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Abstract Today, software development for embedded systems re-

This paper presents techniques to integrate worst-casejies on high-level languages like C and compilers. Modern
execution time (WCET) data into a compiler. Currently, compilers include a vast variety of optimizations. However,
a tight integration of WCET into compilers is strongly de- they aim at minimizing e.g. average-case execution time
sired, but only some ad-hoc approaches were reported cur-(ACET)[13] or energy dissipation [14]. The effect of op-
rently. Previous work mainly used self-written WCET es- timizations on WCET is almost fully unknown. Currently,
timators with limited functionality and preciseness during the executable produced by the compiler is manually fed
compilation. A very tight integration of a high quality into a WCET analyzer computing timing information. Us-
WCET analyzer into a compiler was not yet achieved. This jng this WCET data, it can be seen whether real-time con-
work is the first to present such a tight coupling between straints are met. If not, the code has to be tuned, compiled
a compiler and the WCET analyzer aiT. This is done by and optimized again in another cycle of the design flow.
automatically translating the assembly-like contents of the  Hence, it is desirable to have a WCET-aware com-
compiler’s low-level format (LLIR) to aiT’s exchange for- piler. An integrated WCET-aware compiler allows to inte-
mat CRL2. Additionally, the results produced by aiT are grate and to apply optimizations for WCET minimization.
automatica”y collected and re-imported into the Compiler WCET data available in the Comp”er can be used to deter-
infrastructure. The work described in this paper is Smoothly mine the worst-case path of the code. Specia"zed optimiza-
integrated into a C compiler for the Infineon TriCore pro- tjons could be applied in the future only to these code por-
cessor. It opens up new possibilities for the design of tions to minimize WCET aggressively. If the compiler also
WCET-aware optimizations in the future. supports multiple optimization objectives at the same time

The ConceptS for eXtending the Compiler structure are (eg energy Consumption and WCET), automated trade-
kept very general so that they are not limited to WCET in- offs can be applied such that the most energy efficient code
formation. Rather, it is pOSSibIe to use our Concepts also is generated still meeting real-time constraints.
for mUlti'ObjeCtive Optimization of e. g. best-case execution This paper is the first one to present a t|ght integration
time (BCET) or energy dissipation. of an existing WCET analyzer into a compiler infrastruc-
1. Introduction ture. Using the techniques of this work, it is possible to

Very often, embedded systems have to meet real-timefé€d the assembly-like contents of the compiler’s low-level
constraints making them real-time systems. The correct-intérmediate representatigin IR) into the WCET analyzer
ness of a real-time system depends not only on the result ofutomatically. The results produced by the WCET analyzer
a computation, but also on the time at which the results are@'® automatically re-imported into the compiler infrastruc-
produced [5]. Besides safe real-time systems, the markef!r® and are available for future optimizations as described
demands high performance, energy efficient and low costaPove. Currently, this includes the WCET of an entire ap-
products. Without knowledge about the worst-case timing plication, of functions and basic blocks as well as calling
of a real-time application, designers tend to oversize hard-contexts, execution counts and feasibility information. The
ware in order to guarantee the safeness of the real-time sysiéchniques presented in this work are part of a C compiler
tem. Knowing the worst-case execution tif@/CET)en- environment and were validated for the Infineon TriCore [8]
ables to use or to design a hardware platform tailored to-Proc€ssor. _ o
wards the software resource requirements like memory or !N @ddition, a very powerful and flexible mechanism is
clock rate. Thus, production costs can be reduced heavily,Presented enabling to attach not only WCET-related data to

while still guaranteeing the safeness of the real-time system the LLIR, butalso to store arbitrary information used by op-
timizations targeting different objectives than WCET. This

*This work is partially funded by the European IST FP6 Network of approach will be useful in order to perform automated trade-
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offs between different optimization goals. ANSI-C Conversmn

