A Retargetable Framework for Multi-objective WCET-aware H igh-level
Compiler Optimizations *

Sascha Plazar, Paul Lokuciejewski, Peter Marwedel
Computer Science 12
TU Dortmund University
D-44221 Dortmund, Germany
FirstName.LastName@udo.edu

Abstract vast variety of optimizations with the objective to minimiz
the average-case execution tif#&CET)or energy dissipa-
The worst-case execution time (WCET) is a key pa-tion. In contrast to these optimizations, a compiler-gdide
rameter in the domain of real-time systems and its auto- minimization of the WCET is still a novel research area.
matic compiler-based minimization becomes a challenging WCET-driven compiler optimizations require the integra-
research area. Although today’s embedded system appli-tion of a static WCET analyzer into a compiler framework
cations are written in a high-level language, most pub- providing timing information that is exploited for an effec
lished works consider low-level optimizations which com- tive minimization of the program’s WCET.
plicate their portability to other processors. In this wovke Typically, WCET-aware compiler frameworks model
present a framework for the development of novel WCET-gjingle processors. This strict binding to a particular hard
driven high-level optimizations. Our WCET-aware cOm- \yare involves two disadvantages. First, any developed
piler framework provides a multi-target support as well as \yCET-aware optimizations can be exclusively evaluated
an integration of different non-functional objectiveseh- for the supported processor. Thus, assumptions about the
ables multi-objective optimizations, thus opens avermiast  effectiveness of the optimization w.r.t. other processoes
state-of-the-art design of predictable and efficient syste  jfficult or even impossible. A later evaluation might even
In addition, the multi-target support provides the oppertu  reyeal that an optimization performing well on the processo

nity to efficiently evaluate the impact of different compile sed during the optimization’s design has a negative impact
optimizations on various processors. on another processor.

Second, a WCET-aware compiler framework that sup-
. ports a single processor does not benefit from synergies
1. Introduction in the development of WCET-aware optimizations. Each

Embedded systems must often meet real-time con-9eneric software module implemented to assist optimiza-
straints. Besides the correctness of the results, the knowl tions for a particular processor must be partially or even
edge about the worst-case execution time is crucial. Especompletely rewritten when ported to another WCET-aware
cially for safety-critical systems, e.g. in the avionic and compiler framework. In contrast, a framework producing
automotive domain, the adherence of the WCET must becode for multiple processors might significantly shortes th
ensured to avoid system failure leading to a disaster. Thedevelopment time of new processor-specific optimizations
precise knowledge of this key parameter is also required forSince generic modules can be reused.
scheduling algorithms or the development of hardware plat-  Another requirement for an effective compiler frame-
forms which have to satisfy critical timing constraints. work is motivated by changing design goals. Today's

Due to the complexity of today’s embedded systems, theembedded system designers are forced to consider a rec-
software development relies on both a high-level language,onciliation of both design goals, predictability and effi-
predominantly C, and a compiler. Modern compilers offer a ciency. These goals pose a conflict in realistic systems

p— e . ed funcha with bounded resources which have to be shared for log-
o e syt e ical and temporal reasons. To cope with this problem,
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structures to hold different objectives must be provided. M vy N
In this paper, we present a novel conceptual framework Optimzations
that opens avenues to a state-of-the-art design of préticta
and efficient systems. The paper’s main contributions are:
1. We present concepts for a retargetable WCET-aware
compiler framework where processors involved in a Figure 1: Workflow of the single-target WCET-aware
static WCET analysis can be easily exchanged. Thiscompiler
allows the evaluation of WCET-aware optimizations ous state-of-the-art processo/CCs timing model, cur-
on different processors. rently only available for the Infineon TriCore 1796 proces-
2. We introduce th®ack-annotationa methodology to  sor, is exploited to conduct WCET-driven low-level opti-
bridge the high-level and low-level intermediate rep- mizations, e. g. Procedure Positioning [9]. Unlike other ap
resentation (IR) of the program and to enable a trans- proaches, the/CCalso enables the development of WCET-
formation of objectives between both levels. driven high-level optimizations, e.g. Procedure Clonin-
3. Our Back-annotation is extended by generic data con-ing [8]. However, the compiler supports a rudimentary
tainers that store arbitrary objectives to provide op- Back-annotation transforming WCET information exclu-
portunities for multi-objective optimizations. sively for functions from the low-level to the high-level IR
The rest of this paper is organized as follows: Section 2 Besides WCET-optimizing compilers, other tools serve
gives a survey of the related work. The concepts of the retar-exclusively for the estimation of the WCEDTAWA[2]
getable, multi-objective WCET-aware compiler framework is a generic multi-target low-level framework dedicated to
are discussed in Section 3. Finally, Section 4 concludes andhe development of static analyses to compute the WCET
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gives directions for future work. based on a binary executable. The goal of the open-source
tool is to provide a system where different WCET com-
2. Related Work putation models can be integrated for evaluation purposes.

