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Abstract system to fail to meet its guarantees. Note that even if non-

periodic tasks have a known bound on their worse case exe-
A key challenge in designing realtime systems for non- cution time, scheduling them may yield a low CPU utiliza-
preemptive architectures is the timely guarantee of the exe-tion. The reason is that algorithms that use a static worst
cution of periodic tasks, together with non-periodic tasks. case execution time (which is fixed throughout the life of
The main challenge of scheduling tasks in such systemshe task) for non-periodic tasks, do not take into consider-
results from the conflict between the requirement to exe-ation the runtime behavior of the task. A task usually con-
cute periodic tasks at specific time intervals, versus the re-tains several execution paths with different execution times.
guirement to yield the CPU to non-periodic tasks. The non- Denote the worst case execution time among these differ-
periodic tasks may not relinquish the CPU, thus jeopar- ent execution paths as a tasglebal execution time. Thus
dizing the periodic tasks deadlines. This paper describesproviding the scheduler with the global execution time re-
a technique that can be used by any given non-preemptiveduces the knowledge required by the scheduler to produce
scheduler in order to produce a finer-grained schedule for fine grained schedule. Even when a task relinquishes the
the system task set. The technique increases the CPU utiCPU before its global execution time, the scheduler may
lization and improves the overall system performance. Com-only schedule a non-periodic task that its global execution
piler Aided Ticket Scheduling (CATS), provides compiler time fits into the remaining time. The remaining time may
generated primitives that are used by the scheduler at run-be lower than the smallest global time of all the schedula-
time, allowing it to better decide about which task to run ble tasks but may still be longer than the “dynamic” worst
next. The enhanced scheduler remains “safe” in the sensecase execution time which is determined by the current ex-
that the chosen task is guaranteed to yield the processorecution paths of the tasks.
before the next periodic ta§k must be ex_ecuted. This paper Thjs paper proposes a technique for enhancing a non-
also proposes a programming model which enables the de-preemptive scheduler, using compiler generated primitives.
veloper to systematically tune the embedded system tasks t@ scheduler that utilizes these primitives can produce fine-
meet the scheduling requirements. grained schedules and increases the system’s CPU utiliza-
tion. We assume the existence of a non-preemptive schedul-
ing algorithm for theperiodic tasks. We present an en-
1. Introduction hancement that augments Fhis algorithm by introducing the
capability to schedule additionalon-periodic tasks. Our
A typical requirement of Real Time Operating Systems Methodology introduces a compiler generated primitive,
(RTOS) is scheduling a set of tasks (on a single or multi- called a “ticket”. The compiler generatesiagleticket per
ple processor) so that each task completes execution beforé2Sk. The ticket's data is modified whenever a task yields the
a specified deadline. Many realtime embedded systems us®r0cessor so a single ticket is recycled throughout the task's
non-preemptive architectures in order to decrease the overexecution. These tickets are used by the scheduler at run-
head introduced by interrupting the CPU. Although these time to decide which task to schedule for execution.
architectures decrease the complexity of writing an RTOS, The non-periodic tasks afdegically divided into seg-
they require extra care in scheduling tasks of arbitrary ex- ments using predefined execution commands that are either
ecution time. By carefully designing the tasks’ periods, a explicitly indicated by the programmer, or implicitly identi-
developer can guarantee that the CPU will be available forfied by the compiler. An example of such a command is the
any periodic task on time, when such a schedule is feasi-invocation of a blocking 1/0O operation. The ticket associ-
ble. However, integrating non-periodic tasks may cause theated with that task is updated at runtime at each such execu-



