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Abstract

A key challenge in designing realtime systems for non-
preemptive architectures is the timely guarantee of the exe-
cution of periodic tasks, together with non-periodic tasks.
The main challenge of scheduling tasks in such systems
results from the conflict between the requirement to exe-
cute periodic tasks at specific time intervals, versus the re-
quirement to yield the CPU to non-periodic tasks. The non-
periodic tasks may not relinquish the CPU, thus jeopar-
dizing the periodic tasks deadlines. This paper describes
a technique that can be used by any given non-preemptive
scheduler in order to produce a finer-grained schedule for
the system task set. The technique increases the CPU uti-
lization and improves the overall system performance. Com-
piler Aided Ticket Scheduling (CATS), provides compiler
generated primitives that are used by the scheduler at run-
time, allowing it to better decide about which task to run
next. The enhanced scheduler remains “safe” in the sense
that the chosen task is guaranteed to yield the processor
before the next periodic task must be executed. This paper
also proposes a programming model which enables the de-
veloper to systematically tune the embedded system tasks to
meet the scheduling requirements.

1. Introduction

A typical requirement of Real Time Operating Systems
(RTOS) is scheduling a set of tasks (on a single or multi-
ple processor) so that each task completes execution before
a specified deadline. Many realtime embedded systems use
non-preemptive architectures in order to decrease the over-
head introduced by interrupting the CPU. Although these
architectures decrease the complexity of writing an RTOS,
they require extra care in scheduling tasks of arbitrary ex-
ecution time. By carefully designing the tasks’ periods, a
developer can guarantee that the CPU will be available for
any periodic task on time, when such a schedule is feasi-
ble. However, integrating non-periodic tasks may cause the

system to fail to meet its guarantees. Note that even if non-
periodic tasks have a known bound on their worse case exe-
cution time, scheduling them may yield a low CPU utiliza-
tion. The reason is that algorithms that use a static worst
case execution time (which is fixed throughout the life of
the task) for non-periodic tasks, do not take into consider-
ation the runtime behavior of the task. A task usually con-
tains several execution paths with different execution times.
Denote the worst case execution time among these differ-
ent execution paths as a task’sglobal execution time. Thus
providing the scheduler with the global execution time re-
duces the knowledge required by the scheduler to produce
fine grained schedule. Even when a task relinquishes the
CPU before its global execution time, the scheduler may
only schedule a non-periodic task that its global execution
time fits into the remaining time. The remaining time may
be lower than the smallest global time of all the schedula-
ble tasks but may still be longer than the “dynamic” worst
case execution time which is determined by the current ex-
ecution paths of the tasks.

This paper proposes a technique for enhancing a non-
preemptive scheduler, using compiler generated primitives.
A scheduler that utilizes these primitives can produce fine-
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-
hancement that augments this algorithm by introducing the
capability to schedule additionalnon-periodic tasks. Our
methodology introduces a compiler generated primitive,
called a “ticket”. The compiler generates asingleticket per
task. The ticket’s data is modified whenever a task yields the
processor so a single ticket is recycled throughout the task’s
execution. These tickets are used by the scheduler at run-
time to decide which task to schedule for execution.

The non-periodic tasks arelogically divided into seg-
ments using predefined execution commands that are either
explicitly indicated by the programmer, or implicitly identi-
fied by the compiler. An example of such a command is the
invocation of a blocking I/O operation. The ticket associ-
ated with that task is updated at runtime at each such execu-



tion command to include the information regarding thenext
segment. This way the scheduler knows theWorst Case Ex-
ecution Time(WCET) of the next segment of a non-periodic
task and can decide at runtime whether to allocate the CPU
to that task at a given time. Note that the next segment’s
WCET (henceforth termed as thedynamicWCET) is not nec-
essarily equals to the global execution time. The dynamic
WCET is calculated from the current executed opcode to the
next yield operation.

Typically, off-line tools are used in order to determine the
WCET of non-periodic tasks. These tools can only consider
the longest task segment, since they do not have any in-
formation about the actual control-flow of the non-periodic
tasks. Thus, the resulting schedule is a non-optimal one.
The actual runtime of the tasks is typically shorter than
their calculatedWCET, allowing for greater flexibility in the
scheduling of non-periodic task segments. CATS enables
this by providing the scheduler with theWCET of each task
segment that is ready to run.