Recently, the minimization of energy dissipation as an BOTtn?'T[GE IS a cotmm]?rma_l St?r:'c WCIET analytz)gr with
optimization goal of compilers has moved into the focus of mutti-target support pertorming e analysis on a binary €x
ecutable. In contrast to the static analyz&apiTime[10]

research. However, compiler-based WCET minimization is . t-based WCET tool. Th three tools h
sparsely dealt within today’s literature. These approache IS a measurement-base ool These three lools have

rely on a communication between a compiler and a static not been exploited for WCET-driven compiler optimization.

WCET analyzer to gather the WCET as cost function. Be- .
sides the supported processors, the main difference betwee3. Framework Architecture
the involved frameworks is the internal code represemtatio In this section, the conceptual framework for processor-
Almost all frameworks work on a low-level IR, lacking the indepedent, multi-objective WCET-aware compiler opti-
possibility to develop high-level optimizations. mizations is presented. The goal of this work is to extend
The interactive compilation system call®ISTA[12] our WCET-aware compiler framewoM/CC by a Back-
translates a C source code into a low-level IR used for codeannotation which supports arbitrary objective types at a
optimizations. By binding the compiler to a proprietary de- finer grained level, namely basic blocks. Moreover, we ex-
veloped static WCET analyzer supporting two simple pro- tend WCC by multi-taget support. Before the required ex-
cessors without caches, the obtained WCET is exploited fortensions to realize this novel framework architecture &€ d
WCET-driven optimizations, e. g. block reordering [13]. cussed, we introduce the compiler’s current state. Figure 1
The open-source tobleptand3] is a static WCET ana-  shows its workflow. The workflow begins with parsing and
lyzer with multi-target support. It expects a C source code translating the C source code into a high-level intermedi-
as input parsed into a high-level IR. Next, the code is trans-ate representation calld@D-C IR [7]. At this level, the
lated into a low-level IR where the WCET analysis takes compiler front-end provides miscellaneous standard com-
place. Heptane exclusively supports WCET-driven low- piler analyses, e. g. control- and data-flow analyses, ds wel
level optimizations, e. g. predictable page allocatiofs[5  as alarge set of ACET optimizations, eR@pad Code Elim-
The single-target WCET-aware C compil®CC[4] in- ination or Loop Unrolling
corporates a high- and low-level IR. To obtain WCET ob- In the next phase, thel IR Code Selectoiranslates the
jectives, the compiler is coupled to the static WCET ana- high-level IR into the low-level IR, the retargetalieD-
lyzeraiT [1], a sophisticated analysis tool supporting vari- LLIR [7] which also provides standard low-level optimiza-



is specific for the TC1796 processor. By coupling the com- ~ —— — ...
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piler back-end to the static WCET analyzai, the ob- ..
jective WCET is imported into theVCCand exploited for Loy
WCET-driven low-level optimizations. Sin@T internally M WCET-
works on its own code representation, this coupling is real- Optimzations RS

ized by converting the ICD-LLIR into an equivalent CRL2
IR which is Absint’s machine-code level intermediate rep-
resentation. After the WCET analys&T provides a CRL2
file annotated with WCET information that is used for the but can be furthermore exploited. Due to the flow fact man-
objective import into the ICD-LLIR. ager, all source code flow facts are correctly adjusted and
In addition to hardware timing characteristics, a success-are dumped together with the transformed IR into equiv-
ful static WCET analysis relies on information about pro- alent C code. Finally, this code is passed to an arbitrary
gram execution flows to bound the number of instruction compiler which generates a binary executable provided as
executions. These specifications are cafled factsand input to the WCET analyzer. In contrast to the previous
encompass upper bounds of loop iterations and the recurworkflow where theWCC generated the initial CRL2 file,
sion depth. For user convenience, flow facts can be anno+this approach usesT's decoder to construct the initial in-
tated at source code level. Afterwardg|av fact manager  put file based on the binary executable. In additaif, ex-
(not shown in Figure due to clarity reasons) extracts themtracts the dumped and slightly adjusted ICD-C annotations
from the C code and attaches the flow facts to objects of thefrom the source code and uses it during the WCET analysis.
ICD-C IR. During code selection, the manager translates
the high-level flow facts into semantically equivalent ICD- 3.2. Back-Annotation
LLIR flow facts which are finally translated into CRL2 and
serve as auxiliary information f@iT. Due to the tight inte-
gration of the flow fact mechanisms into the WCC, a simple

flow fact APl and highly efficient data structures and algo- between the analyzed binary executable and the high-level

mhn;]S e]}lre p;owded. lation d hat flow f IR must be established in order to make WCET information
The flow fact translation does not ensure that flow facts visible in the ICD-C IR.

passed t@iT are semantically equivalent to the used anno- The basic difference between théCC (Figure 1) and
tations specified in the source code. This is due to compllerthe novel workflow (Figure 2) is the different handling of

optlméz?_tmr:js,ﬂe. g.f LtoopAUnroIImg, that might ;PV?“tiateMthe compiler back-end. The application of an arbitrary com-
user-defined flow facts. As a consequence, afl ot the piler without the inside into its code selector must be con-

