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Abstract to conducting the schedulability analysis. Typically, the WCET

analysis and schedulability analysis are carried out separately.

The run-time characteristics of Java, such as high frequency gophisticated techniques [6, 19, 21], are used in WCET anal-

of method invocation, dynamic dispatching and dynamic Ioad—ySiS, for instance to model caches and pipelines, to achieve

ing, make Java more difficult than other object-oriented pro- gafe and tight estimation. However, most WCET analysis ap-
gramming languages, such as C++, for conductifgrst-Case  proaches are only considered in relation to procedural program-

Execution TImgWCET) analysis. To offer a more flexible way ming languages. Performing analysis on object-oriented pro-
to develop object-oriented real-time applications in the real- grams must take into account additional dynamic features, such
time Java environment without loss of predicability and perfor- a5 dynamic dispatching and memory management. Some re-
mance, we propose a novel gain time reclaiming framework in- search groups have proposed various approaches [11, 20] to ad-

tegrated with WCET analysis. This paper demonstrates how togress these issues, but most approaches result in development
improve the utilisation and performance of the whole system byepnyironments which are inflexible and very limited.

reclaiming gain time at run-time. Our approach shows that in-
tegrating WCET with gain time reclaiming can not only provide
a more flexible environment, but it also does not necessarily re-
sult in unsafe or unpredictable timing behaviour.

In contrast with the WCET analysis, a number of research
groups have proposed various flexible scheduling algorithms,
for instance priority server algorithms [5] and a slack stealing
algorithm [18], to provide a more flexible real-time develop-
ment environment with greater performance of the whole sys-
Keywords : Gain Time Reclaiming, Worst-Case Execution tem. In general, these flexible scheduling algorithms are mainly

Time (WCET) Analysis, Real-Time Java focused on improving the performance of the aperiodic tasks at
run-time. They have, however, paid insufficient attention to the
1 Introduction fact that, for the most part, hard real-time tasks are not exe-

cuting via the worst-case execution time path. Therefore, even
There is a trend towards using object-oriented programming:::‘;umghtth(iar?/1 hra\\//e (:ﬁmocs:rated v?fryr;orrr}plex ftcr?e(\j,\lljrl]mlg algo-
languages, such as Java and C++, to develop real-time sys- s 10 Improve he average performance of the whole sys-

tems because the use of such languages has several advantag?&?’ the |mp_r0ve_ments are St'". I|m|teq "?‘”d the qverhead of the
implementation is extremely high or it is sometimes not even

for instance reusability, data accessibility and maintainability. . . . .
The success of hard real-time systems, undoubtedly, relies upoﬁOSSIbIe to implement them in .practlce. )
their capability of producing functionally correct results within ~ Generally, the spare capacity of a real-time system may be
defined timing constraints. In order to achieve this, the proces-divided into three groups [8]extra capacity gain time and
sor and resource requirements of the hard real-time tasks havéPare time Extra capacity is the capacity which is not allocated
to be reserved. However, this may result in under utilisation for hard real-time tasks during the design phase. This can be
and lead to very poor performance for aperiodic tasks. Unfor-identified off-line. Gain time is produced when the hard real-
tunately, object-oriented programming languages support mordime tasks execute in less than their worst-case execution time
dynamic behaviour than procedural programming languages€stimations. This may only be reclaimed at run-time since it
and some of these features may result in object-oriented applide€Pends on the actual executions of tasks [8]. Spare time may
cations having a more pessimistic worst-case behaviour. In conP€ defined as a situation in which sporadic tasks do not arrive
sequence, object-oriented real-time systems may suffer front their maximum rate. Most flexible scheduling algorithms are
significantly lower utilisation and poorer overall performance Mainly focused on reclaiming the extra capacity of the system.
of the whole system than procedural real-time systems. Only a few research approaches 1, 9, 13] have discussed how to
Most scheduling algorithms assume that the Worst-Case Ex./€Claim gain time. Even here, they have tended to focus on pro-
ecution Time (WCET) estimation of each task is known prior c€dural programming languages, rather than on object-oriented
programming languages.
*This work has been funded by the U.K. EPSRC under Grant GR/M94113.  This paper introduces a novel gain time reclaiming frame-




