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Abstract

Flow analysis can be used in WCET analysis to, e.g.,
determine loop bounds and infeasible paths. Such infor-
mation can be used by low level analysis and for actual
WCET calculation. An efficient flow analysis method is
syntactical analysis. This method identifies certain pre-
defined syntactical constructs. It is not reasonable to
believe that we will be able to use syntactical analysis
to identify all conceivable constructs. Therefore we need
to learn which to prioritize.

This paper suggests methods for inspection of indus-
trial code to record properties of code that will give hints
how to design a syntactical analysis. We describe the
code properties to analyze, and present preliminary re-
sults for some industrial real-time code.

1 Introduction

We aim to develop methods for automatic estimation
of WCET. Automatic in this context means that man-
ual annotations of loops and infeasible paths should be
avoided. The task for an automatic flow analyzer in this
sense is to calculate ”flow facts” such as loop bounds,
infeasible paths etc. [4]. This can not in general be done
without interaction with the user. If, e.g., a loop bound
is dependent on input data these data has to be sup-
plied by the user. The user may also need to supply
which parts of the code that should be analyzed. If, e.g.,
infinite loops are part of the entire program the respon-
sibility is on the user to exclude these.

There are several methods that can be used for flow
analysis, [9, 5], one being abstract interpretation and
another syntactical analysis.

Syntactical analysis will identify syntactical constructs
where we can calculate the number of iterations by look-
ing at the loop syntax (in particular there is no need to
calculate the result of each iteration). The initial values
of loop variables, loop increment and loop termination
conditions can be translated to recurrence equations,
which can be solved. The advantage of this method is
that it is efficient, with a complexity that is linear to the
size of the program. In best case we succeed in bound-
ing all loops in the analyzed code. In case it finds loops
which does not match any known pattern, the method
can still be used as a ”filter” to reduce the amount of
work needed by other methods.

If we for example use syntactical analysis in combina-
tion with abstract interpretation, e.g., as described by
Gustafsson, [7], the remaining loops may be possible to
bound by the abstract interpretation. Specially, there is
a possibility to syntactically find final values of all vari-
ables assigned in the loop body. In such cases the entire
loop can be collapsed and replaced by a piece of sequen-
tial code, making life easier for other analysis methods.

Even in cases when only a few occasional loops can be
bounded by the syntactical analysis, this can still benefit
in a combination with other methods since the tightest
of the loop bounds found by the different methods can
be chosen.

The syntactical method can be thought of as a data
base of predefined patterns (syntactical constructs) and
we can check for each loop if it matches any of the pat-
terns in the database. Since there is a huge number of
possibilities to write loops we can not expect the syntac-
tical analysis to be able to recognize all of them. How-
ever, we want to fill this database with patterns that
matches as many loops as possible when analyzing real-
time code. Therefore we need to get an idea of what
loop constructs that are common in real-time systems
and that are fairly simple to identify without too much
of computational efforts.

In cases when loop patterns are not suitable to be ana-
lyzed by the syntactical method some alternative meth-
ods need to be used. The results from this inspection
might also be useful to find the requirements on such
methods.

2 Related work

In comparison between specInt95 and some code for
embedded systems, performed by Engblom [3], he con-
cluded that using code from desktop applications as base
for testing tools for embedded systems may be danger-
ous due to significant differences in programming style
for these categories of programs.

An investigation of a large set of industrial code, car-
ried out by Engblom [2] shows, e.g.,

e Recursive functions may be expected but are not

common.

e Use of function pointers can be expected, but is in

most programs rare or even absent.

e Deeply nested loops at a global level are quite com-
mon.

Unstructured loops may occur.

Multiple entries to the program may occur.
Functions from other modules may be invoked.
Multiple loop exits are quite common (almost 1 of
3 of those in the investigated programs).

e High decision nest complexity is not common.

In [11] we see that the use of a WCET tool in practice
may lead to unexpected problems. Some of the problems
encountered, related to loops, were:

e Sentinels in arrays are sometimes used as termina-

tion conditions in loops.

e Loop termination conditions may depend on input.

e Loop counters may be calculated using complex

arithmetics.

e Complex arithmetics is sometimes used in loop ter-

mination conditions.