The remainder of this paper is structured as follows: Sec- S°/”fe LL'RZCRL
tion 2 gives a survey of related work. Section 3 presents the -G | jian Leve LUR ool Gonorated
entire structure of our WCET-aware C compiler. It is fol- Parser L&DC Selector (CRL2
lowed by a discussion on the proposed compiler structure o l
in Section 4. Finally, Section 5 summarizes this paper and AN B T
gives an outlook on future work. . ,' .4
2. Related Work OSFn?.'Ziﬁins m\ C’évLéEWT"“‘
[4] presented a very first simple approach to integrate Estimates
WCET techniques into a commercial compiler. Flow facts WCET- Converswn
required for WCET analysis have to be annotated manually QSQZHLZ@ CRL2LLIR

using source-level pragmas. The compiler backend gener-
ates code for the Intel 8051 which is an inherently simple
and predictable machine without pipeline and caches etc. Acompiler requires to costly re-generate valuable high-level
fully pragma based approach is not promising since manualflow facts that are only available at the source code level.
annotations are tedious and error-prone. Finally, the considered processor is quite simple as it has a
While mapping high-level code to object code, compil- simple pipeline and no caches.
ers perform various optimizations so that the correlation be- A compiler guided trade-off between WCET and code
tween high-level flow facts and the optimized object code size is presented in [12]. The authors observe that applica-
becomes very vague. In order to keep track of the influ- tions using the 16-bit THUMB instruction set of an ARM7
ence of compiler optimization on high-level flow facts, [6] processor typically are smaller but run slower than when
proposes co-transformation of flow facts. However, the co- using the 32-bit ARM instruction set. To obtain WCET
transformer has never reached a fully working state, andinformation, a simple timing analyzer was implemented
several standard compiler optimizations can not be modeledrom scratch assuming the absence of caches and a sim-
at all due to insufficient data structures. ple pipeline structure. [12] presents a WCET-guided com-
[11] presents techniques for transforming program path piler optimization, but it does not homogeneously integrate
information during compiler optimization. The authors are WCET analysis into the compiler itself. Compilation and
able to keep high-level flow facts consistent while perform- WCET analysis are completely decoupled, WCET data is
ing GCC'’s standard optimizations. Their approach was not fed back to the compilation stages.
thoroughly tested and led to precise WCET estimates. How-  An optimization allocating both functions and data ele-
ever, compilation and WCET analysis are done in a decou-ments of an application to a scratchpad memory is presented
pled way. The assembly file generated by the compiler isin [15]. The authors report a significant WCET reduction,
passed to the WCET analyzer together with the transformedsince scratchpads are much faster than other types of mem-
flow facts. Additionally, the proposed compiler is only able ory, and their use is fully guided by the compiler so that
to process a subset of the C programming language, and theery precise flow facts can be passed to the WCET analyzer.
modeled target processor lacks pipelines and caches. However, this approach also does not establish a tight inte-
In [16, 17], the integration of a proprietarily developed gration of WCET data into the compiler. The memory allo-
WCET analyzer into a compiler is presented. The com- cation optimization is not based on WCET data. Instead,
piler operates on a low-level intermediate representationthe optimization minimizes energy dissipation when us-
(IR). Control flow information is passed to the timing an- ing scratchpad memories. WCET timing is measured after
alyzer which computes the WCET of loops and functions compilation by analyzing the resulting binary executable.
and passes this data back to the compiler. However, this
approach has several limitations. First, the WCET ana- 3. Design of the WCET-Aware C Compiler
lyzer works with very coarse granularity since it only com- Based on the results of the previous publications pre-
putes WCETSs of loops and functions. WCETs for basic sented in Section 2, we propose the structure depicted in
blocks or single instructions are unavailable. Thus, aggres-Figure 1 for WCET-aware compilation. As can be seen, the
sive optimizations focusing on subtler units like single ba- compiler we calWCCrelies on two IRs, namely ICD-C [9]
sic blocks of a worst-case path that consume most of thebeing close to ANSI-C, and LLIR [10] modeling code at
execution time are not feasible. Second, WCET-relevantthe assembly level. The code selector is responsible for the
data which is not the WCET itself is unavailable, too. This translation of ICD-C to LLIR. Analyses and optimizations
includes e.g. execution contexts, execution frequencies oftake place both at the high and the low level. Currently,
basic blocks, value ranges of registers, predicted cache beall optimizations done by the compiler are not yet WCET-
havior etc. Third, the lack of a high-level IR within the aware. The focus of this paper clearly lies on the integration