work integrated with WCET analysis to balance the tradeoff 3 Previous Work

among flexibility, efficiency and predictability. In our approach, _ o o _
the predictability of hard real-time tasks is strengthened dur- \We have proposed an extensible distributed high-integrity
ing the design phase and the performance of the whole SyStenr]eal-nme Java environment [16], called XRTJ, which extends
is reinforced with gain time reclaiming during run-time. We the Real-Time Java architecture [4] proposed by the Real-Time
show that integrating WCET analysis with gain time reclaim- Java Expert Group. In our environment, thetensible Annota-

ing not only may achieve high utilisation and high performance tions Class(XAC) formaf[15] is used to store extra informa-

of the whole real-time system, but also keeps the flexibility and fion that cannot be expressed in the source code. We have also

reusability of the object-oriented real-time applications. The demonstrated how the dynamic dispatching issues in WCET
major contributions of this paper are: analysis can be addressed with minimum annotations to esti-

. ) o o ~ mate safe and tight WCET bounds for hard real-time applica-
e introducing a novel gain time reclaiming framework in-  tjons in [14].

tegrated with WCET analysis for real-time Java applica-
tions, 3.1 Portable WCET Analysis

e demonstrating how to reclaim the gain time of object- A portable WCET analysis approach based on the Java ar-
oriented real-time systems with gain time reclaiming chitecture has been proposed by Bernat et al. [3, 2]. This sec-
graphs, and tion presents how portable WCET analysis can be adapted for

our environment [16].

Portable WCET analysis uses a three-step approach: high-
level analysis, which analyses the annotated Java class files
and computing the portable WCET information in the form

The rest of the paper is organised as follows. Section 20f Worst-Case Execution Frequen@¥CEF) vectors [2], rep-
gives a brief review of related work, while Section 3 presents resenting execution-frequency information about basic blocks
an overview of our previous work. Section 4 demonstrates howand more complex code structures that have been collapsed dur-
gain time can be reclaimed in high performance object-orienteding the first part of the portable WCET analysis; low-level anal-
real-time systems. Then, Section 5 gives an overview of im-Ysis, which produces %irtual Machine Time Mode{VMTM)
plementation issues in the real-time Java environment and Secfor the target platform by performing platform-dependent anal-
tion 6 evaluates our approach with a practical example. Finally,ysis on Java bytecode instructions implemented for the par-

e constructing a bridge between WCET analysis and
scheduling algorithms to provide greater flexibility with-
out loss of predicability and efficiency.

conclusions and future work are presented in Section 7. ticular platform; and conducting the combination of the high-
level analysis with the low-level analysis to compute the actual
2 Related Work WCET bound of the analysed code sections.

] ] . ] ] In our environment, an annotation-aware Java Compiler
_ This section gives a brief survey of the related work on gain gpgyses the annotated Java programs and creates the WCEF
time analysis [1, 9, 13]. Haban and Shin have proposed an apyectors during compilation. The WCET vectors and WCET an-
proach [13] placing software triggers at the end of basic beC'fS notations are stored in the XAC file. Therefore, after compila-
in task code to measure actual execution time. By comparingiion the class files and XAC files are ready for WCET analysis
the actual execution time calculated at the software trigger pointioqis. A WCET analysis tool then performs the combination of
with pre-determined WCET values, the gain time of the specific ;¢ high-level analysis with the low level VMTM to compute

basic block can be determined. In a similar way, Dix et al. have ihe actual WCET bound of the analysed code sections.
proposed an approach [9] addinglestonesnto task code to

calculate the maximum remaining execution time of the partic- 3.2  WCET Annotation
ular task. However, both approaches reclaim the gain time after
they have been generated and are not integrated with WCE'I;
analysis.

