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Abstract
We have used a modified C compiler to analyze a large
number of commercial real-time and embedded
applications written in C for 8- and 16-bit processors.
Only static aspects of the programs have been studied, i.e.
such information that can be obtained from the source
code without running the programs.

The purpose of the study is to provide guidance for the
development of worst-case execution time (WCET)
analysis tools, and to increase the knowledge about
embedded programs in general. Knowing how real
programs are written makes it easier to focus research in
relevant areas and set priorities.

The conclusion is that real-time and embedded programs
are not necessarily simple just because they are written
for small machines. This indicates that real-life WCET
analysis tools need to handle advanced programming
constructions, including function pointer calls and
recursion.

1. Introduction

This paper describes the results of a study undertaken
by the hard real-time systems group at Uppsala
University. It is a part of our work on worst-case
execution time (WCET) analysis for real-time programs.
The study is calleMARE (Measurements of Actual Real-
time and Embedded prograjnsand aims to collect
gquantitative measurements on how commercial software
used in real-time and embedded systems is written.
Knowledge about how programs are written is useful
for several purposes, including:
= Guiding the selection of relevant research topics
Our goal is to produce tools that can be used in in-
dustrial practice. This requires knowledge about how
the engineers in industry actually write code. There is
little to be gained from making simplifying assump-
tions not supported by reality. Also, frequent prob-
lems should be solved before less frequent problems.

= Testing and benchmarking comparsons between
different analysis methods should be performed using
realistic benchmarks and examples — i.e. code which
resembles real embedded programs.

= Confirming and dismissing myths when discussing
WCET analysis and its relation to real programs,
researchers and people from industry tend to use

unverified assertions and assumptions about how
"real programs" are written. We hope to provide at
least some empiric data on how embedded programs
are written.

The main motivation for this study was the need to
guide our research into WCET analysis methods (a
secondary motivation was simple curiosity). This paper
presents our conclusions for WCET tools, based on the
the results of the study.

The study (and our research) focuses on small embed-
ded systems: the eight- and sixteen-bit processors used in
a majority of the world’s embedded systems. The prog-
ramming language used is C, since this is the danti
programming language in the embedded systems field [1].

We have not found any previous study dealing with the
details of how code is written for real commercial prog-
rams targeted for small embedded systems.

The model for WCET analysis presented in [2] forms
the conceptual basis for the discussion in this paper. This
model divides WCET analysis into two types of analysis:
low-level analysiswhich deals with the amount of time
taken to execute a straight-line segment of machine code,
andhigh-level analysiswhich deals with how to sequence
the low-level segments (loop bounds, infeasible paths,
etc.). It is mainly the high-level analysis that is affected by
the characteristics of the source code.

This paper is structured as follows: Section 2 discusses
measurement methodology. Section 3 describes the
studied programs. Section 4 contains the measurement
result. Section 5 discusses the implications of the
measurements for WCET analysis and WCET research.
Finally, Section 6 provides a summary, ofinal
conclusions, and plans for future work.

A full description of the MARE study and the results
can be found in [3].

2. Methodology

The MARE study was performed using a modified
commercial C/C++-compiler (from IAR Systems AB [4]).
This provided us with a C-parser suitable for handling em-
bedded programs (extended keywords etc.) and an
optimizer.

Embedded compilers usually implement various exten-
sions to the standard C language, which poses a problem
for a research compiler. The compiler has to mimic the C
variants implemented by several different compilers. Each



program is in effect written for a certain compiler. For an
example of typical features present in an embedded
compiler, see [5].
The IAR C compiler was easy to modify to allow it to
mimic the embedded compilers used for the studied
programs. The compiler settings changed were:
= The size of the typesnt, double, and the various
pointer types (code pointers, data pointers, pointers to
different memory areas).

= Adding keywords for modifying variable placement
in memory fear, far, huge, banked,...). function call-
ing conventions i(nterrupt, trap, monitor,...), and
similar features used by embedded programmers.

= The list ofintrinsic functionsused in the compiler
(see Section 4.5 for more on intrinsic functions).

We collected our measurements at theermediate
languagelevel, after parsing and source-level optimiza-
tions. This is motivated by the following:
= Our research plans are to insert the high-level analysis
component of a WCET tool into a compiler. This tool
will operate on the intermediate code.

