicepattern Rest)abst - the final state S of the abstraction, identified
by the absence of the abstract computation cell k inside cell abst.
INIT

((ti,j mtk,l >k <S>states "'>abst < . >concr
wait(tx,1) (i) (0(S))state
STOP
<< Wait(tk,l) >k <S>states “‘>abst <<tk,l '“>k<ﬁ(c)>state>concr
process,, ,(cU S) ~ tr
RESUME

((processed,, ;(S") =)k (S)states ~)abst {*)coner when S < S

R

<<processedk,l(s/) >|<< S >states '">abst when S/{S
s’
REPEAT
<< ) >k <RE>slicePattern "'>abst
‘RE

Fig. 2. The meta-algorithm for modular integration of abstractions.

wrapped into the abstract configuration. M;s use the token sets ¢;; to commu-
nicate, via the cell k. The structural modules are not part of the set of M;s, but
their rules can be applied wherever necessary (e.g., the rule for integer addition
R+ used in the computation from Ezample 4).

This meta-algorithm identifies the following stages: INIT, STOP, RESUME, and
REPEAT and it uses (RE)gicepattern as the regular pattern of slicing the concrete
executions. The pattern RF is repeatedly pushed in the abstract continuation
via the rule REPEAT. As such, the flow of the rules in the meta-algorithm is
(REPEAT.(INIT.STOP.RESUME)*)*. Namely, the sequence INIT.STOP.RESUME is
repeatedly executed until the abstraction reaches the fixpoint (the first rule of
RESUME) or the slicing pattern RE is consumed. If, however, RE is consumed
without reaching the fixpoint, i.e., the abstract k cell is empty, then the rule
REPEAT is applied so (INIT.STOP.RESUME) is triggered again.

The connection INIT.STOP is made at the top of the abstract k cell via
“wait(tx,)” which means that the abstract computation is waiting for the con-
crete computation triggered by INIT to reach the stage where the token t; ; is
computed in concrete. We recall that these tokens are functioning as execution
guards which, based on the evaluation of the concrete state (the contents of cell
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state), let the concrete execution pass to another module. However, b(S), the
concretization of the abstract state S, produces a wrapping around the concrete
state - #(c) - which does not allow the triggering of the concrete rule via the
context abstraction mechanism. Hence, the concrete execution is cut at t;,; and
the rule STOP is triggered. Also, we assume that “processy;”- which processes
the assimilation of the newly discovered concrete state ¢ into the abstract state
S - reaches the normal form “processedy;”. This assumption ensures the con-
nection STOP.RESUME. Finally, the eventual repetition of the sequence, i.e., the
connection RESUME.INIT, is produced by the second rule in RESUME which con-
sumes the “processedy, ;(S")” top of the continuation and clears the way for a new
application of the INIT rule. Note that we make use of a mechanism of unfolding
the regular expression RF into computation tasks ¢ ~ ¢’ but we do not insist
over this aspect here.

Ezample 7. Let us assume that we integrate a value analysis over the specifica-
tion described in Example 1. This analysis returns the sign of the values referred
by load/store instructions, where the sign lattice is {?,+,—,0,0+,—0, —0+}.
The meta-algorithm takes the modules M - Cfg,,yr1505 M2 - Cfg roypes Ms - a
part of Cfg,,ns (i-e., only k and data memory dmem cells because the analysis
focuses on data). As observed in Ezample 6, the token t; 3 is getd, used as a
memory request for a cache miss on 1w, while ¢3; is retd. Note that ¢, » also
contains tokens used for the store instruction sw but, for brevity, we decide not
include them here.

When we integrate the value analysis, we wrap in the concr cell only a part of
Ms, i.e., the cells k and dmem. In this way, we isolate the necessary behavior to
capture the accesses to the data memory. In other words, the wrapping in concr
slices the main memory specification. The abstraction-specific semantic entities
are wrapped in the abst cell in the Rest part which, for this value analysis,
contains a representation of the control-flow graph (CFG). Note that CFG is
extracted using a similar integration of an abstraction for CFG extraction into
the meta-algorithm.

