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Abstract—We propose FIT, a flexible, lightweight, and real-time scheduling system for wireless sensor platforms. There are three
salient features of FIT. First, its two-tier hierarchical framework supports customizable application-specific scheduling policies, hence,
FIT is very flexible. Second, FIT is lightweight in terms of minimizing the thread number to reduce preemptions and memory
consumption while at the same time ensuring system schedulability. We propose a novel Minimum Thread Scheduling Policy (MTSP)
exploration algorithm within FIT to achieve this goal. Finally, FIT provides a detailed real-time schedulability analysis method to help
check if application’s temporal requirements can be met. We implemented FIT on MicaZ motes and carried out extensive evaluations.
Results demonstrate that FIT is indeed flexible and lightweight for implementing real-time applications, at the same time, the
schedulability analysis provided can predict the real-time behavior. FIT is a promising scheduling system for implementing complex

real-time applications in sensor networks.

Index Terms—Real-time and embedded systems, hierarchical design, scheduling, wireless sensor networks.

1 INTRODUCTION

RECENTLY, Wireless Sensor Networks (WSNs) have seen
an explosive growth in both academia and industry [1],
[2], [3], [4], [5]. They have received significant attention and
are envisioned to support a variety of applications includ-
ing military surveillance, habitat monitoring, and infra-
structure protection, etc.

A WOSN typically consists of a large number of micro-
sensor nodes that self-organize into a multihop wireless
network. As the complexities for real-world applications
(e.g., Redwoods [1], VigilNet [2], etc.) continue to grow,
infrastructural support for sensor network applications in
the form of system software is becoming increasingly
important. The limitation exhibited in sensor hardware and
the need to support increasingly complicated and diverse
applications have resulted in the need for sophisticated
system software. As a large portion of WSN applications is
real time in nature [6], a good real-time scheduling system
plays a central role in task processing on sensor nodes.

The first emerged sensornet OS, TinyOS [7], is especially
designed for resource-constrained sensor nodes. Because of
its simplicity in the event-based single-threaded scheduling
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policy, time-sensitive tasks cannot be handled gracefully in
conjunction with other complicated tasks (e.g., compres-
sion, aggregation, and signal processing, etc.), as task
preemption is not natively supported. Thus, as a program-
ming hack, a long task usually has to be manually split into
smaller subtasks to ensure the temporal correctness of the
whole system to be met. Otherwise, a critical task could be
blocked for too long, hence miss its deadline. Two other
notable similar OSs, Contiki [8] and SOS [9], both fall into
the same category.

As an alternative solution, Mantis OS [10] borrows time-
sliced multithreaded scheduling mechanism from tradi-
tional general-purpose OSs. It supports task preemption
and blocking I/Os, enabling microsensor nodes to natively
interleave complex tasks with time-sensitive tasks. How-
ever, Mantis OS is not very flexible and has a relative higher
overhead: making changes to its scheduling policy is not an
easy task, as the scheduling subsystem is tightly coupled
with other subsystems; time-sliced multithreaded schedul-
ing incurs a higher scheduling overhead because it requires
more memory to be reserved for thread management.

In this paper, we present a novel scheduling system,
FIT, for microsensor platforms. It is flexible through the
careful design of its two-tier hierarchical scheduling frame-
work. Under this framework, application programmers can
easily implement the most appropriate application-specific
scheduling policy by customizing the second-tier schedu-
lers. It is lightweight compared with Mantis OS, as it
minimizes the thread number to reduce memory consump-
tion while ensuring schedulability by exploiting the
Minimum Thread Scheduling Policy (MTSP) exploration
algorithm. In addition, FIT provides detailed real-time
schedulability analysis to help the designers to check if
application’s real-time temporal requirements can be met
under FIT’s system model.
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To validate FIT’s efficacy and efficiency, we implemen-
ted FIT on MicaZ motes and carried out extensive
evaluations. Our results show that FIT meets its design
objectives. It is flexible as a series of scheduling policies in
existing sensornet OSs can easily be incorporated into FIT’s
two-tier scheduling hierarchy (Section 9.1). It is lightweight
as it effectively reduces the running thread number by
using the MTSP exploration algorithm (Section 9.2). It is real
time as the schedulability analysis is conducted in the MTSP
exploration algorithm, thus, real-time guarantees can be
achieved by employing the explored MTSP (Section 9.3). FIT
is a promising scheduling system for developing real-time
sensor network applications (e.g., real-time packet trans-
mission, real-time sensing, and processing, etc.).