= The optimizer is one of the problems a WCET tool
has to deal with [2]. Thus, measuremeamifter
optimization are relevant.

= The analysis of intermediate code allows us to get to
the essentialproperties of a program, not theciden-
tal properties of its syntactical representation. We are
not interested in indentation, variable namitigle-
loops vs.for-loops, and similar issues, since this does
not affect automatic analysis techniques.

Furthermore, some factors indicate that source code
analysis is not always relevant:
= Many programs used in embedded systems are
machine-generated, which (usually) makes them ugly
and hard-to-read. The structure is often such that a
human would (should) not writezdtos, very large
functions, usingswitch for all decisions, and some
other simple-to-generate but hard-to-read methods).
Making statements about such code based on the
structure of the source code is not very sensible.
= When we get programs to analyze from industry, they
are oftenobfuscated- all function names and variable

The data collected is relevant for indicating the
presenceof certain features in real programs — but less so
for indicating theabsence Furthermore, comparisons on
the frequency of presence of certain features are relevant
(statements like “feature X is twice as common as feature
Y").

3. Studied Programs

The application areas from which the programs
originated were telecommunications, vehicular control,
and home and consumer electronics. Unfortunately, due to
non-disclosure agreements, we can only present the results
and not the source code, and we cannot name the
companies involved.

The programs contain a mix of timing critical code
(including control loops, protocol management, coding
and decoding) and non-timing critical code (often user-
interface).

We measured thentire programs, since we believe
that WCET analysis has to deal with entire programs —
even if just a small part of the application is timing
critical. All of a program may influence the WCET of a
small part of it, and a programmer cannot be expected to
identify which parts of a program are relevant for a certain
timing-critical section. Furthermore, timing analysis is a
valuable development tool even for non-timing critical
code. Note that this makes the study of general interest for
embedded compiler writers, since we provide a characteri-
zation of the kinds of programs they have to compile.

The size of the body of code used in the study is the
following:
= 334 600 non-comment lines of C source code.
= 477 source files, using 942 header files.
13 different application programs, from six different
companies.
5 579 functions.
17 173 variables (not including hardware registers
and operating system variables)

The following processors were used in the systems: the
8-bit Hitachi H8, Zilog Z-80, and Motorola 68HC11, and
the 16-bitSiemensC166, Mitsubishi MELPS 7700, and

names are changed to meaningless combinations of Hitachi H8 (there are both 8-bit and 16-bit processors in

digits and letters. More advanced obfuscators can
even rewrite the code structurally (for example,
rewriting loop constructions), which means that

the H8 family).

4. Results

studies based on the source code style and syntax are

irrelevant.

Finally, performing the analysis after parsing and
optimization makes the tool simpler, since we do not have

to handle errors and the parsing and optimization process

simplifies the code. The intermediate language is much
simpler than the C language. However, the mesiate
code is still rather far away from assembly-language. The
same intermediate language is used for all processors.

In this section, we present the measurement results that
we consider relevant to WCET analysis. Each subsection
presents some results together with a short discussion on
their implications for high-level WCET analysis.

The selection of measurements was guided by the
needs of high-level analysis, and this set of results is not
necessarily relevant for other purposes.

The set of possible measurements were also limited by
the technical abilities of our research compiler. We have



no way to analyze complete programs: the compiler 4.3. Loops
operates on a per-file basis. This precludes many interes-

ting measurements, like how global data is used and the | oops are one of the principal difficulties in WCET

pattern of data flow and control flow. analysis (the other two are conditional statements and
_ function calls [2]). In this study, a loop is defined by a
4.1. Recursive Calls jump to a previously executed statement in theypmm

flow graph (aback edgein compiler theory). Loops in

Recursive calls are theoretically equivalent to impera- unstructured flow graphs have not been considered.
tive loops, but is much more difficult to analyze in a lan- Several measurements were made in order to determine
guage not designed for recursion (such as C). The study how complicated the loops are in the studied programs.
found 14 recursive call loops involving 18 functions in the The measurements were fogmed per loop nest; there
5579 functions we analyzed. were 1414 loop nests in the analyzed programs.