Now, if the slicing pattern RE unfoldsinto ((getd(A) ~ retd(V) ~ CFG)k ~)abst
then the INIT rule with the abstract state (- (~ 4?7 “)gates ~)abst DPushes
into the concrete cell ({(getd(4))k(~ 4+ #(7) “)dmem)concr- LThe concrete com-
putation stops with retd(#(7)) at the top of the k cell, since rule R_RD cannot
be triggered due to the fact that the rule condition isInt(f(7)) is not true.
Then, the rule STOP is enabled, §(7) goes into the abstract continuation as
(~ (process(#(7) U (4 —7)) =)k ~)abst- Next, process(#(7)L (4 —7?)) reaches the
normal form “processed(4 — +))” and the second rule in RESUME is triggered.
Note that the slicing pattern RE depends on the CFG, so the rule REPEAT will
trigger the fixpoint computation for the entire program abstracted into the CFG
containing only loads and stores. Finally, we remark that we show here only the
part of RE for loads and we omit the part for stores. O
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Languge «—> Module «—> Main Memory

Semantics

Comm. Module DC
Interface Module

Module

Fig. 3. The modular organization of our WCET analysis workflow with structural
(i.e., support operations and communication interface) and functional modules (i.e.,
language semantics, cache and main memories).

4 Modular Timing Analysis

The System: Our proposed system consists of the formal executable semantics
of the MIPS IV assembly language (which plays the role of the processor), para-
metric specifications of instruction and data caches, of the main memory, as well
as specialized support modules. The parametrization refers to both the cache
structure (e.g., size, associativity) and functionality (e.g., replacement policies,
writing policies).

The overall system, shown in Fig. 3, consists of several K modules. Next we
elaborate the structural modules Builtin and Interface as well as the functional
modules Language Semantics, IC and Main Memory. For each of these modules, we
discuss the corresponding concrete configurations, which from our methodology
perspective described in Fig. 2, are wrapped into the concr cell. The complete
configuration, containing both concr and abst, is described in Sect. 4.2 - for the
data analyses and Sect. 4.3 - for the ILP + AI method.

Language Semantics - We encode the MIPS IV assembly language as sup-
ported by the Simplescalar toolset. Its complete configuration Cfgp,,,, is given
as an extension of Cfg,,,rsc from Example 2:

CfgLang = CfgtoyRISC <Reg>|0<Re.g>hi <Reg> ra< Val>fCC< Val) break<FReg i Vabfregs

The concrete language configuration has the cells k, pc and regs from Cfg,,,r1sc»
the floating-point register file, fregs, and also two flags, break and fcc (for abrupt
termination of execution and respectively a floating point parameter). It also
features several specialized registers for the multiplication/division results, lo
and hi, and the return address of a function call, ra. Each K cell displays sorting
information.

Main Memory - We emulate the organization of an assembly file into code and
data sections, represented in the cmem cell and respectively dmem cell in Example
2. The concrete main memory configuration, Cfg,,,an, plays an important role
in both control and data abstractions because it stores the input program.

IC" Memory - The instruction cache configuration, Cfg;-, captures both
structural and functional aspects of a cache memory:

Cf91c=Cf9ioyic (Addr— Val)ages (Addr) epi ( Prm— Val) prm ( Val)iien (Addr) faddr  Type— Val) profi
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The k cell and instruction content ic cell are inherited from the Cfg 1, ;¢ configu-
ration. The ages cell contains, for each cache line, the associated age information
of its content. The repl cell has the address of the cache block as the next evic-
tion candidate (computed based on the age information). The profl and prm cells
store the hit/miss counts and the cache parameters (e.g., size, associativity),
while the ilen and faddr are the instruction length and the address of the first
instruction in the program, respectively. The data cache configuration of the
DC Module (not presented) is an extension of Cfg;- with new cells to capture
parametric modeling for writing policies (i.e., FIFO or LRU).