tion command to include the information regarding miest 2.1. Cyclic Executive
segment. This way the scheduler knowstearst Case Ex-
ecution TimgwcET) of the next segment of a non-periodic  The cyclic executive model has been used in many real-
task and can decide at runtime whether to allocate the CPUime systems [4, 5] and can be easily adaptechon-
to that task at a given time. Note that the next segment’s preemptiveenvironments. A cyclic executive is a supervi-
wcEeT (henceforth termed as tilgnamicwCET) is notnec-  sory control program (or executive) that invokes the appli-
essarily equals to the global execution time. The dynamic cation’s tasks of a real-time system, based on a cyclic sched-
WCET is calculated from the current executed opcode to the yle. The schedule is constructed during the system design
next yield operation. phase and is repeatedly executed throughout the lifetime of
Typically, off-line tools are used in order to determine the the system.
WCET of non-periodic tasks. These tools can only consider  The schedule consists of a sequence of actions to be
the longest task segment, since they do not have any intaken (or subroutine calls to be made) along with a fixed
formation about the actual control-flow of the non-periodic specification of the timing for the actions. Since virtually
tasks. Thus, the resulting schedule is a non-optimal one.a|| of the scheduling decisions are made at system design
The actual runtime of the tasks is typically shorter than time, the executive is very efficient and very predictable.
their calculatedvcET, allowing for greater flexibility in the Although the cyclic executive model has been used in many
scheduling of non-periodic task segments. CATS enab'eSrea|-time Systemsl there is no common approach_ Each Sys-
this by providing the scheduler with thveCeT of each task  tem is built using ad hoc techniques tuned for the specific
segment that is ready to run. application domain. Baker and Shaw take a formal approach
The programming model proposed, includes methodol- to define the cyclic executive model, and they present a
ogy by which the developer can declare the task set, its as-detailed analysis of the issues and problems with the ap-
sociated tickets and a systematic way to refine the segmentgroach [3].
in order to improve the efficiency of the resulting sched-  The cyclic executive provides a practical means for ex-
ule. For example, the programmer can improve the responsexcuting a cyclic schedule, but the model does not specify
time of non-periodic tasks. We also discuss ways to do thathow the schedule is constructed. The cyclic schedule is a
dynamically at runtime. timed sequence of computations which is to be repeated in-
The remainder of this paper is composed of seven ma-definitely, in a cyclic manner. This cyclic schedule is also
jor sections. Section 2 presents a common scheduling algoknown as the major schedule and the duration of the major
rithm for non preemptive systems, call€gclic Executive schedule is called thmajor cycle The major schedule is di-
In addition we also present some of the tools (and their lim- vided into minor schedules of equal duration, and the dura-
itations) available for realtime developers. Section 4 gives tion of these minor schedules is called thior cycle The
the necessary terms and definitions relevant for schedulingminor schedules are also known faames The timing of
algorithms in general and for this work in particular. This the computations in the cyclic schedule is derived from the
section also provides some background in compilation tech-timing of the frames. The individual frames are designed to
niques that are utilized in this algorithm. Section 5 presents execute for at most the duration of the minor cycle, but if the
the scheduling algorithm and explores some optional op-execution of a frame exceeds the minor cyclgame over-
timizations. Section 6 presents some experimental resultsyun is said to occur. Frame overruns may be handled in a
and Section 7 concludes with the current status and futurenumber of different ways, but the point here is that the tim-
work. ing of each frame is verified only at the end of the minor cy-
cle. The executive has no knowledge or control of the tim-
ing of computations within a frame.

2. Related Work The primary advantages of the cyclic executive approach
are its efficiency, simplicity (design and implementation)
Most of today’s realtime development fonon- and predicability. It is efficient because scheduling deci-

preemptiveenvironment uses static schedulers that must sions are made offline during the design process rather than
be carefully tuned in order to obtain a schedule of the sys-during runtime. Thus context switching between tasks is
tem’s tasks. The deterministic behavior of such schedulersvery fast. Context switches may be embedded in compiler-
guarantees a great level of control, trace and debug capagenerated code or they may be specified by a table associ-
bilities. However, such static schedulers often result in a ated with the current major schedule and frame. Resource
slow design process and difficult maintenance of the sys-constraints and precedence constraints can also be embed-
tem upon minor changes. For example, a modification of ded in the pre-computed schedule, so no overhead is in-
a task’s code may often result in the need to adjust the en-curred at runtime for synchronization. The timing of the
tire task set. schedule is easily verified at runtime by checking for frame



overruns, but as long as the execution times of the framessystems, where the model corresponds well to the real sys-
were measured accurately during the design phase, the beem.
havior of the system is predictable. 529 WCET Estimators

There are three areas where problems arise with the - S .
Determining the worst case execution time is a prerequi-

cyclic executive model: design, runtime and maintenance. . . : !
. : - site for most realtime analysis. One method for calculating
In the design process, scheduling and task-splitting were ; o :
the WCET is to trace the execution time for a given task on

already identified as problem areas. Handling frame over- . . . o a
) . thereal target device while creating the “worst-case” con-
runs is another area where there are many choices that mus. . . ; . )
itions. Although this technique is very accurate, in most

be evaluated during design. These include policies such S .
. . 2 : cases it is impractical to perform.
as immediate termination of the frame, suspension of the .
Another common way to calculate thecET is the use

frame for later background processing, or continuation of : ) . .
of estimators. Estimators are simulation complement tools

the frame at thg expense (.)f the following frame. that help the developer to calculateceT for a task. In
System maintenance is regarded as the worst prob-