Four of the loops were in user interface code, which is Note that there are no measurements on the specific
unlikely to be timing critical (i.e. requiring WCET  difficulty of determining loop bounds for the loop nests.
analysis). This is because the difficulty of loop bounds analysis is

However, ten of the loops were found in machine- related to a specific analysis method — it is not obvious
generated code used for managing communications proto- how to assign an absolute value to the difficulty of a loop.
cols. This is more problematic, since such code is both
hard to change and quite likely to be timing critical. Depth of loop neststhe depth of a loop nest can affect

The presence of recursion was a little surprising, since both the runtime and precision of loop analysis. The loop
recursion is typically considered a bad thing for embedded nests found in the study were quite shallow: no nest was

systems — especially for small processors [6]. deeper than four, and more than 90 % of all loops had a
It should be noted, however, that among embedded depth of one (single-nested loop).
processors, the ones we studiedraveamong the weakest Note that the loop nesting level pfogramscan be

(they all have usable stacks, for example). There are (and is expected to be) much greater: if a function calls
processors where recursion is not possible to implement, another function inside a loop, and the called function
since they do not have a stack (like the Microchip PIC contains a loop, this creates a deeper loop nest than that of
family). the individual functions.

Our conclusion: Recursion is probably not too com-

mon, but it is not neglible. We think it is reasonable to :
ignore recursion in early WCET tools. 100% Number of extra loop exits
90%
4.2. Unstructured Flow Graphs 80%
70% 64-859
Unstructured flowgraphs (also known as irreducible 60%
flowgraphs) cause problems for loop analysis, since they 50%
complicate the definition of the loop concept [7]. An 40%
unstructured flow graph is typically constructed by jump- 30% 24475%
ing into a loop body from outside the loop. 20% .
In the study, we found 18 unstructured flow graph 10% |3 0295 |
fragments. Most of them were found in machine-genera- 005 | — — %% o7an 1%
ted code usingotos to implement state machines. A few 1 0 1 2 3 4 More

were well-structured human-written functions that had
been destructured by compiler optimizations
Conclusion: Unstructured flow graphs cannot be ignor- i ,

ed, and must be handled in high-level analysis. Changing Number of loop exits a simple loop has the same
code generators and optimizers not to generate unstructur-Number of exits as the loop nesting depth: i.e. each consti-
ed code is not a realistic alternative. tuent loop has exactly one exit. However, loops can have
severalexits (in C this is usually written usingreak
statements) ofewer exits, in which case the loop never
terminates. Figure 1 shows the distribution of extra loop
: , - ) exits. Zero extra exits means that the loop nest has no

An example of a compiler optimization causing a well-  extra exits. Minus orfemeans that the loop imon-

structured flow graphs to become unstructured is loop unrolling. - tarminating and positive values that there are extra exits.
In order to handle a number of iterations not evenly dividing into

the unrolling factor, the compiler might insert a jump into the
middle of the loop. 2 Note that a loop nest can only have one exit to little: everything
In our experience, many jump optimizations cause unstructured after the end of the innermost non-terminating loop is dead code
flow graphs, typically because they are not designed to preserve — it is impossible to construct a loop nest with non-termination

the structure of the code, only to make it smaller and/or faster. on several nesting levels.

Figure 1




Loop body complexity. Since WCET analysis is likely
to concentrate on the loops in the program (intuitively,
this is where most of the time is spent), it is interesting to
investigate the complexity of the loop bodies. The
complexity is estimated by counting the number of basic
blocks in the innermost loop body of each loop nest (since
this is where most of the time is likely to be spent).

Distribution of loop body complexity
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Figure 2 shows the distribution of loop body complex-
ity, measured as the number of basic blocks in the inner-
most loop. Most bodies are quite simple (90 % have less
than 10 blocks in the innermost loop), but there are some
very complex loop bodies (with more than 200 blocks).

The loops with one block in the body are simpe
while loops where the loop condition is testter each
iteration. Loops with two blocks are typicaér loops,
where the loop condition is testémfore each iteration
(this adds a block to the loop body). Loops with more than
two blocks contain at least one conditional statement in
the loop body.

Conclusionsabout loops

= Loop analysis local to a function needs to handle
moderately nested loops, and loop analysis across
functions need to handle very deep loop nests.

= The run time of loop analysis should not depend on
the potential number of loop iterations but rather on
the depth of the nested loops.

= Loops with no exits and loops with multiple exits are
to be expected to occur with non-negligible
frequency, and must be handled.

= Loop bodies can be both very simple and very
complex. One solution is to adapt the analysis method
after the complexity of the loop nest (using some
heuristic to decide which loops are too complex to
handle with high-precision methods. One possible
heuristic is the number of basic blocks in the loop
body).