Builtin - Tt is a structural module containing definitions for semantic oper-
ations on 16- and 32-bit signed and unsigned integers, and single and double
precision for floats.

Interface - This structural module contains the communication tokens, t; ;s,
between two arbitrary modules M; and Mj, as described in Fig. 2.

This system is designed to simulate the execution of a program on an under-
lying architecture. We call this the concrete specification of the system. The
execution of one instruction consists of a sequence of code and data requests to
the memory system described by several K modules (IC Module, DC Module, and
Main Memory in Fig. 3).

The modularity of our design allows us to define abstractions directly over
the existing modules while these are kept unmodified. The abstract configura-
tion has two components: (a) a definition-based set of K cells, derived from the
concrete definition of the system and (b) an abstraction-specific set of K cells,
to represent abstract datatypes and other necessary auxiliary constructs. We
elaborate next on how we encode four abstractions: constant propagation and
the interval analysis in Sect. 4.2, and the ILP+ATI combined method in Sect. 4.3.

The Data Abstractions: The constant propagation and the interval analysis
are widely used static analyses for WCET analysis, according to [28]. In this
section we discuss how these two analyses are integrated within our methodology.

A constant propagation analysis produces, at each program point, the set of
variables (i.e., register values) having constant values. According to the general
scheme for an abstract interpretation based analysis, from Sect. 2.2, we need to
define the abstract domain and abstract versions of the language operations.
The unknown value of a variable is abstractly represented by a special symbolic
value. Also, the abstract operations extend the concrete ones (in Builtin Module)
with the unknown value case.

To encode the constant propagation we retain, from the concrete system,
the language registers and the code memory, wrapped in the concr cell. The
abstraction-specific component, abst, is empty. Therefore, the configuration for
the constant propagation, restricted to the integer domain, is the following:

<<R€g = Val) regs< Val> break < Va'l> lo < Val>hi <Add7” = Va'l>cmem>concr

The interval analysis from [22] relies on an abstract representation of a lan-
guage value as an interval. Our assembly language uses several types of values:
integers and floats, and the interval-based values applies to all of them. Next,
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we refer to the interval analysis encoding on the integer domain. We follow the
same design steps as before: we start with the abstract domain and define new
sort information to represent the interval bounds. This integration is seamless
with respect to the semantics rules in language semantics module, however a
new Builtin is required. Once the abstract domain and the Builtin module
are defined, we proceed to integrate the interval analysis in the same spirit.
Since this analysis generalizes the constant propagation, the following relation
exists between Cfgop and Cfg;, (defined below). The abst cell content of Cfgop
remains the same (modulo interval-related sorting) and we add an abstraction-
specific cell, called mdop. The configuration for the interval analysis is defined
as: Cfgra = (Cfgcp{Val)mdop)abst- The cell mdop is necessary because the mul-
tiplication and division operations require two special registers hi and lo to store
the result (for the multiplication) or the quotient and the remainder (for the
division). After such arithmetic operation, the interval analysis suffers due to
rounding errors for lower and upper bounds of the interval result. For example,
when multiplying two intervals, we temporarily store the result in mdop before
we transfer it into the hi and lo from concr.

The ILP+AI Approach: A successful approach for WCET analysis proposes
(1) an integer linear programming (ILP) solution, for path analysis, and (2) uses
abstract interpretation (AI) for the processor behavior analysis. In (1) the pro-
gram becomes an ILP problem with structural (i.e., automatically extracted) and
functional constraints (i.e., via analyses or manual annotations). In (2) the pro-
gram blocks are classified w.r.t. their cache behavior two main types of behavior
parameters - may/must hit/miss.

The ILP representation captures the flow information of a program, as ILP
constraints. Therefore, the core component of this abstraction is the program
counter, pc, wrapped in concr. The configuration of the ILP constraints extrac-
tion is in Fig. 4.