: . order for awCET estimator to determine the&/CET of a
lem [10]. It is complicated by the fact that the code may task, it usually computes the longest path on a directed and
reflect job splitting and sequencing details of the sched- ' y P gestp

N L weighted graph representation of the programs control-flow.
ule. Organization of the code around timing character- . )
ST . . . The nodes of the graph represent the basic task’s blocks,
istics instead of around functional lines makes it that while the edaes represent the feasible paths. Each edae is
much more difficult to modify. This lack of “separa- 9 P P ) g

tion of concerns” can make program modifications ver weighted with the length (number of cycles) of the previ-
difficult prog Y ous basic block. The/cET corresponds to the longest path

. . : . f the graph.
At runtime, the system is somewhat inflexible. It can- orthe g ap . . . .
: : : The aim of most estimators is to provide the tightest
not generally adapt to a dynamically changing environment, . . i
) . . e bound to the worst case execution time. The major obsta-
even for fine-grain changes. Runtime efficiency may suffer

. . cle for predicting execution time on modern hardware is the
in cases where the set of tasks comprising a frame were al-

. LS ..~ .~ use of caches. Caches improve overall throughput perfor-
ready ran and the minor cycle has remaining time (i.e. it is o -
. : . . mance, but execution time prediction becomes very hard. A
not fully utilized). Using a globalvCET increases the inter- . S 4
I . .. memory access operation resulting in a cache miss slows
nal fragmentation in the minor cycle and may result in sig-

nificant unusable idle time. Compiler Aided Ticket Schedul- down the access operation by orders (.)f magnitude. Thus,
. S . . unless cache contents are known, predicted worst case exe-
ing enable better utilization of the minor cycles by consid-

D . S : .~ _cution time will be much higher than the average case. For
ering finer-grained execution times which change according . o .
) ; . ) programs with small data sets, however, it is feasible to pre-
to the task’s execution flow (i.e., the dynamvecET).

dict cache contents, thus decreasing worst case execution
. time estimation significantly. Mueller et al. uses a technique
2.2. Realtime Development ToolBox called static cache simulation [17]. In this work, the con-

Th f ltime tools that helo the devel trol flow of a program is analyzed and fed to a cache sys-
ere are few reaitime 1oo1s that can help the AeVeloperyy ) i ator. Prior to executing the program, a simulation
or system designer tune the system. The most common use

ful tool hedule simulat 7 6. 131 and N of the cache is made. It turns out that a majority of the re-
u' tools are schedule simuiators [7, 6, 13] and wors CaS€sults of cache lookups may be accurately predicted in ad-
execution time estimators [14, 15, 19].

vance. Thus, it is possible to predict worst-case and best-

2.2.1. Simulators case execution times with respect to memory hazards. The
The usefulness of computer system simulation was recog-work of [20] and [19] calculate thevCET while consider-

nized long time ago. Program execution can be simulated oning modern hardware architectures that utilize pipelined ex-

many different abstraction levels. The usefulness of a sim-ecution for improving their performance. Other work in this

ulator is limited by the accuracy of the model it provides. field, such as [9, 14], tries to minimize or totally disregard

As the hardware complexity increase, it become more dif- the need for direct interaction with the developer (for exam-

ficult to build complete system simulators providing useful ple, when infinite loops exist in the code).

timing models. The current paper does not assume a spesiieT al-

Most of the simulation tools provide a unique descrip- gorithm, thus a diversity of algorithms can be used and the

tion language. This language is used by the developer toone that gives the best estimations can be chosen.

write the specific scheduler algorithm and task requirements

(such as task execution times, priorities, periods, etc.). Af- 3. Motivation

ter the simulator is executed, the developer can determine

if, under the given constraints, the task set can be sched- The motivation for this work came from the observa-

uled or not. The usefulness of simulators is limited to small tion that the inherent limitation of simulation tools and es-



timators is that they provide off-line rather than runtime in-
formation. These tooldo notincorporate their results into Teski attributes: {s=1,d=p=10,e=4}
the system runtime in order to produce an efficient running
schedule.