4.4. Non-Terminating Functions

Non-terminating functions, functions that never return,
are not very common in desktop and general purpose
computing. In embedded systems, however, such func-
tions are common, since they are often used to implement
the bodies of tasks. The tasks run as long as power is
applied to the system, and coding-wise they are non-
terminating loops.

In total, 44 functions (of the 5579 in the study) were
non-terminating. Ten of the thirteen applications we stud-
ied included non-terminating functions. Note that there
could be other functions that never terminate, but where
the optimizeP cannot prove non-termination; this study
only countsprovably non-terminating functions. For a
tool, this case can be handled reliably only by putting a
bound on the analysis time, since proving non-termination
in general is undecidable. An example of a provable non-
terminating function is shown in Figure 3.

void foo(void)

{

/* Perform initializations */
init...

/* Main non-terminating loop */
while(1)
{
work. ..
wait( period);
}
¥
Example of a non-terminating function. Tireit () call
calls the operating system. It returns to the function th
next time the task is activated.

Figure 3

There is a relation between non-terminating functions
and non-terminating loops. A function that never termina-
tes must contain a loop (or unstructured flow graph frag-
ment) that never terminates. However, the presence of a
non-terminéing loop does not make a function non-
terminating, since it is possible that the function only
enters the loop under certain circumstances.

Useful analysis of non-terminating functions requires
heuristics to be applied to decide on a (terminating) part
of the function to time (the WCET for the function as a
whole is obvious: the uptime of the system). It is very
likely that the time needed to execute the body of a non-
terminating loop once is a measure relevant to the user.

Conclusion: Non-terminating functions are important
in embedded systems, and should be handled gracefully.
They cannot be ignored or defined as “pathological
cases”.

 We use the program analysis performed by the optimizer of the
IAR C compiler to detect non-terminating loops.



4.5. Multiple Entry Points Every file is compiled separately, and not joined with
other parts of the program until linking.

Embedded programs can haseveralentry points, as = Function pointer calls calls to functions pointers

opposed to the singlein() function in ordinary desktop cause problems for program analysis. If the set of
programs. This means that the call-graph for the program functions a certain pointer can point to cannot be
has several roots, one for each entry point to the program. ~ determired, the analysis has to assume thay
Entry points can take the following shape: functionin the program (or even outside it) can be
* Themain() function, called when the program starts. called. o _
= Functions used to define tasks are usually called from * Same file callscalls to functions in the same file.
the real-time operating system (RTOS). Easy to analyze since we have all information avail-
= Interrupt handling functions are invoked by the able at compile-time. _
hardware or RTOS. Setting up interrupt handling and * Intrinsic function calls intrinsic functions are not
allowing functions to be declared as interrupt actually functions— they are a way to access low-
functions is a service offered by many embedded level features of a processor that cannot be expressed
systems compilers. in C (like interrupt handling). An intrinsic function
= The operating system (if used) may employ callbacks call is replaced by a few inline assembly language
to implement reactions to events. statements. They are very simple to handle in WCET
Identifying these entry points automatically or with analysis since they just add a few instructions to the

programmer assistance is necessary for a WCET analysis  object code, without changing the flow. _
tool. The system designer can be relied on to know which *  Standard library callscalls to the C standard library
functions are used as task bodies, callback handlers, or ~ (printf(), strcat(), etc.). The functions in the stan-

interrupt handlers. dard library are under the control of the compiler
An embedded compiler allows programmers to use vendor, and should be analyzed when the libraries are
special keywords to declare functionsiterrupt or trap built, not every time they angsed

functions. Such functions are invoked when a hardware ) o )
event happens, and are usually not called from other  Figure 4 shows the distribution of the types of function
functions in the program. They can be identified by a calls in the examined programs. The columns 1 to 13
WCET tool integrated into the compiler. For task bodies, represent the individual programs, and Treal column

however, there are usually no special keywords. the overall result.
Conclusions T N
= A WCET tool must be prepared to handle a program . Distribution of function calls
with multiple entry points. 100% [T IT TTTT
= The user must be able to specify the functions used as | g | 0 External calls oL L
entry points. m Funcion poiners
= The user must be able to specify what to time in the 80% o Intrinsics IR
program: which function, called from which task? 700 | o Standard library A
This is needed in order to establish the context for the
WCET analysis. 60% M
4.6. Function Calls 0% 1 EeE
. 40% 1 H L
Function calls are one of the factors that contribute to

making WCET analysis more complex, since we need the 30% 1
WCET for called functions to determine the WCET for

the calling function. In addition, the WCET of a function 20%1 L
call may vary with the values of parameters and the 10%
context of the call.