Audsley et al. [1] have introduced gain point mecha-

In [14], we have introduced th#@maxWCET() annota-
ion to address complicated class hierarchies where there is
more than one particular method that may be invoked. It can

nism to reclaim gain time of the basic blocks of a task code suggest that the WCET of a dispatching method should be con-

as early as possible. In [1], the use of gain point can be groupecfiderecj to be the maximum WCET of the class farhitpn-

into four separate forms, includirggatic gain pointfor static ta'gmr? tthai[hms\:ﬂold' Iln th'fs r?qrillnot?tlonl, &/ir:Tt]ar)f/ be if/’ﬁ“?d
code,dynamic gain poinfor loop constructsefficiency gain 0 denote the whale class Tamily of a class/intertace, whereas

point for detecting hardware speed-ups, aedource usage t'+ ar}d y celm allso /t?etusfed o exprless ]Ehe _lelfont(r)]r SUbELaC(;
gain point for identifying spare resources. Yet, Audsley et lon of a single class/interiace or a class family for the metho

al.'s approach and the previous two approaches do not take intéeSpeCt'Vely'
account object-oriented programming features or the overesti- 2The XAC format is an annotation structure that can be stored in files or as

mated WCET values resulting from functional constraints. an additional code attribute Fava Class File¢JCF). ,

3A class family of a class/interface is a set of the classes and/or interfaces
1A basic block is a continuous section of code in the sense that control flow including the class/interface itself and all the child classes and/or interfaces

only goes in at the first instruction and leaves through the last one. inherited from it.




4 Gain Time Reclaiming be an actual executed path $fin a particular execution.
Then, the gain time of can be calculated by subtracting

Given the need to provide 100% deadline predictability for the sum of the WCET of and the WCET ofP from the
hard real-time tasks, it is inevitable that the processor and other  \WCET of S. This schema can be used in any type of selec-

resources will be under-utilised at run-time [1]. In addition, tion code, such agthen-else andswitch-case
to avoid unpredictable behaviour in hard real-time applications, _ - _ .
some dynamic features of the object-oriented programming are ® Consider a repetition cod® with the expressior¥Z and

often prohibited from being used [12]. As a result, it is likely loop X. Here, assume thatis the maximum loop bound
that the design of object-oriented real-time systems could be-  Of R used in the static WCET analysis antis an actual
come inflexible and the performance and utilisation relatively executed iteration in a specific execution. Then, the gain
poor. In order to balance the tradeoff among the flexibility, pre- time of »’ iteration of R can be computed by multiplying
dictability and efficiency of the real-time systems, a novel gain the subtraction of’ fromn by the sum of the WCET of
time reclaiming framework is proposed. and the WCET ofX. This schema is valid for any type of

From the point of view of the syntax of the programming repetition code with a bounded number of iterations, such
languages, the levels of flow of control can be classified as fol- ~ asfor-loop, while-loop anddo-while

lows [10]: local flow of contro] which identifies statements h | , laimi ¢ ific thread
within a routine or method to be executedethod invocations The structural constraint reclaiming of a specific thread may

and routine calls performing the parameter transfer and flow- be representre]q r\:v!ltlh ﬁtructurarl]l Gain Tlmle Reclglmln?f Graph
of-control manipulation needed to activate a new routine; andf)SGTFﬁ)’ w ICh' ! ustrgtes the exabct P ages (Leoi offset num-
non-local jumps which divert the control flow from the cur- Per ©f the machine code or Java bytecode) and amounts (i.e.

rently running routine into an ancestor routine. In general, real- Machine cycles or WCEF vectors) of gain time that may be re-

time threads are not allowed to use non-local jumps since thisClaimed' Formally, the SGTRG can be denoted wgdlin time

may result in unpredictable and unanalysable behaviour. Theref€claiming nodes/(l, g), wherel represents the offset number

fore, gain time reclaiming in this paper will be focused on the Or: the Ja;)/a bytle(_:odtz anylindicates the amounts of gain time
first two levels of flow of control in object-oriented program- that ¢an be reclaimed.

ming languages. Integrating these levels with WCET analysis  USINg compiler techniques [10] that are applied to the anal-
techniques, gain time reclaiming in object-oriented program- ysis of the local flow of control can identify the exact places of

ming languages may be classified into three mechanistns- the basic bI?cks of ;t]he sglection ang rgpetitiondcoder,] and derive
tural constraint reclaimind§ 4.1),0bject constraint reclaiming an SGTRG for each routine or method. Based on the SGTRG,

(5 4.2), andfunctional constraint reclaiming 4.3). the gain time of structural constraints can be reclaimed by deter-