This paper’s contribution is in the integration of the ticket i i i L
primitive resulting from the compilation process and its run- W % % %
time usage byany task scheduler. The ticket contains the . 1 T T
dynamicwcEeT which is thewcEeT of the next segment of Time
a task. The use of such a fine-graingdeTs increases the
scheduling algorithm flexibility. It increases the size of the
“ready to run” task set from which the scheduler chooses Figure 1. A Periodic Task’s Characteristics
the next task for execution.

start time releasetime last time to schedule
S t=Si+Ei t=Si+Pi (deadline=21)

4. System Model occasionally, and at each invocation, that task may require

a different execution time. Aybrid task systens a system
that contains both periodic and non-periodic tasks. In this

o del hat th iodi K hed paper we will focus on hybrid task systems in which the pe-
ur modet assumes t at the periodic tas. S are schedUy,jic tasks are synchronous. To differentiate between the
able and a non-preemptive scheduling algorithm schedule

eriodic and non-periodic tasks, a periodic task will be de-
them. We do not enforce a specific scheduling algorithm. Sp 1o8ic ¢ period! periodi W

. noted asl".
We also assume that all tasks run on a single processor

and that tasks are independent in the sense that any task 1hiS Paper presents an algorithm that assumes that for

does not block a periodic task, even though non-periodic 88ch periodic taskd; = p;. To represent the runtime in-
tasks might block each other. stance of a task the notion ofti&ket of a task is intro-

duced. A ticket of a periodic task; is defined as the tuple
(es, pi, Pr;), wheree, andp; are the execution and the pe-
riod of the task, andr; is the task’s priority. This assumes
that any type of task scheduler used by the RTOS can be ex-

In this section the necessary terms and definitions for the ! L : o
rest of the paper are defined. These definitions supplemengfnded using this ticket. The ticket of a non-periodic task,

the definitions in [12, 11]. i» 18 (e, Pry)-
A task is a sequence of operations (op-codes) to be
scheduled by a scheduler. A scheduler is an algorithm that
determines the next task to be executed (i.e., it produceq 3. EDE Related Definitions
a schedule). This paper is restricted to non-preemptive

scheduling, in which a scheduled task cannot be inter- i e
rupted until it releases the CPU. In this paper we have chosen the non-preemptive “Earli-

Atask systenT’ = {T,---, T, }, where each task; is est Deadline First” [16, 8] as our basic task scheduler. How-

ever, the algorithm is not restricted to EDF scheduling, and
is designed in such a way that it can be adapted to any task
scheduler.

4.1. Assumptions

4.2. Definitions

released periodically, is calledperiodic task systentach
taskT; is defined by a tupfe(e;, d;, p;, s;), wheree; is the
upper bound on the task’s execution timgis the first time
at which the task is ready to run (also known as the start In the EDF algorithm the task with the earliest deadline

time), d; is the deadline to complete the tasks once it is is chosen for execution. In the non-preemptive version of
ready to run, ang; is the interval between two successive EDF, the task runs to completion. Among tasks with the

releases of the task (see Figure 1). Thus, aTask first re- same deadlines, tasks with higher priority are given prefer-
leased ats; and periodically it is released evepy. After ence. It has been proven in [12] that the non-preemptive ver-
each periodic release, at some timéhe task should be al-  sion of EDF algorithm is optimal, in the sense that if a set

locatede; time units before deadline+ d;. of tasks is scheduable, it is also scheduable using EDF.

A synchronous task systeisia complete periodic task For the implementation of the EDF scheduling algorithm
system in which all tasks are started and ready to run at timethe programmer should extend the ticket of a periodic task
zero (s; = 0). A non-periodictask is a task that is released 7 tg be(e, p, Nr, Nd, Pr), where the additional fielda/r
and Nd are the next release time of the task, and the latest
1 Note that a task system with given tasks’ start times is calleoha time by which the task should begin its execution in order

Plete task system to meet its deadline requirement, respectively.