The type of a function call influences the complexity of 0%
determining the WCET for the called function. We have t 23 4 5 6 7 8 9 1011 12 13 Toul
examined the types of function calls, distinguishing Figure 4
between the following categories of calls:
= External calls calls to functions in the same program, The large number of function pointer calls in program

but outside the current source file. Handling such 1 is the result of a coding style that employs large jump

calls requires that the whole program is available for tables (whose contents are constant and known). Nine of
WCET analysis. The concept of external calls is a the 13 programs use function pointers_
consequence of the use s#parate compilatioim C.



Eleven programs use intrinsic functions, which indicate
that this is a useful feature in embedded compilers. All
programs use the standard library.

Conclusions

= Function pointers cannot be ignored. Probably global
pointer analysis is needed in order to determine the
targets of pointers.

= The ubiquity of external calls indicates the necessity
of performing analysis across entire programs: we
cannot expect to perform WCET analysis within the
confines of a single source file.

= Intrinsic functions and the standard library are useful
tools for embedded programmers.

4.7. Function Complexity

Many functions in embedded programs are quite
simple: reading some value from an input port, writing
some actuator register, performing some common calcula-
tions — without control flow change. Such simple func-
tions could allow simpler analysis techniques to be
applied, or they may make a complex analysis run faster.
To investigate the potential for optimization by taking ad-
vantage of simple functions, the control complexity of
functions was measured.

Distribution of function complexity
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The functions in the study were classified into one of

the following three categories:

= Trivial: functions without control flow — simple flow-
through functions, containing just one basic block. No
decisions, multiple exits, or loops.

= Non-looping functions without loops, but with condi-
tional control flow (£-statements angliitches).

= Complex functions containing loops or unstructured
flow graph fragments. Note that a function containing

a loop usually contains a conditional flow — the loop
condition (provided that the loop terminates). As
stated above, there were only 44 non-teating
functions in the study, and they can be included in the
complexcategory without distorting the data.

Figure 5 shows the distribution of function complexity
for the individual programs (1 to 13) and the total for all
programs.

For all programs studied, about one third of the
functions are trivial (this varies between 15 % and 65 %
for the individual programs). Almost half of the functions
are non-looping, and only about one fifth contain loops.

For trivial functions, WCET analysis is quite simple:
sum the execution times for the instructions. For certain
systems, there are complications: instructions may take a
variable amount of time, and if caches and pipelines are
being used, the execution time can depend on the calling
context. However, the analysis is still simpler than for
more complex functions.

For non-looping functions, more efficient analysis
methods than those needed to handle looping functions
could be applied.

Conclusions: The fact that most functions are non-
looping or trivial should be exploited for optimizing
WCET analysis (and other program analysis).

4.8. Decision Nest Complexity

Conditional statements are an important factor in
program analysis. In this study, the complexity of condi-
tional statements have been measured by considering the
depth ofdecision nests

A decision nest is a nest of andswitch Statements,
where the outermost statement is on the top level of a
function; the decision nest is not buried inside any other
conditional statement, and is always executed if the func-
tion is executed. There were 5604 decision nests in the
studied programs.

For a simpleif or switch statement, the depth is one
(regardless of the number of cases in ghetch). For
deeper nests, the depth is equal to the number of decisions
on the path through the decision nest that makes the
maximum number of decisianBhe decision nest can be
considered as a tree, and we look for the longest path in
this tree. This property is illustrated in Figure 6.

foo() foo()
{ {
if(C1) if(C1) ...
{ if(C2) ...
if(Cc2) ... if(C3) ...
if(C3) ... }
}
}
One decision nest, with | Three decisions nests, each
depth 3: we can take the | with depth 1.
C1-C2-C3 sequence of
decisions.

Figure 6



This measurement agrees with the viewpoint of
program analysis. The main impact of decision nesting
depth on WCET analysis is in the determination of in-
feasble paths (paths that cannot be taken). The more
complex the decision structure of the program, the more
complex and time-consuming the analysis will be.