Note that gain time can be represented with machine cycles_minin_g thg actual exec_u_tion path of sele_ction code or the exact
of the target machine if the source code of the application is '€"ation times of repetition code at run-time.
translated into machine code directly. However, it could be dif-

. . - . . 1 public checkdata (){ 22
ficult to estimate the exact machine cycles of Java applicationsz int i, morecheck, wrongone; 23 if (++ >= DATASIZE)
- . . 3 i=0; morecheck=1; wrongone=1; 24 morecheck=0;
because of the portability of Java architecture. In this case,s . 5}
the concept of WCEF vectors [2] can be used instead of pre-2 e (morecheck 1
calculated units. These WCEF vectors may be used to calculate; 1 Sayxvgg(g)s ;720 fgg'fysdm ) a8 Say\x//ggg(g?sz)lzog Occyycc'fessﬁ )
the exact gain time when the information about the target ma-+  if(data[i]<0){ 30 if (wrongone>= 0) {
. . . . . . 10 I+ Here 30cycles of the structural 31 /I Error path ;
chine is available. Machine cycle units are used in the rest of;;  gain time of the current it-else @ .
1 12 statement can be reclaimed. 33 return 0;
the paper for the take of clarity. 3 (1 100-70 cycles el bl
. o 14 ) 35 else{
4.1 Structural Constraint Reclaiming 15 wrongone=i morecheck=D; 3 4 Nomlpath;
. 17 else { 38 return 1;
On the whole, a local flow of control is made up of a number 18 /x Here 50 cycles of funtional 39
. . . . 19 gain time of the below if-else 40 }
of basic blocks in the form of sequenceslectiongi.e. some 2  statement can be reclaimed. a
pieces of code to be selected for execution based on the valug  (-¢100-30cyelesy/
of some expressions) amepetitions(i.e. pieces of code to be Figure 1. An example of gain time reclaiming [19]
executed zero or more times based on the value of some expres- S ) )
sions). Therefore, the overestimated WCET bounds which suf- AS shown in Figure 1, théf-then-else basic block

fer from the structure of the program can be reclaimed as soorfan reclaim 30 cycles at Line 10, if the condition expression is
as the exact execution path of selection code or the exact num] RUE (i.e. data[i]<0 ) and thewhile-loop  is part of its
ber of iterations of repetition code are determined. Formally, Worst-case path. One should note that the gain time reclaiming
based on the WCET analysis rules defined in Timing Schemafor unknown repetition needs to be provided with the maximum

[22], the gain time of the structural constraints can be defined!00p bound used in the WCET analysis. The maximum itera-
as follows: tion number may be provided by manual annotations or derived

automatically using Gustafsson’s approach [11]. For example,
e Let S be a selection code with the expressiorand letP the while-loop (Line 5-26), given in Figure 1, needs to be



provided with such information to be able to reclaim the gain sible. Following this, the exact places and amounts of object

time of the repetition code at run-time. gain time reclaiming can be identified and illustrated inCin

) . L ject Gain Time Reclaiming Grapf©OGTRG). AnOGTRGis a

4.2 Object Constraint Reclaiming diagram which illustrates places where the type of the instance
In order to guarantee all hard real-time tasks in object- should be traced or the object constraint reclaiming may take

oriented real-time systems, most WCET researchers suggedt/ace: _

prohibiting the use of dynamic dispatching, dynamic loading Formally, an OGTRG is made up of two types of nodgpe

and garbage collection features [12]. We have argued for thethanging nodendgain time reclaiming nodeA type chang-
need to use dynamic dispatching and demonstrated how to guarNd nodedenotes a place where the type of instance is changed
antee the deadline of hard real-time tasks in our previous workPut where itis not possible to identify the exact amount of gain
[14]. In our previous approach, A@maxWCET() annota- time, whereas gain time reclalml_ng_nodmdlcate_s a place
tion is used to indicate the WCET of a dynamic dispatching Where the exact amount of the gain time of a particular type of
method call. However, we cannot avoid the fact that the useth€ instance occurs. As mentioned above, type changing nodes
of //@maxWCET() might have relatively pessimistic results if and gain time reclaiming nodes can also be denoted@iithv)

the class family is extremely large or the WCET estimations @1V (/; g) in an OGTRG respectively. The gain time reclaim-
for different classes are spread over a wide range. In orderdnd Of allinstances in the real-time task can be merged together
to compensate for the penalty of the flexibility of the object- @nd provided for the run-time environment to reclaim them.
oriented programming, object gain time reclaiming is required. ~ Considering the example in Figure 2, four instances (i.e.