Cfg[LP = <<<Addr>gaddr< Val>ctridx<PC = K>sconstr>i|p>abst << Val) pc<AddT = Val>cmem>concr

CfgCA = <<K>atype<PC'_’ K>c0||ect<K>jres>abst
(((Addr — Val)ic(Addr — Val)ages)aic(Addr — Val)pem ( Addr) faddr ( Val)iten ) concr

Fig. 4. Cfg;.p - the K configuration for the ILP structural constraints extraction, and
Cfgca - the K configuration for the Al-based cache analysis.

The abstraction-specific part of Cfg;;,p uses the sconstr cell to collect the
ILP constraints and, for each program point, keeps the constraint index in the
ctridx cell and the target address (for a branch/jump instruction), in the gaddr
cell.

Example 8. In Fig. 5 we present the K rule to extract, for a branch instruction,
the ILP constraints. The branch instruction Insis at a program point PC and has
the fall-through address N and the target address J. The flow information which
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({~ (wait(PC) =)( J Dgaddr( I )etridx
JN . I1+2
(-~ PCr— (InsPC, OutsP(C)
(InsPC,{I,I+ 1} U OutsPC)
N — (InsN, OutsN) J—  (InsJ, OutsJ) “Ysconstr
({I + 1} U InsN, OutsN) ({I}U InsJ, Outs.J)
“)ilp) abst
((Ins )k (N)pe C)concr when  isBranchInstr(Ins) =g, true

Fig. 5. Rule for structural ILP constraints generation from a branch instruction.

corresponds to the test instruction could be expressed as: the execution count of
the condition is equal with the sum of execution counts of the two branches. This
rewrite rule represents the case STOP in Fig. 2. If the current instruction is a test -
as reflected by the condition “when isBranchInstr(Ins)”- then the computation
in concr is stopped (i.e., it rewrites to “”) and the “processing” computation in
abst starts. In the cell k of abst, the token “wait(PC)” identifies the program
point where the concrete execution stopped. The token is transformed into a
sequence of abstract computational tasks, for the instructions at addresses J
and N. The gaddr cell is emptied, because the corresponding input constraint
for the jump address J is generated at this step. This rewrite rule generates
two new constraint indexes, I and I 4 1, hence the next available index is I + 2
(deposited in the cell ctridx). The constraints are collected in sconstr, where each
program point is represented by its input InsPC/N/J and output OutsPC/N/J
sets. The exit flow for the test at PC is reflected in an updated OutPC (with
the two new indexes), while the entry flow for the two branches are in InsN/J.
When the algorithm terminates, each program point has a set of constraints
with the property that the sum of input constraints is equal to the sum of
output constraints. O

The Al-based analysis for the instruction cache behavior computes sets of
abstract cache states to classify each program instruction w.r.t. its cache activity.
Hence, an instruction could be always-hit (after a must analysis) or always-miss
(after a may analysis). The core of this abstraction is the pair of cache con-
tent, in ic and its corresponding age information, in ages. The associated join
operations are based on intersection (for must analysis) and reunion (for may
analysis) of abstract states. These abstractions are presented in details in [25].
In our methodology, the configuration Cfg., for the instruction cache analysis
is given in Fig.4. The set of abstraction-specific cells include the analysis type
(may or must) in atype, the result of the corresponding join operation, in jres,
and the abstraction results in collect. Also, the two data abstractions and the
cache behavior abstraction could include, in their abstraction-specific part of the
configuration, a special cell cfg for a previously extracted control flow graph.
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name #lines|ILP extraction|Al may instr. cache|AI must instr. cache
icrel 42 70.5%(647) 23%(22422) 22.1%(23287)
duffcopy 104 | 70.8%(1519) 23.4%(44064) 19.5%(53368)
expint 185 | 70.5%(2761) 23.4%(91158) 17.96%(120064)
adpem decode| 312 | 71.08%(4403) | 23.81%(109560) 12.91%(201942)
adpem encode| 327 | 71.08%(4645) | 23.79%(119052) 12.83%(220679)

Fig. 6. Results for some Malardalen programs for ILP structural constraints extraction,
AT may-analysis for instruction cache, and must-analysis for instruction cache.