Distribution of decision nest depths
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Figure 7 shows the distribution of decision nest depths.
Note that about 50 % of the decision nests have a depth of
one, i.e. they are simplg or switch Statements, and that
very complex nests are quite rare (as could be expected).

Conclusions
It is not safe to assume that embedded and real-time
programs only have simple control flows.
The run time of path analysis should not be exponen-
tial in the depth of the decision nestscemntered,
since this will make the analysis unusable for many
real-life programs (for example, a naive path enumer-
ation would be exponential).

4.9. Variable Types

The “chunking size” of the data processed by a
program is related to the type of system being program-
med and the capacity of the processor. We have studied
the types and sizes of variables in the programs in order to
get a profile of how data is represented and processed in
embedded programs.

17 173 variables were studied. Note that we only
studiedprogramvariables. Variables that are just declared
in header files and never defined in source files are not
counted. This removes hardware /O “variables” and
operating system globals from the study.

The first measurement is the frequency of use of
variouscategorief variables:

Integer variables:int, char, short, long. These
comprised 55.97 % of all variables.

Float variablesfloat, double, long double. Hardly
used at all: 0.05 % of the variables were floating
point.

Structures and unions. Frequency: 9.88 %.

Arrays. Frequency: 11.8 %

Pointers: pointers to data items. These were quite
common, comprising 22.08 % of the variables.

Code pointers: pointers to functions. Only 0.23 % of
all variables.

To investigate how the capacity of the processor affects
the type of variables used, we measured the sizes of
integer variables used in the programs for each type of
processor. The reason for studying the integer variables is
that they are typically used for performing calculations,
and thus should give a good idea of the size of data
processed.

Distribution of variable sizes

C166 780 7700 68HC11 H8/16 H8/8 Total

Processor model

Figure 8

The result is presented in Figure 8 (the column labeled
H8/16 represents the sixteen-bit Hitachi H8 processors,
andH8/8 the eight-bit Hitachis)Char means an 8-bit
value,Shorta 16-bit value, anlong a 32-bit value. The
plain C int type was mapped to eithehort Or long,
depemling on the processor model (according to the size
used in the original compiler used to write the program).
The Z-80 and 68HC11 are 8-bit processors, and the C166
and 7700 are 16-bit processors.

The dominance of small data is clear: about 75 % of all
variables used were single bytes (char), and less than 5 %
were 32-bit words.

Conclusions:
Data in embedded programs written for small pro-
cessors is typically processed in small (8- and 16-bit)
chunks. This is not surprising: for performance, it is
clearly advantageous to manipulate data in the natural
size for the processor, which is eight or sixteen bits.
Furthermore, most 1/0 hardware communicate using
byte-sized values, which makes it natural to use
variables to calculate outputs and read inputs.
Data pointers are common, which means that pointer
analysis is necessary to obtain good analysis results.



4.10. Summary and Demands performs better (but it still has a problem for complex

loop bodies).

From the measurements presented in this section, we ® Loops, multiple exits Analyzed for bounds ifl3].

draw some conclusions regarding the requirements to be ~ Timing effect handled in [9], [10].
placed on WCET tools. A complete tool for WCET = Non-looping functions [14] describes an approach

analysis must handle the following “difficult” program to WCET estimation tailored to non-looping code.
features: = Decision nest complexity The analysis in [14] uses a

= Recursion. branch-and-bound-like algorithm to overcome the
= Unstructured flow graphs. problem, while [15] exhibits exponential behavior.

= Function pointers and function pointer calls. *= Whole program analysis All WCET analysis

= Data pointers. approaches dealing with caches have to assume com-
= Deeply nested loops. plete_ knowledg_e of t_he program [8|]10]. Library _

= Multiple loop exits. functions are simply ignored in [8] — this method is

Our classification of certain features as being “diffi-
cult” does not have a formal basis. It is a based on “con-
ventional wisdom” among teachers and researchers in the
compiler field, and on observations of what is considered "

applicable to all cases of unknown code, but depends
on assumptions about the behavior of th&namavn
code.

Function pointer calls: In general, WCET analysis
approaches assume all function calls are known. [10]
explicitly forbids function pointers.