Formally the gain time of the object constraints can be defined@@bb,cc,  anddd) need to be analysed to carry out the ob-
as follows: ject constraint reclaiming analysis in thgp real-time thread.

Using the object constraint reclaiming mechanism mentioned

e Consider an objeck with a dynamic dispatching method above, an object gain time reclaiming graph for each instance

m, and assume that the WCET af.m should take into  can be conducted by a modified compiler or tool automatically.

account the WCET of the class family. Let: be an in- A diagram which illustrates the transformation of two instances
stance ofX and A be an actual type of the instance to be (i.e. aa andbb) from CFG to OGTRG is given in Figure 2.
executed in a particular execution. Then, the gain time of In the figure, the type of instan@a can be identified in the

i.m in the particular execution can be calculated by sub- secondif-then-else statement (i.e. type changing node)
tracting the WCET ofd.m from the WCET ofF.m . and the exact number of method invocations can be determined
in the lastif-then-else statement (i.e. gain time reclaim-

Based on the thread-based CF-@ll instances of various  jng node). Therefore, as soon as the expression of the last
objects that are created in each real-time thread can be identif_ihen-else statement is executed, the object gain time

fied. Then, by analysing the assignment or type changing codeyf instanceaa can be reclaimed.

of each instance we can distinguish the lifetimes of particular  Note that solving the symbolic expression of an associated
types of each instance, and produceGinject Type Lifetime  ¢ja55 family can improve the reclaiming as early as possible.
Graph (OTLG), a diagram which represents the lifetimes of ag shown in Figure 2, the gain time of the instarige can
types qf particular instances in a specific thread. Formally, anpq reclaimed as soon as the type of instazccés determined.
OTLG is made up of two types of componenbdeandedge  Therefore, the gain time reclaiming node of the instabbe

A node namedype changing noda Figure 2, denotes aplace ¢4 pe indicated at the firiftthen-else statement. Our
where the type of instance is changed, whereasdgeillus- — 555r0ach can also be applied to the analysis of method-based

trates the lifetime of a particular type of instance between two applications that are built as libraries or packages in object-
nodes. An OTLG can be represented with a number type changgiented programming.

ing nodes that can be formally expressed v, t), wherel
indicates the offset number of the Java bytecodetatehotes 4.3 Functional Constraint Reclaiming
the possible types of the instance at run-time.

In the OTLG, symbolic type references may be applied to  Identifying the exclusive path$19] or variousmodes[6],
represent the relationship between the dynamic dispatching obbased on design knowledge, to calculate the WCET estimations
jects of the same class family during run-time. After discrimi- of the real-time applications has been widely used in the WCET
nating the lifetimes of specific types of each instance, analysingfield. By analysing real-time threads with annotations that indi-
method invocations on each type of the instance can determingate exclusive paths or modes, relatively safe and tight WCET
the amount of gain time that can be reclaimed. Here, sym-bounds can be estimated. We acknowledge such efforts and
bolic references that are represented in OTLGs can be solve@ontributions in the WCET domain. However, one should note
by analysing the associated instances in the specific thread inthat it is possible that the WCET estimations of the exclusive
crementally so that gain time can be reclaimed as early as pospaths or different modes are spread over a wide range, and the