Another related investigation, [1], shows that for a cer-
tain operating system the program constructs were quite
simple. No nested loops, unstructured code or recursion
were found. Some function pointers were used.

Our conclusion is that a careful investigation of in-
dustrial code for real-time systems is needed to prepare
a WCET analysis tool to handle code that exists in re-
ality. For a syntactical analysis we specially need to get
more knowledge about loop details.

3 The inspection

We will use an existing flow analyzing tool for auto-
matic inspection, SWEET (SWEdish Execution Time
tool, [8]). Most of the methods that needs to be im-
plemented for this investigation are quite basic, and can
probably be re-used when implementing the actual syn-
tactical analysis, at least for the simple cases. This tool
takes intermediate code, produced by a C compiler, as
input.

Code needs to be inspected in a variety of views to
get useful measurements. Some of the properties mea-
sured by Engblom can benefit the design of syntactical
analysis. However we need to get a more detailed view,
specifically about loops. The following inspection items
will be explained in more detail in the subsequent sec-
tions: the overall program structure, the loop nesting
and details about individual loops. Some of these items
have been covered in previous work. They, however, need
to be done also for the code used for this more detailed
investigation, intended to aim the design of syntactical
analysis.

3.1 Program structure

The program structure can be analyzed by examining
the call graph. The depth of a call graph can give hints
about how much calculation power that is needed for an-
alyzing the code. Extending the call graph with informa-
tion about the presence of loops will give more informa-
tion. Comparing a call graph in DAG form with one in
tree form will show to what extent functions are reused.
Calculating loop bounds in functions called from differ-
ent sites in a context sensitive manner will cost more
in calculation efforts, but may give better (tighter) loop
bounds. Recursive functions should be recorded sepa-
rately. These may be hard to bound syntactically, but
simple cases may be possible to handle in case an inter-
procedural analysis is performed.

3.2 Loop nesting

The nesting level of loops can be counted both locally
(per function) and globally (per task or program). It
is important to bound deeply nested loops, since they
will have the highest influence on the final WCET. Also
other analyzing methods (e.g., abstract interpretation)
may suffer from high computational load when analyzing
these.

3.3 Loop conditions
Reducible loops have a single entry point (we only con-
sider reducible loops since we assume that irreducible
loops are already replaced by their multiple reducible
loops counterpart [12]).

There may be an arbitrary number of exits from loops.
Those with no exits (infinite loops) may occur in real-
time systems. We cannot find the loop bound of such a

loop syntactically. However, although we can’t analyze
them we need to count them to conclude how big por-
tions of a program that needs to be excluded from the
analysis.

Loops that contain more than one exit branch have
been shown to be analyzable syntactically [10], but are
in general harder to calculate the bounds of, both in
terms of computational efforts and implementation is-
sues. Thus the number of loop exits is of interest as well
as the number of targets of these exit branches.

For each termination condition there will be one or
more variables involved (otherwise the loop is either
equivalent to an infinite loop or with a non-looping con-
struct). Each such variable needs to be carefully inves-
tigated. The following properties of the variable may be
of interest:

e The initial value.

e The variable update in the loop.

Initial values

We are mostly interested in the initial value at the loop
termination condition in which it is used (do loops may
be handled a bit different, since the initial execution of
the loop body might affect the initial value of some vari-
ables). The initial value can either be deduced from a
constant, or depend on a variable that is updated in an
outer loop or depend on an input value to the code.

Initialization from constants. If the initial value only
depends on constants this will simplify the analysis, and
makes it more likely that we can find a loop bound. The
constant value can be found as an assignment from an
expression containing only operands that are constants
or that are other variables that recursively depend on
constants. It is of interest to record the locations of the
constants in terms of function nesting level. If all the
constants are not present in the same function as were
they are used, a more advanced syntactical analysis is
needed (e.g., a global analysis).