5 Implementation

We implement in K-Maude [10] our general framework for resource-related analy-
sis in the context of the WCET analysis. For illustration purposes, we opt to
experiment with the ILP 4+ Al method rather than the data abstractions, because
of the more complex configurations, i.e., Config;; p and Config y.

The ILP monitors the execution between the language semantics and the
main memory; a single token (an instruction fetch request) is necessary to stop
the concrete execution. The AI part involves the cache memory module and,
thus, it is more complex due to the parametrization based on the cache struc-
ture and functionality (i.e., cache size, associativity, or replacement policy) and
due to the parametrization on the analysis type (i.e., may and must). Regarding
the configuration size, the concrete system has 22 K-cells, the ILP constraints
extraction needs 9 K-cells (with 4 abstraction-specific ones) and the cache analy-
ses needs 21 K cells (with 12 abstraction-specific cells).

Moreover, we measure a reusability degree of the concrete specification, when
various types of abstractions are integrated. The computation, after an abstrac-
tion integration, presents three kinds of rules: two kinds are coming from the
concrete and the abstract specification and a third kind, generated by K-Maude.
When we measure the percentage of the abstract execution steps with respect
to the total number of execution steps, we ignore the tool generated ones.

We select several of the Mélardalen benchmarks [13] and run on a 2.4 GHz
Intel Core i5 MacBook Pro. We conduct the experiments on the following pro-
grams: the cycle redundancy check computation icrcl, the Duff device duffcopy,
the exponential integral function computation expint, and the adaptive pulse
code modulation algorithm of encode and decode. The size of each program is
listed in the column #lines in Fig. 6.

The table in Fig.6 shows the integration of the ILP constraints generation
and the results on the Al-based instruction cache analyses (i.e., may and must).
For each analysis, we present in its designated column the percentage of concrete
rewrite rules in the execution and, in the bracket, the number of rewrites of this
particular execution.

We observe a higher reusability percentage in the case of the ILP analysis
than for the AT for cache analyses. The reason is that the ILP wrapped concrete
configuration, Cfg;; p, is simpler than the cache analyses configuration, Cfgo4
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(we recall that only the pc register and the code memory are necessary to detect
the program flow). Running both may and must analyses under an implicit CFG
produces results as low as 12% reusability, for the adpcm encode benchmark
program (on must analysis) and not higher than 24 % for the adpem decode
program (on may analysis). These results emphasize that, in the worst case
scenario, when the join function is executed at every program point, there is
still some percentage of the concrete specification that can be reused. Actually,
this scenario proposes a lower bound for the reusability factor w.r.t. the system
specification. However, running these analyses with an explicit CFG reduces
drastically the number of join points and the reusability factor is as high as 85 %
for the adpcm encode and adpcm decode programs.

6 Conclusions

In this paper we proposed a framework for modular resource analysis which relied
on a trusted core formed by a modular formal executable semantics of the ana-
lyzed system. The work was motivated by the time resource and was constructed
around analyses applied in WCET computation. The modularity aspect is both
functional and structural. Namely, the functional modularity is at the level of
the analysis and stemmed from a systematic integration of abstractions over the
trusted core. In its turn, the structural modularity resides in the formal speci-
fication of the assembly language and the underlying architecture. We showed
how to integrate into the resource analysis workflow the following WCET analy-
ses: the constant propagation, the interval analysis, and the combined ILP+4AI
approach. We described the implementation and its testing w.r.t. an integration
factor which we set to the reusability degree of the concrete specification in the
abstract one. Our future work includes (1) a specification of pipeline behavior
and analysis (requiring parameterized K modules - currently in development as
described in [16]) and (2) further investigations on integrating other resource
analyses into our proposed framework.

Acknowledgments. We thank very much to the anonymous reviewers for their com-
ments and suggestions which helped us to focus and improve our work in this paper.
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