4A thread-based CFG is a control flow graph which illustrates not only the exa_Ct execution path or mode cannot be Qetermmed durlr_lg the
local flow of control of the thread, but also the local flow of control of each d€Sign phase. In such cases, the reductions of the pessimistic
method invocation of the thread in detail. estimations can still be limited. Moreover, analysing functional
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Figure 2. An example of object constraints and its diagram of producing OGTRG

constraints in object-oriented programming is much more com-soon as the specific mode is identified and it is not the worst-
plicated than in procedural programming. This means that datacase execution mode, then the gain time of the mode can be
dependency issues in object-oriented programming langues careclaimed. In both cases, the functional constraint reclaiming
lead to pessimistic WCET estimations that suffer from not only should consider the data dependencies issues connected with
structural constraints but also object constraints. Hence, as welbbject constraints. Formally, the gain time of the functional
as analysing the exclusive paths and modes in the structure ofonstraints can be defined as follows:

the programs, the analysis of functional constraints must take

into account the pessimistic bounds that suffer from the dy- e Suppose tha$ is a section of code that includes exclusive
namic characteristic of object types in object-oriented program- paths, and® is an actual executed path §fin a particular
ming. execution. Then, the gain time &f can be computed by
subtracting the WCET oP from the WCET ofS. This
schema can also be used in calculating exclusive modes of
functional constraints.

For the most part, these pessimistic WCET estimations that
suffer from data dependencies can be addressed with the struc-
tural and object constraint reclaiming mechanisms. However,
to be able to reclaim gain time as early as possible, these mech-
anisms can be integrated with the WCET analysis approache%e
that bear data dependencies issues in mind.

The functional constraint reclaiming of a specific thread may
represented withRunctional Gain Time Reclaiming Graph
(FGTRG), which illustrates the exact places and amounts of
The rationale of functional constraint reclaiming is based on gain time that may be reclaimed. The functional gain time re-
the concept of identifying the exclusive paths or various modesclaiming can be assumed as an advanced mechanism that is a
of the WCET analysis approaches. Therefore, we assume thatombination of the structural and object constraint reclaiming
the exclusive paths or various modes can be distinguished withmechanisms of a particular path or mode. Therefore, the formal
annotations that are introduced by WCET analysis. Taking ad-definitions of the nodes introduced for OGTRG (&, t) and
vantage of these annotations, a modified compiler or gain timeV(l, g)) can also be applied to FGTRG.
reclaiming tool can derive these exclusive (or inclusive) paths For example in Figure 1, the WCET estimations of two
and modes from the programs. Based on the identified pathsf-then-else statements (i.e. Line 9-25 and Line 30-39)
and modes, we can determine the places where these paths are exclusive to each other, but the structure of the program
modes can be distinguished. As soon as the exact path or modmay increase the WCET estimation. In other words, the WCET
can be discriminated or executed, the gain time of the path orof these twdf-then-else statements will not be executed
mode can be reclaimed. Here, the gain time of particular pathsat the same time due to its functional constraints. Therefore,
can be reclaimed if the exclusive path of the current executingbased on WCET annotations identifying the exclusive paths or
path is the worst-case execution path or the inclusive path of thenodes, the gain time associated with the normal mode (i.e. the
current path is not the worst-case execution path. Similarly, aselse statement at Line 35-39) can be reclaimed in Line 18 at



run-time. It can be observed that using functional constraint re-stored in the XAC files, and reproduces the relationship be-
claiming may reclaim the gain time earlier than the structural tween gain time reclaiming nodes and Java bytecode. Then,

constraint reclaiming. the gain time reclaiming graphs can be translated into method
invocations that support the integration with the scheduling al-
5 Implementation gorithms. Here, the exact machine cycles of gain time which

are provided with WCET vectors can be calculated.

We use the XRTJ architecture [16] to demonstrate how the Note that it could be possible that the actual reclaimed gain
gain time reclaiming can be implemented for object-oriented time is less than the run-time overhead of the reclaiming. In
programs. However, the implementation approach is not re-this situation, the gain time should be either neglected or accu-
stricted to our architecture. Following the philosophy of mulated until it is worth reporting. Which gain time reclaim-
portable WCET analysis, the implementation may be divided ing nodes need to be removed can be identified on the basis of
into two stages:producing gain time reclaiming graphhat an acceptance value that may be used to examine if the over-
can be conducted at compilation, anth-time supported re- head of the gain time reclaiming is acceptable at run-time. Fur-
claimingthat can be carried out at the target platform. thermore, to support repetition code with gain time reclaiming