Figure 1. WCET-aware C Compiler (WCC)



duringloop bound analysisucceeds only for simple loops
L naee and demands their external annotation outside aiT.

P ST -ALEt )
E”i““’b' I 4 Thecache analysistatically analyzes the cache behavior
+ GV i — of a program using a formal cache model that distinguishes
Pocoda AT Plpelln_e . L.
e oot *eeen¥| Analysis between sure cache hits and unclassified accesses.
Pipeline analysisnodels the processor’s pipeline behav-
_’ CRL2 with ior and is based on the current state of the pipeline, the re-
analysig Estimates sources in use, the contents of prefetch queues and the re-

sults obtained during cache analysis. It aims at finding a
WCET estimate for each basic block of a program. Each
of WCET analysis into the compiler, and not on WCET op- basic block is analyzed by taking possible pipeline states
timizations which are part of our future work. from preceding basic blocks into account.

Today, there are only few vendors providing commercial  Using the data provided by the previous analysis steps,
WCET analyzers. One of the leading analyzers is the aiT [1] path analysisomputes a program’s global WCET. Implicit
WCET analyzer developed by Absint. In this paper, the In- Path Enumeration is applied to express the WCET of a path
fineon TriCore processor is considered as target architectureis the sum of the products«C over all edges of a path,
for compilation and WCET analysis. whereT denotes the maximum execution time a@dhe

WCET analysis can only take place at the assembly / bi- block’s number of executions. This maximization problem
nary level since processor-specific information and machineijs solved using integer linear programming.
code is unavailable at higher levels of abstractions. Thus, All analyses of aiT takexecution contexisto account.
the WCET analyzer aiT is coupled to our compiler at the A context indicates a particular way of calling a program’s
LLIR level. Our compiler is able to translate its LLIR rep- functionR. If Ris called several times, contexts are used
resentation to the CRL2 format [2] which is the IR of aiT. to distinguish between the different program states repre-
This way, both aiT and WCC use the same format to ex- senting the different flows of control through the program
change information. Hence, aiT can be provided with CRL2 to functionR. Contexts improve the precision of analysis if
accurately modeling the application under analysis, and allanalysis results are computed individually for each program
results computed by aiT are also available in the CRL2 for- state represented by a context.
mat after WCET analysis is done. Using a conversion from  |n the following subsections, the conversions between
CRL2to LLIR, we are able to import all data computed by LLIR and CRL2 and vice versa are described as well as a
aiT into our compiler. generic mechanism for storing arbitrary data beyond WCET

. information within LLIR.

3.1. The WCET Analyzer aiT

In contrast to numerous other WCET analyzers, aiT per- 3.2. Conversion LLIR «— CRL2
forms a highly accurate analysis of the processor pipeline  gince poth LLIR and CRL2 are low-level IRs represent-
and available caches. When being used outside our chng a program as control flow gragiEFG), it is easy to
compiler framework, aiT needs to be providedwith abinary yangjate these IRs into each other. At the top level, the
executable of the program to be analyzed as well as with a.qptr flow graph of both IRs consists of functions. Each
specification file. To estimate the WCET of the binary exe- nion contains a list of basic blocks connected via edges.
cutable, several analysis steps are taken (cf. Figure 2). Thegagic plocks in turn consist of a sequence of instructions.
decoder exec2crl reads the executable and reconstructs itg, poth IRs. an instruction can consist of several operations
control flow graph. This control flow graph is translated j, orqer to express the implicit parallelism presentin . g. a
into aiT's intermediate format CRL2 [2]. CRL2 is used as ;| 1y machine. In addition to basic blocks, information on
exchange format storing the application under analysis as,yecytion contexts is attached to functions within CRL2. In
well as analysis results generated by the individual substeps | |r this kind of information does not exist.
of aiT. Since aiT is _dlrectly invoked with a CRL2 IR gen- Due to the analogy of both IRs, the translation steps ba-
erated by our compiler, the decoder exec2crl shown in Fig- gjcaly need to traverse the CFG of one IR recursively and
ure 2 is skipped in our WCC setup. _ need to generate equivalent CFG components of the other