The programming model proposed, includes methodol-
ogy by which the developer can declare the task set, its as-
sociated tickets and a systematic way to refine the segments
in order to improve the efficiency of the resulting sched-
ule. For example, the programmer can improve the response
time of non-periodic tasks. We also discuss ways to do that
dynamically at runtime.

The remainder of this paper is composed of seven ma-
jor sections. Section 2 presents a common scheduling algo-
rithm for non preemptive systems, calledCyclic Executive.
In addition we also present some of the tools (and their lim-
itations) available for realtime developers. Section 4 gives
the necessary terms and definitions relevant for scheduling
algorithms in general and for this work in particular. This
section also provides some background in compilation tech-
niques that are utilized in this algorithm. Section 5 presents
the scheduling algorithm and explores some optional op-
timizations. Section 6 presents some experimental results,
and Section 7 concludes with the current status and future
work.

2. Related Work

Most of today’s realtime development fornon-
preemptiveenvironment uses static schedulers that must
be carefully tuned in order to obtain a schedule of the sys-
tem’s tasks. The deterministic behavior of such schedulers
guarantees a great level of control, trace and debug capa-
bilities. However, such static schedulers often result in a
slow design process and difficult maintenance of the sys-
tem upon minor changes. For example, a modification of
a task’s code may often result in the need to adjust the en-
tire task set.

2.1. Cyclic Executive

The cyclic executive model has been used in many real-
time systems [4, 5] and can be easily adapted tonon-
preemptiveenvironments. A cyclic executive is a supervi-
sory control program (or executive) that invokes the appli-
cation’s tasks of a real-time system, based on a cyclic sched-
ule. The schedule is constructed during the system design
phase and is repeatedly executed throughout the lifetime of
the system.

The schedule consists of a sequence of actions to be
taken (or subroutine calls to be made) along with a fixed
specification of the timing for the actions. Since virtually
all of the scheduling decisions are made at system design
time, the executive is very efficient and very predictable.
Although the cyclic executive model has been used in many
real-time systems, there is no common approach. Each sys-
tem is built using ad hoc techniques tuned for the specific
application domain. Baker and Shaw take a formal approach
to define the cyclic executive model, and they present a
detailed analysis of the issues and problems with the ap-
proach [3].

The cyclic executive provides a practical means for ex-
ecuting a cyclic schedule, but the model does not specify
how the schedule is constructed. The cyclic schedule is a
timed sequence of computations which is to be repeated in-
definitely, in a cyclic manner. This cyclic schedule is also
known as the major schedule and the duration of the major
schedule is called themajor cycle. The major schedule is di-
vided into minor schedules of equal duration, and the dura-
tion of these minor schedules is called theminor cycle. The
minor schedules are also known asframes. The timing of
the computations in the cyclic schedule is derived from the
timing of the frames. The individual frames are designed to
execute for at most the duration of the minor cycle, but if the
execution of a frame exceeds the minor cycle, aframe over-
run is said to occur. Frame overruns may be handled in a
number of different ways, but the point here is that the tim-
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.

The primary advantages of the cyclic executive approach
are its efficiency, simplicity (design and implementation)
and predicability. It is efficient because scheduling deci-
sions are made offline during the design process rather than
during runtime. Thus context switching between tasks is
very fast. Context switches may be embedded in compiler-
generated code or they may be specified by a table associ-
ated with the current major schedule and frame. Resource
constraints and precedence constraints can also be embed-
ded in the pre-computed schedule, so no overhead is in-
curred at runtime for synchronization. The timing of the
schedule is easily verified at runtime by checking for frame
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overruns, but as long as the execution times of the frames
were measured accurately during the design phase, the be-
havior of the system is predictable.

There are three areas where problems arise with the
cyclic executive model: design, runtime and maintenance.
In the design process, scheduling and task-splitting were
already identified as problem areas. Handling frame over-
runs is another area where there are many choices that must
be evaluated during design. These include policies such
as immediate termination of the frame, suspension of the
frame for later background processing, or continuation of
the frame at the expense of the following frame.