The main contributions of this paper are summarized
as follows:

e  We incorporate two-tier hierarchical scheduling into
resource-constrained sensor nodes to improve sys-
tem flexibility and provide good customization of
different scheduling policies.

e We perform schedulability analysis of a task that
consists multiple run-to-completion jobs. This task
definition is more natural to a logical task that
contains not only CPU computing time but also
resource (i.e., I/O) access time. For this reason, our
schedulability analysis is better suited to sensor
nodes compared to traditional analysis.

o We employ MTSP to reduce the runtime overheads
of threading. To the best of our knowledge, no
existing sensornet OSs [11], [8], [9], [10], [12], [13],
[14] perform such detailed real-time schedulability
analysis and optimizations.

Compared with our preliminary version of this work

appeared in [15], this paper includes a number of important
extensions as follows:

e  We describe FIT’s implementation details.

e We prove MTSP’s optimality under direct mapping.

e We discuss the FIT’s extensibility to distributed

systems.

e We describe how we estimate task execution time

and I/O service time.

e We evaluate FIT in much more details with TinyOS

and Mantis OS.

The rest of this paper is organized as follows: Section 2
describes related work most pertinent to this paper. Section 3
gives an overview of the FIT scheduling system. Section 4
presents our flexible two-tier hierarchical scheduling frame-
work within FIT. Section 5 details the lightweight MTSP
exploration algorithm, which relies on the real-time schedul-
ability analysis presented in Section 6. Section 7 discusses
FIT’s extensibility to distributed systems. Section 8 intro-
duces FIT’s implementation, followed by Section 9 that
shows the evaluation results. Finally, we conclude the paper
and give future directions of work in Section 10.

2 RELATED WORK

FIT borrows heavily from three large areas of prior work:
hierarchical scheduling, task scheduling on sensor nodes,
and real-time scheduling.

2.1 Hierarchical Scheduling

Hierarchical scheduling techniques have been used in a
number of research projects to create flexible real-time
systems, such as PShED [16] and HLS [17]. These projects
proposed new hybrid algorithms that provide reservation-
like guarantees to real-time applications and collections of
applications in open environment, where task character-
istics are not always known in advance. While their work
focuses on general-purpose PCs in open environment, our
current work focuses on closed, static, deeply embedded
sensor nodes. Regehr et al. [18] describe and analyze the
hierarchical priority schedulers already present in essen-
tially all real-time and embedded systems while our current
work uses the design philosophy of hierarchical scheduling
to implement a two-tier flexible scheduling architecture on
resource-constrained sensor nodes.

2.2 Task Scheduling on Sensor Nodes
The event-driven scheme is commonly used in sensornet

OSs. TinyOS [7], SOS [9] both fall into this category. In
TinyOS, tasks are scheduled in an FIFO manner with a run-
to-completion semantic. Like TinyOS, the SOS [9] schedul-
ing policy is also nonpreemptive, and hence, cannot
provide good real-time guarantees. Mantis OS [10] uses a
different scheme. It supports time-sliced preemptive multi-
threading. Similar to Mantis OS, Nano-RK [12] provides
multithreading support and uses priority-based preemptive
scheduling. It performs static schedulability analysis to
provide real-time guarantees. However, as mentioned in
Section 1, they are not very flexible and still have a relative
higher overhead. A large body of work was also devoted to
improving the capability of task scheduling based on
TinyOS [18], [19], [20], [21].