Here, we assume that the WCET values or WCEF vectorsmechanism, either the run-time system, such as the Virtual Ma-
of each basic block have been calculated. They may be prochine, must support a mechanism to count the exact iteration of
duced Wh||e performing Static t|m|ng analysis by Combining the IOOp at run'time or additional COde must be introduced by a
the portab'e WCET ana'ysis [2, 3] and our previous approachmodiﬁed Compiler to count the |00pS. In addition, type tracing
[14, 15]. Then the WCET value or WCET vector of each ba- Mechanism need to be provided for type changing nodes where
sic block can be stored in the XAC format in either separate the exact amount of the gain time cannot be identified.
files or code attributes in JCF files. Note also that the gain time ~ Atthe reclaiming stage, based on gain time reclaiming meth-
reclaiming graphs can be provided in the XAC format. In addi- ods instrumented during the reconstructing stage, gain time can
tion, the worst-case execution for the runtime overhead of thebe reclaimed automatically as soon as reclaiming methods are
gain time reclaiming can be added into the basic block whereeéxecuted. The gain time can be collected by the associated

the gain time reclaiming takes place. scheduling algorithm and can be used to improve the overall
performance of the whole system. How to integrate the gain
5.1 Producing Gain Time Reclaiming Graphs time reclaiming with the scheduling algorithm is outside the

scope of this paper. Techniques such as Dual-Priority Schedul-
Based on the thread-based CFG of each real-time threading [7] and Dynamic Sporadic Server [5] are applicable.

gain time reclaiming graphs can be produced from analysable
source programs or JCF files by a modified compiler or tool g A Practical Example
that supports our gain time reclaiming mechanisms discussed
above. These gain time reclaiming graphs can be extracted cqnsjdering the “Rover Tasks” part of the applications layer
during comp_ﬂa‘qon in orQer. to reduce the runjtlme overhead. of the FIDO Rover systefin Figure 3, the command processor
The three gain time reclaiming graphs of a particular thread cange s giscrete instructions to particular periodic tasks at run-
be merged together into the th@read Gain Time Reclaiming  ime to interact with the environment. Therefore, any sequences
Graph(TGTRG), which illustrates places where the gain time ¢ the commands may be sent by the command processor to a
reclaiming may take place in the thread. It should be noted gy ific periodic task. In addition, it is possible that all instruc-

that gain time that can be reclaimed by functional constraint ;;ns of the various types of robot cannot be known beforehand
reclaiming could overlap with those that can be reclaimed by (i.e. during the design phase of the command processor). Con-
the structural and object constraint reclaiming. Therefore, COM-gequently, if any new command is introduced or a new type of
bining the functional gain time reclaiming graph into TGTRG 44t js developed, the command processor and the specific pe-
leads to the necessity of eliminating the gain time that overlap ,qic task need to be revised and the whole system needs to be

with other constraints. The implementation overhead is rela-gtested. Unfortunately, redevelopment and retesting are rela-
tively low since the implementation does not necessarily needtively expensive in high performance real-time applications.

to know all possible execution paths in advance. In order to provide the applications with greater flexibility,

reusability and extensibility, the application layer may be rede-
veloped for a real-time Java environment. Based on the applica-

For the most part, the gain time reclaiming may be carried tion layer of the FIDO_ _Rovgr’s archltecturmstrqctlons .
out at the target platform in two stageReconstructingindRe- c!as_ses can_be c_I§\SS|f|ed into a sgb_class family based on _thelr
claiming The first stage, calleteconstructing includes map- similar funct|onaI|t|_es or characterlst!cs._ Par’F of _the class hier-
ping Java bytecode with associated gain time reclaiming nodesﬁr’m:hy of thelnstructions classes is given in Figure 4. Any
and !n_strumentl_ng gain tlm.e reclaiming method mvocgtlons. A 5The FIDO (Field Integrated Design and Operations) Rover system is a
modified Java virtual machine or tool loads the associated Javgyanetary exploration autonomous system and is being used in ongoing NASA

class files and the TGTRG of each task-based real-time threadeld tests to simulate driving conditions on Mars.