4.4. Compilation Revisited 5. CATS Enhanced Scheduler

This section defines the fundamental elements of compi-  This section presents the way a scheduler can utilize the
lation theory. The general tertranslator denotes any lan-  compiler generated tickets in order to improve the schedu-
guage processor that accepts programs in ssouece lan- lablity of the hybrid task set. An EDF scheduling will be
guageas input and produces functionally equivalent pro- used as an example, though the same principles can be ap-
grams in anothepbject languageas output. Acompiler ~ Pplied to a variety of other schedulers.
is a translator whose source language is a high-level lan-
guage and whose object language is close to the maching 1 Scheduler Algorithm
language of an actual computer, either being an assembly

language or some variety of machine languageuAtime The algorithm is designed for a non-preemptive environ-
(or execution-timpoperation runs during program execu- ment, As such, every task is assumed to explicitly relinquish
tion. A compile-time(or translation-timg operation runs  the CPU to enable other tasks to run. This is done using
during program translation and prior to program execution. 5 well-known interface provided by the OS. Usually, this
Control flow analysiss the process that enables us to repre- js done via theYield() system call. Thus, whenever a task
sent the flow of execution of a program as a graph. A con- yjelds the CPU, it actually invokes the task scheduling al-
trol flow analysis produces &ontrol Flow Graph(CFG)  gorithm. This section discusses the CATS enhancements for
that consists of nodes and edges. Each node represents a bge task scheduling algorithm.
sic block and each edge represents a flow between blocks. A 1he task scheduling algorithm receives as an input a set
basic blockis a series of instructions that always run in se- ¢ tasks and their tickets. The algorithm is invoked when-
quence meaning no single instruction in a block will ever gyer 3 task relinquishes the CPU. Whenever the input is
be executed without the others. The graph is used in many.qmprised of a set of periodic tasks, the scheduling algo-
analysis and optimization steps in modern compilers. There iinm results in the same schedule as the classical EDF .
are a few algorithms to construct a CFG. The simplest and However, when the task set is hybrid, and the EDF sched-
probably the most known algorithm can be found in Aho et ;e selects thepLe task (i.e., no periodic task is ready
al. [2]. to run), the algorithm attempts to schedule a non-periodic
task. The decision on which non-periodic task to schedule
is based on the tasks’ tickets, mainly on the next execution
time and priority as specified by the ticket.
S ) ) ) ) Figure 2 presents the main logic behind the scheduling
Compile-time information can be useful in a variety of 5 9qrithm that is invoked by th¥ield() function call. Part
applications. CATS algorithm uses several compile-time | of the algorithm starts with the classical EDF algorithm.
techniques, .wh|ch provide valuable information that can be The algorithm selects the next periodic tdsk..; which has
used at runtime. the earliest deadline among all periodic tasks that are ready
The developer uses CATS specific compiler directives in g run.
order to define the system’s tasks and tickets. The compiler  pgyt || of the algorithm is invoked when no periodic task
relates to these tickets as simple data structures in which itig ready to run. The algorithm uses the tickets of the non-
can store the calculatedCETs. periodic tasks in order to select the next task to run. The
The compiler uses the CFG in order to calculate the chosen task should be able to run without jeopardizing the
wCET of the periodic and non-periodic tasks. Typical peri- deadline of the next (earliest) periodic task. The scheduler
odic tasks are comprised of a single calculatetET, while considers the subset of non-periodical tasks that are ready to
non-periodic tasks may be comprised of a setvafETs. In run, such that their next execution time is smaller than the
our context, avCET is defined as the worst case execution slack time (the time until the next periodic task is ready).
time between two successive yields (i.e., a dynanieT). Among such tasks, the algorithm can use various criteria to
The ability of a compiler to modify the developer's pick the next task to be scheduled. For instance, one can use
code, at predefined places, is also utilized. By modifying the algorithm in [21] which chooses a set of tasks that min-
the code, the ticket primitive is maintained automatically. imizes the remaining slack time. Any such algorithm would
CATS enhanced compiler updates the ticket with the task’'suse the next execution timev€ET) of the tasks listed in
next WCET prior to eachyield invocation. This technique their tickets. When there is no suitable task for execution,
also eliminates the need to introduce a complicated run-theIDLE task is invoked until the next periodic task is ready
time structure which contains all theceTs of a given non-  to run (part Ill).
periodic task. Asingle ticket is recycled to represent the Notice that the scheduling algorithm strives to schedule
next task segmentCET at runtime. non-periodic tasks whenever there is an available time slot

4.5. CATS Compiler



by a specific scheduling algorittimiThe values of the

Yield() called from task 7 WCETs must be less than the maximal idle time, other-

I Tnewt = {T3|T5.Nd = min(T;.Nd|T;.Nr > 1)}; wise not all non-periodic tasks will be scheduled.
/It no periodic task is ready, then . Qode Adjustments. Iteratlvely_ use the S|mu.la—
choose from the non-periodic tasks * tion phase until all tasks requirements are fulfilled.
I: if ( Thext = NULL) Changing the tasks’ periods or splitting them into sev-
SlackTime = duration until next eral segments (by calling yield) will usually do the
periodic task is ready; work.