System maintenance is regarded as the worst prob-
lem [10]. It is complicated by the fact that the code may
reflect job splitting and sequencing details of the sched-
ule. Organization of the code around timing character-
istics instead of around functional lines makes it that
much more difficult to modify. This lack of “separa-
tion of concerns” can make program modifications very
difficult.

At runtime, the system is somewhat inflexible. It can-
not generally adapt to a dynamically changing environment,
even for fine-grain changes. Runtime efficiency may suffer
in cases where the set of tasks comprising a frame were al-
ready ran and the minor cycle has remaining time (i.e. it is
not fully utilized). Using a globalWCET increases the inter-
nal fragmentation in the minor cycle and may result in sig-
nificant unusable idle time. Compiler Aided Ticket Schedul-
ing enable better utilization of the minor cycles by consid-
ering finer-grained execution times which change according
to the task’s execution flow (i.e., the dynamicWCET).

2.2. Realtime Development ToolBox

There are few realtime tools that can help the developer
or system designer tune the system. The most common use-
ful tools are schedule simulators [7, 6, 13] and worst case
execution time estimators [14, 15, 19].

2.2.1. Simulators
The usefulness of computer system simulation was recog-

nized long time ago. Program execution can be simulated on
many different abstraction levels. The usefulness of a sim-
ulator is limited by the accuracy of the model it provides.
As the hardware complexity increase, it become more dif-
ficult to build complete system simulators providing useful
timing models.

Most of the simulation tools provide a unique descrip-
tion language. This language is used by the developer to
write the specific scheduler algorithm and task requirements
(such as task execution times, priorities, periods, etc.). Af-
ter the simulator is executed, the developer can determine
if, under the given constraints, the task set can be sched-
uled or not. The usefulness of simulators is limited to small

systems, where the model corresponds well to the real sys-
tem.

2.2.2. WCET Estimators
Determining the worst case execution time is a prerequi-

site for most realtime analysis. One method for calculating
the WCET is to trace the execution time for a given task on
the real target device while creating the “worst-case” con-
ditions. Although this technique is very accurate, in most
cases it is impractical to perform.

Another common way to calculate theWCET is the use
of estimators. Estimators are simulation complement tools
that help the developer to calculateWCET for a task. In
order for aWCET estimator to determine theWCET of a
task, it usually computes the longest path on a directed and
weighted graph representation of the programs control-flow.
The nodes of the graph represent the basic task’s blocks,
while the edges represent the feasible paths. Each edge is
weighted with the length (number of cycles) of the previ-
ous basic block. TheWCET corresponds to the longest path
of the graph.

The aim of most estimators is to provide the tightest
bound to the worst case execution time. The major obsta-
cle for predicting execution time on modern hardware is the
use of caches. Caches improve overall throughput perfor-
mance, but execution time prediction becomes very hard. A
memory access operation resulting in a cache miss slows
down the access operation by orders of magnitude. Thus,
unless cache contents are known, predicted worst case exe-
cution time will be much higher than the average case. For
programs with small data sets, however, it is feasible to pre-
dict cache contents, thus decreasing worst case execution
time estimation significantly. Mueller et al. uses a technique
called static cache simulation [17]. In this work, the con-
trol flow of a program is analyzed and fed to a cache sys-
tem simulator. Prior to executing the program, a simulation
of the cache is made. It turns out that a majority of the re-
sults of cache lookups may be accurately predicted in ad-
vance. Thus, it is possible to predict worst-case and best-
case execution times with respect to memory hazards. The
work of [20] and [19] calculate theWCET while consider-
ing modern hardware architectures that utilize pipelined ex-
ecution for improving their performance. Other work in this
field, such as [9, 14], tries to minimize or totally disregard
the need for direct interaction with the developer (for exam-
ple, when infinite loops exist in the code).

The current paper does not assume a specificWCET al-
gorithm, thus a diversity of algorithms can be used and the
one that gives the best estimations can be chosen.

3. Motivation

The motivation for this work came from the observa-
tion that the inherent limitation of simulation tools and es-
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timators is that they provide off-line rather than runtime in-
formation. These toolsdo not incorporate their results into
the system runtime in order to produce an efficient running
schedule.

This paper’s contribution is in the integration of the ticket
primitive resulting from the compilation process and its run-
time usage byany task scheduler. The ticket contains the
dynamicWCET which is theWCET of the next segment of
a task. The use of such a fine-grainedWCETs increases the
scheduling algorithm flexibility. It increases the size of the
“ready to run” task set from which the scheduler chooses
the next task for execution.