5.2 Run-Time Support Reclaiming
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Figure 3. FIDO Rover prototype and its software implementation layers [17]

(D : Machine cycles of the WCET of the Respond method. Instructions L [seokokook ok ook ok sk ok ok sk ok ok ok ok sk ok ok ok Kk ok K oK K Kk ok Ok oK KOk K K KOk K
2 Motion Control periodic real-time thread
[®¥Respond() B sk ok ok ok o o o o o o K K K KK KKK KK oK K oK oK oK oK oK oK oK oK oK oK oK ok o o o o o o o

ll@maxWCET (&Instructions. Respond()-&Vision_Control) _ _ X
P e 4 import javax. realtimesx;

e > 5

<~ [ Motion_Control [{ Vision_Control 6 public class MotionCtrl.RT extendsRealtimeThread
3 / 7 public MotionCtrlRT (...) {
e I¥Respond() J I®¥Respond() 8
V4 7 > 9 }
" Accelerat = - - 10 ..
/ e / EndbleRVision Disable_Vision 11 //Maximum number of instructions allowed in each period
[ d I 12 final int maxinsts = 10;
/ C@M \tﬁm [®Respond() 13 [ sk sk sk ok sk s sk ok ok sk s sk ke ok ok s sk sk ok sk sk sk ok ok sk sk sk sk ok ok ok ok sk ok ok ok ok sk ok ok o
{ Y 100 14 Say ObjList object contains a list of Instrucions objects
I Stop New_Course | Pan_Horizontal Pan_Vertical A5 skoskook ook ok ook ok ok ok ok ok K Kk ok K ok Ok K K Kk ok 0k
! = - ] 16  private ObjList CommandList[maxinsts];
[ :59590” [I¥Respond() / [E¥Respond() [I¥Respond() 7 .
L2500 (1500 7 (3500 (3000 18 public void run(){
TTeTTTTT - o _____df 19 while (! Terminate){
20 /I Do the main job of the periodic thread
: : ; 21
Flgure 4 A class hlerarchy Of the Instructlons 22 /I Get the number of commands for this period .
Classes with WCET estimations i ints = getNumber0fCommands();
. . . . . 25 // Get the _commands for this _period.
particular function or action of the child classes can be speci- 2 ﬁ,?ﬂ"lgf‘?ﬂfnté gieif)o?mandust():
fied in theirRespond() methods by overriding the method of 28 - ’
. . . . It = dList[i]). d();
the parent class. A typical periodic task that may be used in > result = (CommandListl)-Respond()
. . . . . n }
the FIDO Rover system is given in Figure 5. As sh'own in the s waitForNextPeriod : /f waiting for next period
figure, the only information which can be known during the de- 33 , }
> i Rk . . . 34
sign or analysis phase is the maximum number of instructions 3 }

sent to the specific periodic task and the WCET estimation of
each instruction. Undoubtedly, to be able to ensure that these
B e eI god he WCET estiation of ) method of e resi
For the most part, the WCET estimation of each periodic task f cpde n thel\/lotlonptrl RT thrgad Is 150 cycles._ In the
can be caIcuIated with a maximum number of instructions al- MotlonCtrI 'RT object, the maximum number of instruc-
lowed to be sent to the specific thread and the maximum WCET.tlons 's 10 (at Line 12).' Therefore, it all _c_Iasse_s are taken
estimation of the instructions from the whatestructions mto_account for the estimation of the spec_|f|c periodic of the
. T T N MotionCtrl ~ _RT thread, the WCET value is equal to 35150
class family. In this situation, if the WCET estimations of all . "
: . : - . .cycles (i.e. 10*3500+150).
the instructions are spread over a wide range, the estimation is
very pessimistic. In addition, the overall performance will be ~ However, as shown in Figure 4, based on the design
decreased because these reserved resources cannot be usedkaewledge, the estimation faviotionCtrl ~ _RT can be pro-
other aperiodic tasks. The next subsectip6.() explores how vided with //@maxWCET() annotation at Line 29, since
these issues can be addressed with our approach. the WCET estimations of th&®espond() method in the
Vision _Control class family are not going to be used in
6.1 Analytical Results the MotionCtr _RT thread. Therefore, the estimation of the
WCET value of the thread can be reduced to 25150 cycles (i.e.
Assume that the WCET values of esRspond() method 10*2500+150). Then, based on the thread gain time reclaim-
of the Instructions class family are given as in Figure 4 ing graph, including a structural constraint reclaiming node at

Figure 5. An example of periodic thread
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