/* Pick the next non-periodic task
that will run at most 'SlackTime’

time units */ ;
Thext = PickNonPeriodicTask(SlackTime); 6. EXperlmentaI ReSUItS

* if no task is ready, the Idle task In order to validate and demonstrate CATS capabilities,
will run for the time duration until we have designed and implemented a realtime system that
the next periodic task is ready */ utilizes CATS. The example is a based on a conceptual

I it ( Thewt = NULL)

Trews = Idle Task(Timeout) model of a space shuttle embedded system [18]. The task set

is executed on the space shuttle, which is controlled from
SWitchTo( Thewt); the ground. We begin with a short description of the sys-
tem’s environment. We then present the system’s require-
ments and the task set. We conclude by applying the pro-
posed programming model on the task set, showing that it
can be used in practice to simplify the process of produc-
in the schedule. Available time slots may exist between peri- ing a scheduable realtime system.

odic slots or whenever a task completes its execution ahead

of time, which can only be determined at runtime. It can :

be easily shown that the sequence of periodic tasks sched§'1' Environment
uled by CATS-enhanced EDF scheduler is identical to the

sequence produced by EDF. The same argument holds fOE esil;:‘és\)//vﬁf:? sliglﬁgrgggegz ?Ouzlnl\glxlz;g?gﬁ/? aéie?,g%_
any task scheduler that is enhanced by CATS. -9

shows a block diagram of the hardware.

Figure 2. EDF Enhanced with CATS

5.2. Programming Model

The programming model which utilizes the compiler

Scratch Scratch
generated tickets provides the syntax for declaring the tasks Pad Pad

and their associated tickets. The development process com

. . M
prised of the following facets: ( Memory Bus > eus (e Externel
. ) v v Arbiter
e Tasks Declaration. Declare tasks and tickets table. Read Write

DMA DMA

State periodic and non-periodic tasks, define priorities
and periods for periodic tasks in the tasks table. The (#D )
compiler uses the information provided by this table to PCI

update the tickets with the tasks'CETs. nterface

e Code Writing. Write the system’s code, including the
periodic and non-periodic tasks. The initial code writ- v ) \/ |
pCl Full-Duplex

ing can be done with minimal consideration of timing Gigabit Ethernet
demands or scheduling decisions.

A

The Tigon Chipset

e Compilation and Simulation. Compile the source
code in order to get the calculatectET for each task Figure 3. System’s Architecture
segmertt By using a simulation tool (as a stand alone
tool or as a part of the compilation process) the de-
veloper can identify the maximabLE time provided

3 We envision the integration of such a scheduling algorithm into the
compiler as a plug-in.
2 We have defined the flag “—wcet” for this purpose. 4 This work applies only to scheduling on a single processor




The system does not provide a CPU interrupt mechanism6.3. Tasks Requirements and Declaration
thus making it suitable for implementing a non-preemptive
system. The motivation behind such architectures is to in- A task is assigned for each of the above requirements.
crease the runtime performance by lowering the overheadThe tasks are divided to periodic tasks (self-status, telemet-
imposed by interrupting the CPU each time an external ric and keep-alive) and non-periodic tasks (StarMap and
event s triggered. Further, on a single processor the need foSETI). Each task is assigned its specific timing constrains.
synchronization and its associated overhead is eliminated.

Our operating system is a modified version aC9s, Id | Task Name| Period [ms][ Priority
a lightweight non-preemptive Network Interface Card OS, 1 | Keep Alive 10 5
which we have previously developed [1]i1dOs schedul- 2 | Self Status 15 4
ing algorithm uses a CATS enhanced version of the non- 3 | Telemetric 30 4
preemptive “Earliest Deadline First (EDF)” [16, 8] algo- 4 | StarMap >
rithm. 5 | SETI 1