4. System Model

4.1. Assumptions

Our model assumes that the periodic tasks are schedu-
able and a non-preemptive scheduling algorithm schedules
them. We do not enforce a specific scheduling algorithm.

We also assume that all tasks run on a single processor
and that tasks are independent in the sense that any task
does not block a periodic task, even though non-periodic
tasks might block each other.

4.2. Definitions

In this section the necessary terms and definitions for the
rest of the paper are defined. These definitions supplement
the definitions in [12, 11].

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 produces
a schedule). This paper is restricted to non-preemptive
scheduling, in which a scheduled task cannot be inter-
rupted until it releases the CPU.

A task systemT = {T1, · · · , Tn}, where each taskTi is
released periodically, is called aperiodic task system. Each
taskTi is defined by a tuple1 (ei, di, pi, si), whereei is the
upper bound on the task’s execution time,si is the first time
at which the task is ready to run (also known as the start
time), di is the deadline to complete the tasks once it is
ready to run, andpi is the interval between two successive
releases of the task (see Figure 1). Thus, a taskTi is first re-
leased atsi and periodically it is released everypi. After
each periodic release, at some timet, the task should be al-
locatedei time units before deadlinet + di.

A synchronous task systemis a complete periodic task
system in which all tasks are started and ready to run at time
zero (si = 0). A non-periodictask is a task that is released

1 Note that a task system with given tasks’ start times is called acom-
plete task system.
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Task i attributes: {s=1,d=p=10,e=4}
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t=Si+Ei

last time to schedule
(deadline=21)

Figure 1. A Periodic Task’s Characteristics

occasionally, and at each invocation, that task may require
a different execution time. Ahybrid task systemis a system
that contains both periodic and non-periodic tasks. In this
paper we will focus on hybrid task systems in which the pe-
riodic tasks are synchronous. To differentiate between the
periodic and non-periodic tasks, a periodic task will be de-
noted asT̃ .

This paper presents an algorithm that assumes that for
each periodic task,di = pi. To represent the runtime in-
stance of a task the notion of aticket of a task is intro-
duced. A ticket of a periodic task,̃Ti is defined as the tuple
(ei, pi, P ri), whereei andpi are the execution and the pe-
riod of the task, andPri is the task’s priority. This assumes
that any type of task scheduler used by the RTOS can be ex-
tended using this ticket. The ticket of a non-periodic task,
Tj , is (ej , P rj).

4.3. EDF Related Definitions

In this paper we have chosen the non-preemptive “Earli-
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.

In the EDF algorithm the task with the earliest deadline
is chosen for execution. In the non-preemptive version of
EDF, the task runs to completion. Among tasks with the
same deadlines, tasks with higher priority are given prefer-
ence. It has been proven in [12] that the non-preemptive ver-
sion of EDF algorithm is optimal, in the sense that if a set
of tasks is scheduable, it is also scheduable using EDF.

For the implementation of the EDF scheduling algorithm
the programmer should extend the ticket of a periodic task
T̃ to be(e, p, Nr, Nd, Pr), where the additional fieldsNr
andNd are the next release time of the task, and the latest
time by which the task should begin its execution in order
to meet its deadline requirement, respectively.
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4.4. Compilation Revisited

This section defines the fundamental elements of compi-
lation theory. The general termtranslator denotes any lan-
guage processor that accepts programs in somesource lan-
guageas input and produces functionally equivalent pro-
grams in anotherobject languageas output. Acompiler
is a translator whose source language is a high-level lan-
guage and whose object language is close to the machine
language of an actual computer, either being an assembly
language or some variety of machine language. Aruntime
(or execution-time) operation runs during program execu-
tion. A compile-time(or translation-time) operation runs
during program translation and prior to program execution.
Control flow analysisis the process that enables us to repre-
sent the flow of execution of a program as a graph. A con-
trol flow analysis produces aControl Flow Graph(CFG)
that consists of nodes and edges. Each node represents a ba-
sic block and each edge represents a flow between blocks. A
basic blockis a series of instructions that always run in se-
quence meaning no single instruction in a block will ever
be executed without the others. The graph is used in many
analysis and optimization steps in modern compilers. There
are a few algorithms to construct a CFG. The simplest and
probably the most known algorithm can be found in Aho et
al. [2].