Value analysisletermines potential values in the proces- | However, there are two issues making the translation

sor registers for any possible program point. Tight value from LLIR to CRL2 and back much more complex than
ranges are required to determine loop bounds. this simple recursive traversal.

Since a program spends most of its execution time in
loops, the iteration counts play an important role for WCET Determination of op.ids
estimation. aiT relies on precise bounds to be able to per-First, we need to solve the problem that LLIR is an
form a WCET analysis at all. The detection of loop bounds assembly-level IR, whereas CRL2 is a binary-level IR. As

Figure 2. Workflow of aiT



a consequence, any information additionally created during Routine F i [RoutineF Routine I
assembly and linking is unavailable within LLIR, but avail- r
able to CRL2. This difference between both IRs mainly [Bocks ]| |([(Biock2 )
comes into play when converting LLIR operations into r 1 : 1

CRL2 operations. An LLIR operation is represented by l END
its assembly mnemonic and belonging operands, whereas

CRL2 requires a unique identifieof.id) representing the

binary machine code of the operation together with its

operands. Unfortunately, there is no direct translation be- ———

tween an LLIR opcode and a correspondapgid. Figure 3. Loop Transformation Stage of aiT
For example, the TriCore ISA contains four different ma- MOWDc, Db MO\Da, Db

CTESSD%&'&?S VX'LhDg]e Ir)nnemotrgd,\lD[S]: The parameters of these two operations are arbitrary data
¢ a ¢ ba cons registers in both cases. However, the first operation is 32

ANDDa, Db ANDD15, const8 . . L .
X . ! bits wide, whereas the second operation is a 16-bit opera-
All these ANDoperations differ by the number and types of o, "o the | [ IR does not distinguish the bit-width of

parameters. As can be seen, the mere use of the mnemonic . g X .
does not yield an unambiguous CRL2 operation. As a Con_operatlons, it is impossible to classify these two opcode for-

. . _mats correctly. As a consequence, a decision on the under-
sequence, more key characteristics of an LLIR operation, . . .
: lying opcode format has to be taken during translation from
need to be taken into account.

In addition to its mnemonic, the operatiompcode for- LLIR to CRL2. In such a situation, our compiler frame-

: : . work decides to assume the 32-bit version of an operation.
matis considered next. Depending on the amount and type : o
. . . To ensure consistency for further compilation steps, the de-
of parameters, the binary machine code of an operation has

. ; . cision taken on the bit-width of an operation is passed to the
various formats. Using the alignment and the type of param- . . o :
C : . assembler using particular assembler directives. After this
eters of an LLIR operation, its opcode format is determined.

In almost all cases, these first two steps of mnemonic anddeusmn is finally taken, all LLIR operations are assigned a