Initialization from variables updated in an outer
loop. There are certain kinds of nested loops where the
loop bound of the inner loop can be calculated even if
the number of iterations depend on an outer loop induc-
tion variable [8]. Therefore these class of initializations
are of a certain interest. The following properties needs
to be recorded:

e The loop nesting levels between the use and ini-
tialization. For example ”triangular loops” can be
recognized by a syntactical analysis, and it may be
possible to find loop bounds in case there is a loop
nesting level of one between the two loops.

e The properties of the source to the initialization are
of interest. Gerlek et.al., [6], makes a classification
of induction variables that may be useful as basis.
The problem of finding the bound for a loop can be
expected to vary based on these.

e [s the assignment of the initial value done from an
expression containing more than one induction vari-
ables in outer loops? If so, it will be a harder case
to handle.

Initialization from input values. The initial value can
in some cases be deduced from some input value. Input
to a real-time system may in general occur in various



ways. One would be that the code just use some global
variable that appears uninitialized to the analyzer (e.g.,
the code reads from a labelled input port).

Different analyzable units (e.g., tasks) may need to
communicate to each other, and this data will appear as
inputs. The actual input data can in such case be de-
duced to some global entity, e.g., global variables. These
variables may occur as initialized to the analyzer.

In case of an analysis local to functions, also the func-
tion arguments are input.

There is a special problem in identifying input values.
The analyzer need to distinguish between those global
variables that are input to the analyzed code and those
that are rather constants or induction variables in the
context of the use in a loop condition. This can normally
not be done by looking at a part of the system code
in isolation. In general it can be hard to perform an
analysis on a complete system because of the interaction
of an operating system.

In our inspection all definitions that depends on global
variables will be recorded as inputs. When doing the
syntactical analysis the user may supply information
about which are input variables and the value of these.
Optionally a certain pass just to identify intertask com-
munication might be developed. Finding loop bounds
if the initial values depend on input is much the same
problem as finding it for constant initial values.

Updating of variables in the loop body

One or more of the variables in a loop termination condi-
tion must change their value in the loop, or the loop will
never terminate using that condition. A simple form is a
loop counter, i.e. a variable which value will contain the
current iteration number while executing the loop. Also
other forms of updates are of interest. If the value of the
variable forms a series which we can identify, there is a
good chance that we can calculate the loop bound. The
following properties will be recorded:

e Is the update self-referencing, i.e. is the right hand
side an expression that includes the target of the
assignment (directly or indirectly) within the loop.

e The operator(s) applied in update(s). If only lin-
ear updates are involved a calculation of the loop
bounds can be expected to be less complicated.

e The other operand(s). This may be constant (di-
rectly or indirectly) or an input dependent variable.
In both cases it will probably be easier to find loop
bounds than for induction variable dependent ini-
tialization values.

e Do the other operand alters its value in the loop?
In case it does, it is probably harder to find a re-
sulting loop bound (e.g., if an increment is altered
in a conditional statement).

e Is the update statement conditional? If so, it is in
general not possible to find the wanted series.

3.4 Branch conditions

Branch conditions are also of interest to the syntactical
analysis. Infeasible paths can be found if the reaching
definition for the involved variables are calculated in a
context sensitive manner. The values of variables in-
volved in conditions therefore needs to be recorded in
the same manner as initial values of loop conditions.

3.5 Arrays

In case array elements are used in place for simple vari-
ables in loop termination conditions this imposes difficul-
ties to the syntactical analysis. Such language elements
can take many different syntactical forms. Below are
listed some that will be recorded in the first round.

e Initial value. A variable in a loop termination con-
dition is an array element (or its value depends on
an array element), and this variable is loop invari-
ant. For certain sub-cases we might be able to find
loop bounds.

e Update. A variable in a loop termination condition
is updated using an expression containing an array
element (or a variable which value depends on an ar-
ray element). The updated variable is an induction
variable. The index variable might be an induction
variable in an outer loop.

e The ”sentinel problem”. There is some loop ter-
mination condition that compares an array element
with some other value. The array index is an induc-
tion variable in the current loop. This category can
be tricky to handle. But since we know that strings
as well as sometimes pointer arrays are often tra-
versed this way, it is important to know the number
of occurrences of this kind. Maybe we can calculate
the loop bounds for some sub-cases.

e Other uses of array values.