4.5. CATS Compiler

Compile-time information can be useful in a variety of
applications. CATS algorithm uses several compile-time
techniques, which provide valuable information that can be
used at runtime.

The developer uses CATS specific compiler directives in
order to define the system’s tasks and tickets. The compiler
relates to these tickets as simple data structures in which it
can store the calculatedWCETs.

The compiler uses the CFG in order to calculate the
WCET of the periodic and non-periodic tasks. Typical peri-
odic tasks are comprised of a single calculatedWCET, while
non-periodic tasks may be comprised of a set ofWCETs. In
our context, aWCET is defined as the worst case execution
time between two successive yields (i.e., a dynamicWCET).

The ability of a compiler to modify the developer’s
code, at predefined places, is also utilized. By modifying
the code, the ticket primitive is maintained automatically.
CATS enhanced compiler updates the ticket with the task’s
next WCET prior to eachyield invocation. This technique
also eliminates the need to introduce a complicated run-
time structure which contains all theWCETs of a given non-
periodic task. Asingle ticket is recycled to represent the
next task segmentWCET at runtime.

5. CATS Enhanced Scheduler

This section presents the way a scheduler can utilize the
compiler generated tickets in order to improve the schedu-
lablity of the hybrid task set. An EDF scheduling will be
used as an example, though the same principles can be ap-
plied to a variety of other schedulers.

5.1. Scheduler Algorithm

The algorithm is designed for a non-preemptive environ-
ment. As such, every task is assumed to explicitly relinquish
the CPU to enable other tasks to run. This is done using
a well-known interface provided by the OS. Usually, this
is done via theYield() system call. Thus, whenever a task
yields the CPU, it actually invokes the task scheduling al-
gorithm. This section discusses the CATS enhancements for
the task scheduling algorithm.

The task scheduling algorithm receives as an input a set
of tasks and their tickets. The algorithm is invoked when-
ever a task relinquishes the CPU. Whenever the input is
comprised of a set of periodic tasks, the scheduling algo-
rithm results in the same schedule as the classical EDF .
However, when the task set is hybrid, and the EDF sched-
uler selects theIDLE task (i.e., no periodic task is ready
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.

Figure 2 presents the main logic behind the scheduling
algorithm that is invoked by theYield() function call. Part
I of the algorithm starts with the classical EDF algorithm.
The algorithm selects the next periodic taskTnext which has
the earliest deadline among all periodic tasks that are ready
to run.

Part II of the algorithm is invoked when no periodic task
is ready to run. The algorithm uses the tickets of the non-
periodic tasks in order to select the next task to run. The
chosen task should be able to run without jeopardizing the
deadline of the next (earliest) periodic task. The scheduler
considers the subset of non-periodical tasks that are ready to
run, such that their next execution time is smaller than the
slack time (the time until the next periodic task is ready).
Among such tasks, the algorithm can use various criteria to
pick the next task to be scheduled. For instance, one can use
the algorithm in [21] which chooses a set of tasks that min-
imizes the remaining slack time. Any such algorithm would
use the next execution time (WCET) of the tasks listed in
their tickets. When there is no suitable task for execution,
the IDLE task is invoked until the next periodic task is ready
to run (part III).

Notice that the scheduling algorithm strives to schedule
non-periodic tasks whenever there is an available time slot
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Yield() called from task Tk:

I: Tnext = {T̃i|T̃i.Nd = min(T̃j .Nd|T̃j .Nr ≥ t)};

/* If no periodic task is ready, then
choose from the non-periodic tasks */

II: if ( Tnext = NULL)
SlackT ime = duration until next

periodic task is ready;
/* Pick the next non-periodic task
that will run at most ’SlackTime’
time units */
Tnext = PickNonPeriodicTask(SlackT ime);

/* if no task is ready, the Idle task
will run for the time duration until
the next periodic task is ready */

III: if ( Tnext = NULL)
Tnext = Idle Task(Timeout)

SwitchTo( Tnext);

Figure 2. EDF Enhanced with CATS

in the schedule. Available time slots may exist between peri-
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-
uled by CATS-enhanced EDF scheduler is identical to the
sequence produced by EDF. The same argument holds for
any task scheduler that is enhanced by CATS.