. y . uniqgue CRL20op.id. Hence, a complete translation of our
opcode format matching are sufficient to obtain an unam- compiler’s LLIR into aiT’s IR is achieved
biguousop.id. However, the addressing mode has to be '
considered as third criterion in a few cases. Mainly load Loop Transformation
and store operations make extensive use of the various adsecond, the conversions from LLIR to CRL2 and back need
dressing modes. to be aware of a control flow transformation inherently per-
As example, the.D.W operation loading a word from  formed by aiT. As already mentioned previously, execution
memory is considered. The TriCore instruction set includes contexts provide higher precision of WCET estimates. Due
only one operation with the opcod®.w: to the structure of CRL2, context information can only be
LD.W Da, <mode> attached to CRL2 functions. However, context-related in-
Its first parameter designates the register to be loaded, thgormation is not only relevant for functions, but also for
second one specifies the addressing mode. Depending ofbops within functions. For example, it is useful to distin-
this mode, various CRLBp.ids can be used for theD.W  guish individual iterations of a loop during WCET analysis
operation. Itis easy to see that mnemonic and opcode for-and to compute different WCET information for loop itera-
mat are insufficient in this case to obtain a unigp&d. tions, depending on e.g. cache states. This is done within
But even after considering addressing modes, there aresT by moving loops out of their original function into a
still some operations which can not be unambiguously iden-new dedicated CRL2 function which calls itself recursively
tified so far. In particular, halfword arithmetical operations during each iteration (cf. Figure 3). This way, aiT is able to
have equivalent mnemonics and opcode formats, but do nokttach context-related information to loops by simply anno-
rely on addressing modes at all. However, these few casesating the newly created loop functions.
of halfword arithmetic can be handled easily by performing  However, this loop transformation stage has the effect
particular checks for these halfword operations. that the CFG structures of LLIR and CRL2 differ. Since
But even after this fourth stage of halfword operation a CRL2 CFG may contain more functions than its LLIR
matching, there still exist LLIR operations which are not counterpart, there is no direct correspondence at the func-
unambiguously mapped to CRIdp.ids. The TriCore in-  tjon level. When traversing the CRL2 CFG in order to im-
struction set still contains few operations which can not be port all WCET data computed by aiT into the WCC com-
classified unambiguously at all using the information avail- pjler, CRL2 functions may be reached for which no LLIR
able within LLIR. For instance, there are two versions of

the MOVoperation: 1We could also assume a 16-bit operation — the actual width does not
matter. However, it is important to feed the decision to the assembler.

@
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function exists. Hence, the question arises where to store all LLIR Component

the WCET data attached at CRL2 functions within LLIR. (CFG, Funtion, B'E;'j':cnve
Basic blocks have a unique identifier in both IRs, namely Instruction ) (WCET)

the label denoting its starting address. WCET information T -
stored at the level of CRL2 functions is attached to the very LLIR Objective Handler /| |Objective
first basic block of this function within LLIR. For CRL2 [ist<LLIRObjective> objectives; X (Energy)
functionsF also existing within LLIR, this has the effect B e L e R
that all WCET data oF will also be available foF within bool hasObjective( ObjectiveType ); Objective
LLIR by just checkind=’s first basic block. For CRL2 func- ()
tions F’ generated during loop transformation, the WCET Figure 4. LLIR Objective Handling