Data pointers. Unknown data pointers destroy data

Deeply nested decision nests.
Non-terminating loops and functions.

to be advanced compiler design. cache analysis, since they can result in writes to

5. Comparison with State of Research

In the next section, we compare this set of requirements ~ arbitrary memory. A common assumption is that all
to the present state of the research in WCET analysis.

data accesses are to known locations [16]. In [17], a
safe overestimation for the timing effect of cache
accesses for unknown memory references is used.

= Non-terminating loops and functions andmultiple
entry points: Not specifically mentioned in the

Section 4 contains a large number of requirements and literature, but can be considered as being a problem
opportunities for WCET tools. In this section, we compare of defining what to time, and the assumptions about
these with the present state-of-the-art in WCET research. the system context for a program.

Note that this is no attempt to list all contributions of all In conclusion, present WCET research is addressing
groups working in the WCET field. Rather, we give gsome of the more difficult problems we have found in real
examples of approaches to each problem. - ~_ code, but there is certainly a need for more research.

= Recursion Recursion is in general forbidden, since it One issue that we find especially important is to deter-

makes the program call-graph potentially unbounded. mine safe over-estimationf®r rare and complex features.
However, the approach for cache analysis and timing The approach should be to analyze most of a program
analysis described in [8] handles recursion and 100ps exactly, and resort to approximations (instead of giving
in a unified and elegant way. Examples of approaches yp) when very complex code isaunteed. Just like in
forbidding recursion are [9] and [10]. scheduling research, the direction forward must be to
Unstructured flow graphs: In theory, ILP- or successively relax the limitations on the characteristics of
constraint-solution-based WCET techniques handle analyzable problems (programs).

unstrudured flow graphs [8], [9]. In practice, how-

ever, unstructured flow graphs are forbidden for other 6. Conclusions and Future Work

practical reasons [8]. Tree-based approaches cannot
handle ustructuredflow graphs, since they depend
on well-formed loops [11].

Loops, analysis complexity The problem is to
reduce the amount of information about a loop to a
minimum. Instruction cache analysis models differen-
tiating between the first and successive iterations of a
loop offer a good precision—complexity trade-off for
some cases [8][10]. Better precision is achieved
through the “calculated” data cache references in [10]
(this approach condenses a list of hits/misses to a
single hit/miss counter). Rardng loop bounds
analysis, the automatic analysisepertied in [12]
analyzes eachpotential iteration ofthe loop, giving
exponential complexity. The analysis in [13] typically

The main conclusion from this study is that although
embedded real-time programs are used to control quite
small and often simple devices, and the programs
themselves are quite small (at least compared to the
desktop programs of today), the programs are in no way
trivial. This is bad news for WCET analysts, since it
makes it harder to create useful tools.

However, there are some encouraging tendencies: most
measurements indicate that the largest part of a program is
simple (typically between 75 % and 90 %). This should be
exploited for analysis optimization (and by compilers).

Probably, applying different methods to different parts
of a program is a viable strategy. The difficult parts may



require an approximate analysis to be tractable, while the and to make comparisons between the classes. The first
simple parts may be analyzed in depth. step is to study the well-known SPEC benchmdti&,

We have given an overview of how current WCET and investigate whether there exist substantial differences
research handles the complexities. In many cases, therebetween this set of desktop computing programs and
are useable methods, for other cases there are reasonablembedded programs. This project is in progfess
safe approximations, but there are some cases where more It will also be interesting to investigate the new
research is needed. In many cases, the issues are commoembedded benchmarks from the EEMBC (EDN

to WCET analysis and compiler technology. Embedded Microprocessor Benchmarks Cornigomt
[19].
6.1. |mp|ications for Systems Architecture We would also like to cooperate with other WCET

groups to generate a set of representative programs to use
Apart from the requirements for specific analysis when comparing the eff|C|_e_ncy_ and capabll!tles of WCET
techniques and analyses for specific program features, toqls (m the field of verification of real-time systems
there are some more general conclusions that can beUSing timed automata, such standard benchmarks have
drawn from this study. There are several facts that have an P€en very helpful in driving the development of ever more
impact on how a useful WCET tool should be designed: efficient tools).
= The use of automatically generated code makes it
untenable to rely on programmer annotations and Acknowledgements
feedback to determine loop bounds etc.
= The use of libraries and operating systems delivered  This work has been supported by the competence
in object-code form makes it necessary to consider center ASTEC (Advanced Software TEChnolod39]
analysis of systems without access to the complete and IAR Systems AB [4].
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