5.2. Programming Model

The programming model which utilizes the compiler
generated tickets provides the syntax for declaring the tasks
and their associated tickets. The development process com-
prised of the following facets:

• Tasks Declaration. Declare tasks and tickets table.
State periodic and non-periodic tasks, define priorities
and periods for periodic tasks in the tasks table. The
compiler uses the information provided by this table to
update the tickets with the tasks’WCETs.

• Code Writing. Write the system’s code, including the
periodic and non-periodic tasks. The initial code writ-
ing can be done with minimal consideration of timing
demands or scheduling decisions.

• Compilation and Simulation. Compile the source
code in order to get the calculatedWCET for each task
segment2. By using a simulation tool (as a stand alone
tool or as a part of the compilation process) the de-
veloper can identify the maximalIDLE time provided

2 We have defined the flag “–wcet” for this purpose.

by a specific scheduling algorithm3. The values of the
WCETs must be less than the maximal idle time, other-
wise not all non-periodic tasks will be scheduled.

• Code Adjustments. Iteratively use the simula-
tion phase until all tasks requirements are fulfilled.
Changing the tasks’ periods or splitting them into sev-
eral segments (by calling yield) will usually do the
work.

6. Experimental Results

In order to validate and demonstrate CATS capabilities,
we have designed and implemented a realtime system that
utilizes CATS. The example is a based on a conceptual
model of a space shuttle embedded system [18]. The task set
is executed on the space shuttle, which is controlled from
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-
ing a scheduable realtime system.

6.1. Environment

Our system is running on dual MIPS R4000-based pro-
cessors4 which share access to an external RAM. Figure 3
shows a block diagram of the hardware.

Scratch
Pad CPU A

Scratch
PadCPU B

Memory
Bus

Arbiter

External
RAM

MAC

Read
DMA

Write
DMA

PCI
Interface

Memory Bus

The Tigon Chipset

PCI Full-Duplex
Gigabit Ethernet

Figure 3. System’s Architecture

3 We envision the integration of such a scheduling algorithm into the
compiler as a plug-in.

4 This work applies only to scheduling on a single processor
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The system does not provide a CPU interrupt mechanism
thus making it suitable for implementing a non-preemptive
system. The motivation behind such architectures is to in-
crease the runtime performance by lowering the overhead
imposed by interrupting the CPU each time an external
event is triggered. Further, on a single processor the need for
synchronization and its associated overhead is eliminated.

Our operating system is a modified version of NICOS,
a lightweight non-preemptive Network Interface Card OS,
which we have previously developed [1]. NICOS schedul-
ing algorithm uses a CATS enhanced version of the non-
preemptive “Earliest Deadline First (EDF)” [16, 8] algo-
rithm.

We have also modified the compiler5 to use a naive
WCET algorithm which counts the number of op-codes be-
tween two yields and multiplies it by the maximum execu-
tion time of the longest op-code.

6.2. System Description

The Space Shuttle uses a complex set of software and
hardware modules to perform the data processing necessary
for guidance, navigation, and control; payload handling and
management; and performance monitoring functions. The
Space Shuttle is controlled from the ground-station.

The shuttle system has the following requirements:

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

• The Shuttle executes a telemetry process. The teleme-
try process involves grouping measurements (such
as pressure, speed, and temperature) and transmit-
ting them back to the ground station.

• The ground station periodically sends “keep-alive”
messages to the shuttle. If the shuttle does not re-
ceive at least one “keep-alive” forδ time units, it
self-destructs.

• The shuttle should take a photograph whenever pos-
sible at its current orbit location. The shuttle pho-
tographs the image, compresses it and then sends it
back to the base-station.

• In addition, there is a background requirement: the
shuttle should contribute to the SETI (Search for Ex-
traterrestrial Intelligence) effort. Whenever possible it
should transmit a message and process the received
signals.

5 gcc version 2.95

6.3. Tasks Requirements and Declaration

A task is assigned for each of the above requirements.
The tasks are divided to periodic tasks (self-status, telemet-
ric and keep-alive) and non-periodic tasks (StarMap and
SETI). Each task is assigned its specific timing constrains.