WCC optimizations are made_flow—fact aware, . €. the flow sidered as a black box where the relationship between the
fact manager takes care to adjust them during code transfor-

. . : . source code and the binary executable is not apparent.
mations in order to preserve their semantical correctness. L
The problem of bridging the gap between the source

] code and the machine code is not new. In particular, prob-
3.1. Retargetable WCET-aware Compiler Frame-  |ems arise when optimized code is debugged since an un-
work ambiguous mapping between the source code and the op-
The first step towards a retargetable WCET-ware com-timized target program becomes infeasible. This is known
piler framework is the elimination of the TriCore-specific as theCode Location ProblemTo overcome this problem,
code selector and compiler back-end ICD-LLIR. This is compiler optimizations are typically disabled. In our fream
achieved by substituting these two components by an ar-work, the involved compiler produces a non-optimized bi-
bitrary compiler for a processor supported by the static an-nary executable annotated willWARF2[11] debug infor-
alyzer. Due to the large number of supported processorsmation. To achieve good code quality, the preceding flow-
and compilers by AbsInt'siT, the WCET-aware compiler  fact aware ICD-C IR optimizations can be applied. They
is highly flexible and allows the evaluation of differenteon have no negative impact on the debugging information since
figurations. The employment of an arbitrary compiler that the consistency between the input program and the non-
replaces the code selector from the previous scenario andptimized machine code is preserved.
provides input for the static WCET analyzer is depicted in ~ The last step for a complete Back-annotation is the col-
Figure 2. Before passing the input program to an arbitrary lection of WCET information provided bgiT’s annotated
compiler, it is processed by the ICD-C IR which serves as CRL2 file and their assignment to the proper ICD-C con-
an source-to-source optimizer. Thus, all analyses and opti structs. This final workflow denoted by dashed arrows is
mizations provided by our high-level IR are not discarded depicted in Figure 3. To achieve a mapping between the ma-

Figure 2: First step towards a multi-target WCET-
aware compiler

The goal of the new framework architecture is to provide
a platform for the development of high-level WCET-aware
compiler optimizations. To accomplish this goal, a bridge
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Figure 3: Workflow of a back-annotated, multi-target
WCET-aware compiler

chine code and the ICD-C IR, DWARF2 information are ex-
ploited. We apply the standard tabharfdumpo the binary
executable that writes DWARF2 information in a human-
readable format into a data structure we dadlbug-Info
This information indicates which machine code instrucgion
(specified by physical address) resulted from which high-
level constructs (specified by source code line):
DWARFDUMP : physical address — source line

--"
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To retrieve the WCET information,aiT's WCET-

WCET-aware high-level compiler optimizations. Due to the
framework’s flexibility, other objectives can be easilyant
grated in order to leverage state-of-the-art multi-olyect
design approaches. Furthermore, the multi-target support
can be exploited to evaluate the impact of newly developed
optimizations on different processors.

In the future, we intend to exploit the imported WCET
information for the design of novel WCET-driven high-
level optimizations. For example, Loop Unrolling could
be controlled by the worst-case number of loop iterations.
We also plan to integrate additional profilers providing new
objectives for multi-objective optimizations as well as-fu
ther compilers to extend the set of supported target proces-
sors. Last but not least, the development of new low-level
WCET-driven optimizations is also a challenging topic. By
retargeting the ICD-LLIR to other processors, similar as
depicted in Figure 1 for the TC1796 processor, the de-
velopment of novel multi-objective low-level optimizatis
would be enabled. Also, standard LLIR optimizations could
be applied to the non-optimized assembly code generated

annotated CRL2 file is analyzed. Since it was constructedIOy the compilers in Figure 2 to achieve better code quality.

from a binary executable, its internal control flow graphrep

resentation contains basic blocks that are assigned physiReferences
cal addresses (analogous to the binary) and the computed

WCET representing the accumulated timing information for
all executions of this block:
CRL2 : physical address — accumulated WCET

With this information, it is straightforward to assign
WCET information to the corresponding source code con-
structs exploiting the physical address as join point. This
mapping is performed by the Back-annotation. Hereafter,
WCET data can be employed to assist WCET-driven high-
level optimizations.

3.3. Multi-objective Storage
Our framework allows the storage of arbitrary non-
functional objectives within our high-level IR. The objec-

tives are held in generic containers which can be assigned (7]

to any ICD-C C construct. High-level optimizations operat-
ing on the ICD-C can easily access this information. In the

current state, WCET estimations are the only supported ob-

jectives. However, due to the framework’s flexibility, othe
profilers providing ACET or energy dissipation objectives

can be easily integrated and the framework opens avenues

to multi-objective optimizations.

4. Conclusions and Future Work

In this paper, we presented a novel WCET-aware com-

piler optimization framework supporting multiple target
processors as well as the storage of different non-funation
compiler objectives. By the integration of WCET infor-
mation, the framework offers the opportunity to develop
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