3.6 Pointers

The use of pointers in loop termination conditions im-
poses problems for the syntactical analysis. Pointers
that points to a distinct variable in a certain context
might give us some hope. We should distinguish these
uses of pointers from other.

4 Preliminary results

Code from three insdustrial systems (in total more than
80k lines of source code) has been inspected concerning
the properties shown in the tables below. Inspection has
been done in a context sensitive manner, meaning that
each call site of a function has been counted rather than
the function definition. The reason was that we wanted
to be able to detect interprocedural dependencies.

The maximum call tree depth per root function (e.g.,
task) was 7. There were 392 loops with a single exit while
there were 166 with 2, 58 with 3, and 12 with more that
3 exits. We found that 592 loops had a single target
of the loop exit, which might still give them a hope to
be syntactically bound, while 36 had multiple exits. No
recursive function was found. Three infinite loops and
three uses of function pointers were found in one of the
systems.

In table 1 we can see that the global nesting depth is
quite big. The difference between the local and global
nesting means that functions containing loops are often
called within loops. The rightmost column is a count of
the nodes in a scope tree (a call tree where each function
call and each loop instance has a node, as discussed in
3.1) where only the loop scopes are counted.

Table 2 shows the re-use of functions. Note that only
functions containing loops has been considered.

The used method for performing the inspection in a
context sensitive manner resulted in some of the root-
functions (tasks) growing quite large. As a result of this,



Table 1: The number of loops with a certain nesting level.
Level Global count Local count Scope count

0 68927 574 0
1 51262 53 384
2 8985 1 1771
3 250 9036
106 14919
32 28467
6 36138
7 26834
8 10893
9 1056
10 64

Table 2: Re-use of functions.

Nr of calls per function Nr of functions

| 148

2 44

3 26
15

5-9 27
10-14 15
15-19 9
20-30 g
0-20 10
0-50 5
>50 74

the analysis could not be completed in some cases. The
analysis of loop variables could only be carried out for
290 loops. Of these, 138 were found to be dependent on
dereferenced pointers and was not further investigated.

In the remaining loops there were 175 variables in-
volved in termination conditions, of these 154 were up-
dated in the loop (table 3), and 3 were updated in dif-
ferent conditional branches of the loop. The operations
of the update has not been investigated in detail, but
the operands are based on constants only. Note that be-
cause of the context sensitive analysis ‘loop’ and ‘vari-
able’ should in this paragraph be read as and instance
of a loop and instances of a variable respectively.

In most cases the initial value could be found as a
constant in the same function, however in 14 cases in
the calling function and in 5 cases the value was obtained
from a called function. The value were never found in a
cross call-tree node.

The initial values were in 5 cases defined based on
variables updated in the enclosing loop (table 4).

Table 3: Definition from program constant.

Distance to Update Initial
defining function | operand value
- 0 5
0 154 151
1 0 14

Table 4: Definition from induction variable.

Distance Update Initial
to loop operand value
0 0 5

5 Conclusions and Future work
The big nesting level indicates that there might be lots

of dependencies between loops, as well as a needing to
search for loop variable definition in outer functions.
However, the subset of loop variables that we were able
to investigate does not confirm this. Surprisingly only
a few loops actually depend on outer loops and should
be simple to bound. Instead, there are problem with
dereferenced pointers in lot of cases (48% of the anal-
ysed loops). A conclusion is that to be able to bound all
loops a flow analysis need to handle pointers in a pow-
erful way. A manual inspection was made on one of the
systems to get some hints about the loops with point-
ers (this was a medium sized system, containing 45 of
the 138 dereferenced pointers). It appeared that all of
them were of interprocedural type (function parameters
or global variables).

To make the results more valuable further inspections
need to be done. It is necessary to handle functions
in a context sensitive manner without linking them all
together. It is also necessary to make a more detailed
investigation of the dereferenced pointers.

To increase the usefulness of the inspection more code
will need to be collected.
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