Id Task Name Period [ms] Priority
1 Keep Alive 10 5
2 Self Status 15 4
3 Telemetric 30 4
4 StarMap 2
5 SETI 1

Table 1. Tasks’ Timing Constrains

Table 1 describes the timing requirements of these tasks.
Note that tasks 1,2 and 3 are periodic while tasks 4 and 5
are non-periodic. The CATS corresponding tickets for these
tasks are derived from the table. The resulting tickets are
presented in Figure 4.

DECLARE_TICKET_TABLE(NUM_TICKETS)
// (Method,Name,Period,Priority)
PERIODIC_TICKET(keepAlive,

"keep-alive",10,5),

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

PERIODIC_TICKET(send_telemetric_data,
"telemetric",30,4),

// (Method,Name,Priority)
APERIODIC_TICKET(StarMap,

"StarMap",2),

APERIODIC_TICKET(SETI,"SETI",1)

END_TICKET_TABLE;

Figure 4. Declaring Tickets for The Shuttle
Tasks

6.4. Code Writing

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
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the queue6, 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 StarMap task, 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) {

// 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 WCET mode. 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 theWCETs for specific
methods according to the developer preferences as shown
in Table 3.

6 Invoking waitForMessage API.

Task.Method WCET [ms]
StarMap.StarMapShoot() 2
StarMap.StarMapZipAndSend() 6
SETI.Listen() 2
SETI.Tx hello() 2
SETI.analyze() 1
SETI.report() 4

Table 3. Methods’ WCETs

6.6. Code Adjustments

As seen in Table 2, the “StarMapShoot” taskWCET 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 theWCETs 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() {

// 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,
in milliseconds, where the y-axis shows the name of each
task (with itsWCET in parenthesis) and its execution time
ranges (as filled rectangles).

Comparing the execution time ranges for theIDLE task
in the two graphs clearly shows that the CPU utilization of

8
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Figure 5. EDF Schedule

the CATS enhanced algorithm has been increased. Numeri-
cally, for plain EDF, theIDLE task has been executed28.6%
of the time, yielding a CPU utilization of71.4%. For the
CATS enhanced algorithm, theIDLE task ran14.7% of the
time corresponding to85.2% CPU utilization, an increase
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
times for each task measured from the system’s start time.
The x-axis shows the number of invocations where the
y-axis presents the time when the specific invocation oc-
curred. The graphs clearly show that the response times for
the non-periodic tasks using the CATS enhanced scheduler
are improved.

Regarding the response times, of plain EDF and CATS-
enhanced schedulers respectively, calculations show that for
periodic tasks, the average response time is approximately
the same (1.37ms vs. 1.33ms with standard deviation of
2.49ms vs 2.39ms). Thus, the improved response for the
non-periodic tasks didn’t affect the response time for the
periodic tasks.

The response times, in-between invocations, for the
non-periodic tasks are presented in Figure 7(c) and Fig-
ure 7(b). For the SETI task, the average response time using
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Figure 6. CATS enhanced EDF Schedule

CATS is 10.83ms with standard deviation of8.51ms ver-
sus22.86ms and18.87ms using EDF (a53% decrease in
the average waiting time). For the StarMap task, the val-
ues are:11.23ms and5.78ms against26.03ms and2.54ms
(57% decrease in the average waiting time).

7. Discussion

The proposed CATS algorithm shows that one can signif-
icantly improve the system performance by better utilizing
the available idle times. Compiler Aided Ticket Schedul-
ing tickets can be easily integrated into any existing non-
preemptive scheduler and enable it to produce finer-grained
schedules.

Previous solutions for such non-preemptive envi-
ronments usually split the tasks by introducing multi-
ple yields. This technique decreases the task’sWCET but
has several disadvantages. First, there is a trade-off be-
tween the number of yields and the overhead of the context
switch. Second, task-splitting has been already identi-
fied as a major development problem - as sometimes
it is impossible to split a task. Last, even if the result-
ing WCET is lower it is still fixed throughout the system

9
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Figure 7. Non-Periodic Tasks’ Responsive-
ness

execution. SmallerWCETs 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
task at the earliest possible time slot after its release time.
However, sometimes it is possible to postpone the task’s ac-

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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