We have also modified the compiteto use a naive T ]
WCET algorithm which counts the number of op-codes be- Table 1. Tasks’ Timing Constrains

tween two yields and multiplies it by the maximum execu-
tion time of the longest op-code.
Table 1 describes the timing requirements of these tasks.
Note that tasks 1,2 and 3 are periodic while tasks 4 and 5
6.2. System Description are non-periodic. The CATS corresponding tickets for these
tasks are derived from the table. The resulting tickets are
The Space Shuttle uses a complex set of software andoresented in Figure 4.
hardware modules to perform the data processing necessary
for guidance, navigation, and control; payload handling and
management; and performance monitoring functions. The| DECLARE_TICKET_TABLE(NUM_TICKETS)
Space Shuttle is controlled from the ground-station. /I (Method,Name,Period,Priority)

The shuttle system has the following requirements: PERIODIC_TICKET (keepAlive,
"keep-alive",10,5),

e The shuttle periodically performs a self-status check,
collecting various data (fuel, heat etc.) and sending it
to the ground station.

PERIODIC_TICKET((selfStatus,
"self-status",15,4),

PERIODIC_TICKET(send_telemetric_data,

e The Shuttle executes a telemetry process. The telemet “telemetric” 30 4),

try process involves grouping measurements (such
as pressure, speed, and temperature) and transmit /I (Method,Name, Priority)

ting them back to the ground station. APERIODIC_TICKET(StarMap,
"StarMap",2),

e The ground station periodically sends “keep-alive”
messages to the shuttle. If the shuttle does not re-  ApgRriODIC_TICKET(SETI,"SETI",1)
ceive at least one “keep-alive” faf time units, it -
self-destructs. END_TICKET_TABLE;

e The shuttle should take a photograph whenever pos-
sible at its current orbit location. The shuttle pho- Figure 4. Declaring Tickets for The Shuttle
tographs the image, compresses it and then sends it Tasks
back to the base-station.

e In addition, there is a background requirement: the
shuttle should contribute to the SETI (Search for Ex-
traterrestrial Intelligence) effort. Whenever possible it 6.4. Code Writing

should transmit a message and process the received _ _
signals. The following section presents code excerpts for some

of the shuttle tasks. The shuttle operating system creates a
dedicated queue for each task, which is used as an inter-
task communication mechanism. A task usually sleeps on

5 gcc version 2.95



the queu&, waiting for a specific message to arrive. Once a
message with the specific type is enqueued, the task is sig
naled and becomes ready to run.

The StarMaptask, which handles the process of pho-

tographing the star, is presented in Program 1. This task is
an example of a non-periodic task. The task photographs

the star (invoking “StarMapShoot”), compresses the picture
and sends it to the ground station (invoking “StarMapZi-
pAndSend”). The task begins its execution only when a
TAKE _PICTUREMessage is enqueued.

void StarMap() {
while (TRUE) {
/I sleep until msg arrives
waitForMessage(TAKE_PICTURE);
StarMapShoot();
StarMapZipAndSend();

yield();

Program 1. StarMap Task

6.5. Compilation and Simulation

Once the ticket table is declared, the compiler is executed
in wceTmode. The compilation provides the worst case ex-
ecution times and time constraints for each task. Given the
system’s scheduling algorithm, the developer can simulate
the task’s schedule and identify the maximum possible idle
time. The maximal idle time must be long enough to con-
tain all tasks’'wCETs values, otherwise not all of the non-

periodic tasks will be scheduled. Table 2 presents the calcu-

latedwCETs given by our modified compiler.

Task WCET [ms]
StarMap 8
SETI 9

Table 2. Tasks’ WCETs

The compiler can also provide theceTs for specific

Task.Method
StarMap.StarMapShoot()
StarMap.StarMapZipAndSend
SETI.Listen()

SETIL.Txhello()
SETl.analyze()

SETL.report()

Table 3. Methods’ WCETs

WCET [ms]
2

=}

AR DNNO®

6.6. Code Adjustments

As seen in Table 2, the “StarMapShoot” tasiCET is
8ms. Simulating the task set using an EDF algorithm shows
that the maximum idle time is 6ms thus the developer must
split this task. Generating th@ceTs for the methods that
are invoked by this task (see Table 3) enables the developer
to locate the appropriate splitting point. Program 2 shows
the modified source code that allows the system to meet the
scheduling requirements. Section 7 presents a way to to use
a dedicated CATS compiler directive, to allow the sched-
uler to optimize the schedule by deciding at runtime where
to split the tasks.

void StarMap() {

/I endless loop

while (TRUE) {
waitForMessage(TAKE_PICTURE);
StarMapShoot();
yield(); // this is the split-point
StarMapZipAndSend();
yield();

}
Program 2. Modified StarMap Task

6.7. Runtime Schedule Comparison

The Space Shuttle system has been fully implemented
and was executed twice. First, by a non-preemptive EDF
scheduler, and later by the CATS enhanced EDF scheduler.
The first execution is given in Figure 5 and the second one is
presented in Figure 6. The figure’s x-axis presents the time,

methods according to the developer preferences as showil Milliseconds, where the y-axis shows the name of each

in Table 3.