data attached t&’ will be stored at that position within
LLIR where the loop represented I/ begins. This way, Pe attached to an LLIR component. The objective handler
all WCET information is stored exactly at those code posi- Provides methods in order to set and get objectives of a cer-
tions within LLIR to which the WCET data belongs. tain objective type. The structure of the LLIR objective and
handler mechanism is illustrated in Figure 4.
3.3. LLIR Objectives and Handlers
In a simple approach, all WCET data extracted from 4. Discussion of the Structure of WCC
CRL2 would directly be attached to the corresponding  The proposed architecture of our WCET-aware C com-
LLIR components as described in the previous section, e. g.piler WCC has several advantages compared to previously
the class of LLIR basic blocks would be extended by new at- published approaches.
tributes storing the execution count and the block's WCET.  First, the use of both a high- and a low-level IR is ex-
However, this approach is too inflexible for our purposes. tremely beneficial for WCET analysis and optimization.
As already shown in Section 2, WCET-related com- WCET analysis inherently requires high-level flow facts
piler optimizations will have to deal with trade-offs between to be present. Previously published approaches recompute
WCET and other optimization criteria, e. g. code size [12]. these flow facts from a low-level IR. This approach is cum-
In the future, we intend to extend the WCC infrastructure bersome and inelegant. The availability of a high-level IR
presented in this paper towards a full multi-objective op- within our WCC compiler results in an overall simplifica-
timization engine. Besides the WCET data, the compiler tion of flow fact computation since flow facts are computed
will thus have to deal with other types of information rep- directly at the corresponding level of abstraction. In addi-
resenting other optimization objectives. Hence, the simpletion, there are several high-level control flow optimizations
approach to just store this additional data within the LLIR potentially having a positive effect on WCET. For example,
core classes like e. g. basic blocks in the future will require procedure cloning making use of calling contexts is easier
the entire LLIR core to be extended and rebuilt. But since a to realize using a high-level IR than using LLIR.
compiler’s IR is a complex piece of software, modifications ~ Second, our WCC compiler does not rely on a propri-
of its core should be reduced to an absolute minimum. etarily developed WCET analyzer. Instead, we were able
In order to be able to attach arbitrary data to the LLIR to tightly integrate aiT into our compiler. By coupling
core components without having to modify the core in the WCC with Absint’'s aiT, we do not use simplified models
future, we have extended the LLIR by a modular and flexi- of the target processor architecture at all. In contrast to
ble objective and handler mechanism. various other publications, no simplifying assumptions on
An LLIR objectiverepresents a container storing all data e.g. pipeline behavior and cache structure are made during
relevant for the compiler in order to perform optimizations WCET analysis. This is ensured by the high quality of aiT
for a particular objective. where the entire processor architecture is modeled with a
Using inheritance from an abstract objective class, othervery high degree of accuracy. As a consequence, the WCET
kinds of LLIR objectives besides WCET can be created eas-data our compiler uses is highly accurate and precise.
ily. Arbitrary types of LLIR objectives can now be attached Due to the accuracy and precision of the processor mod-
to the entire LLIR control flow graph, to LLIR functions, els used by aiT, a vast amount of WCET-related informa-
basic blocks and instructions. All of these LLIR compo- tion is computed. Since both the compiler and aiT use
nents contain a so-calledjective handlewhich is respon-  CRL2 as common exchange format, all this data is available
sible for managing multiple LLIR objectives of different within WCC without limitations. Currently, we are able
type attached to the same LLIR component. In this way, ar-to import the following data from aiT into our compiler:
bitrary data useful for compiler optimizations pursuing dif- global WCET of an entire CFG, calling contexts, context-
ferent optimization goals can be freely attached to the LLIR. dependent WCETSs and execution counts of basic blocks and
The objective handler takes care that at most one instancdunctions, feasibility of CFG edges, overall WCETSs of basic
of an LLIR objective with a specific type (e.g. WCET) can blocks. Using the infrastructure presented in this paper, it is



easy to import all other WCET data from aiT to WCC like WCC is part of the future work.
e.g. value ranges of registers or pipeline and cache states.  Of course, the main part of our future work is to develop
The concept of objectives and handlers presented in thisWCET-aware compiler optimizations both at the high ICD-
paper allows to model arbitrary trade-offs within our com- C level and at the LLIR level. This requires some kind of
piler. Previous publications have already shown that it is back annotation of the WCET data stored in the LLIR up to
relevant to combine WCET optimization with other crite- our high-level IR. Using our compiler structure with WCET
ria like e.g. code size. Using objectives and handlers, ourdata available at all levels, several issues noted in the WCET
compiler is already well designed for this purpose, even if compiler wish list [3] can be tackled in the future.
this is part of our future work. Besides pure WCET-aware optimizations, we will con-
sider multi-objective optimizations within our compiler in
order to achieve trade-offs between real-time constraints
and other optimization criteria.

5. Summary and Future Work

This paper is the first one describing a tight integration of
an existing WCET analyzer into a compiler infrastructure.
Using our techniques, it is possible to feed the assembly-Acknowledgments
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