6 Invoking waitForMessage API.

task (with itswcCEeT in parenthesis) and its execution time
ranges (as filled rectangles).

Comparing the execution time ranges for thee task
in the two graphs clearly shows that the CPU utilization of
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Figure 5. EDF Schedule Figure 6. CATS enhanced EDF Schedule

the CATS enhanced algorithm has been increased. NumeriCATS is 10.83m.s with standard deviation of.51m.s ver-
cally, for plain EDF, theDbLE task has been executgl6% sus22.86ms and 18.87ms using EDF (a53% decrease in

of the time, yielding a CPU utilization df1.4%. For the  the average waiting time). For the StarMap task, the val-
CATS enhanced algorithm, theLE task ranl4.7% ofthe  yes are11.23ms and5.78ms agains6.03ms and2.54ms

time corresponding t85.2% CPU utilization, an increase (57% decrease in the average Waiting t|me)
of 20% in the system’s throughput.
We have also compared the tasks’ response times. Fig- _ _
ure 7(a) and Figure 7(b) show a sequence of invocation/. Discussion
times for each task measured from the system’s start time.
The x-axis shows the number of invocations where the The proposed CATS algorithm shows that one can signif-
y-axis presents the time when the specific invocation oc- icantly improve the system performance by better utilizing
curred. The graphs clearly show that the response times fothe available idle times. Compiler Aided Ticket Schedul-
the non-periodic tasks using the CATS enhanced scheduleing tickets can be easily integrated into any existing non-
are improved. preemptive scheduler and enable it to produce finer-grained
Regarding the response times, of plain EDF and CATS- schedules.
enhanced schedulers respectively, calculations show thatfor Previous solutions for such non-preemptive envi-
periodic tasks, the average response time is approximatelyronments usually split the tasks by introducing multi-
the same {.37ms vs. 1.33ms with standard deviation of ple yields. This technique decreases the task=T but
2.49ms vs 2.39ms). Thus, the improved response for the has several disadvantages. First, there is a trade-off be-
non-periodic tasks didn’t affect the response time for the tween the number of yields and the overhead of the context
periodic tasks. switch. Second, task-splitting has been already identi-
The response times, in-between invocations, for thefied as a major development problem - as sometimes
non-periodic tasks are presented in Figure 7(c) and Fig-it is impossible to split a task. Last, even if the result-
ure 7(b). For the SETI task, the average response time usingng WCET is lower it is still fixed throughout the system
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Figure 7. Non-Periodic Tasks’ Responsive-
ness

execution. SmallewcEeTs that may result from differ-
ent execution flows are never tracked and utilized.

There is also an increased flexibility in the scheduling of

periodic tasks. The CATS scheduling algorithm schedules a [g]

task at the earliest possible time slot after its release time.

However, sometimes it is possible to postpone the task’s ac-

10

tual activation while still keeping its deadlines intact. This
observation becomes useful in the following scenario. As-
sume that prior to the release time of any available peri-
odic task there is a slack time that cannot be used effec-
tively by any non-periodic task. If, in addition, there is an
expected slack time following the scheduling of the next pe-
riodic task, then the current slack time can be increased by
delaying the execution of the next period task. The informa-
tion can be found by studying the tickets of the next avail-
able periodic task and those right after it. Despite the fact
that checking all combinations of future periodic tasks is in-
feasible, some first order approximation for the worse case
can be considered at runtime.

8. Future Work

An important topic for future work is considering a sys-
tem with multiple processors. It would be interesting to aug-
ment the ticket with CPU specific annotations and to use
them in the scheduling algorithm.

Another potential enhancement of the algorithm involves
the ability to dynamically modify the attributes of the task.
For example, a periodic task can use an API to modify its
period or to become a non-periodic task, and vice versa.
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