FIT differs from most existing work in sensornet OSs in
many important ways. Its two-tier hierarchical framework
supports customizable application-specific scheduling po-
licies, hence, FIT is more flexible. FIT is also lightweight in
terms of effectively reducing the running thread number
while at the same time ensuring schedulability. Compared
with [12], we adopt an event-based programming style,
hence it has the opportunity to effectively reduce the
running thread number while ensuring schedulability.
Compared with [21], FIT automatically assigns tasks to
appropriate scheduling queues according to their temporal
requirements and provides detailed schedulability analysis.

2.3 Real-Time Scheduling

There is a large body of work devoted to real-time
scheduling [22], [23]. Priority mapping and Preemption
Threshold Scheduling (PTS) are the most pertinent ones to
our work.

Katcher et al. [24] proposed a method to find a best
mapping (i.e.,, with the least schedulability loss) given a
limited number of priority levels. Cayssials et al. [25]
proposed a method to minimize the priority levels. But they
did not present a formal priority assignment algorithm to
achieve this end. PTS was first proposed in [26] in order to
improve the system schedulability by exploiting non-
preemptiveness as well as reduce the runtime overhead.

Our current work is different from traditional priority
mapping in that each task has a two-dimensional priority
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Fig. 1. Design architecture of FIT.

(i.e., a global priority and a local priority). Within the same
global priority, we differentiate tasks by their local
priorities. Hence, with the same number of global priorities
(priority levels), there are possibilities that our MTSP
exploration algorithm generates feasible assignment that
those approaches cannot. We not only try to overlap the
global priorities (priority levels) but also try to overlap the
local priorities. Our work is also different from PTS as it has
no notion of preemption threshold, thus, priorities do not
change at runtime. Finally, our work is different from all the
above-mentioned ones since a task in FIT consists of
multiple jobs with run-to-completion semantics. We ana-
lyze schedulability for tasks instead of individual jobs and
take into account resource access time, hence, the analysis is
better suited to sensornet applications.

3 OVERVIEW OF FIT

In this section, we give a brief overview of the FIT
scheduling system. Details of FIT will be discussed in the
following sections.

A block diagram of our FIT scheduling system is shown
in Fig. 1. For applications developed under FIT, program-
mers write applications conforming to event-driven pro-
gramming style, i.e.,, run-to-completion semantics and
asynchronous I/Os are assumed. By employing Worst
Case Execution Time (WCET) estimation techniques [27],
[28], we can extract the (worst-case) job execution time and
the (worst-case) resource service time from the application
(see Section 8.2). These serve as FIT’s inputs, which are
depicted in the dashed boxes in Fig. 1. In order to attain
real-time guarantees, we should carry out schedulability
analysis under FIT, hence, task deadlines are also depicted
as input parameters. These three inputs provide applica-
tion-specific data to our system model (see Section 4.2),
which is built upon the two-tier scheduling hierarchy (see
Section 4.1) of FIT. Then our MTSP exploration algorithm
(see Section 5) analyzes the system model and generates the
MTSP for the application. The MTSP exploration algorithm
relies on real-time schedulability analysis (see Section 6).
The resulting MTSP is represented as a priority assignment
to each task. It will be further fed into our code generator
(see Section 8.4) which will finally generate the correspond-
ing source code to complete our scheduling system.

The two-tier scheduling hierarchy consists of a Global
Scheduler (GS) and Local Schedulers (LSs). The first-tier
scheduler GS is used to schedule the second-tier schedulers
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Fig. 2. Two-tier scheduling hierarchy. (a) GS and LSs. (b) An example
customization.

LSs. The GS schedules LSs in a preemptive fashion
according to the global priority assigned to each LS. The
second-tier scheduler LS is used to schedule tasks assigned
to it. An LS schedules tasks according to the local priority
assigned to each task. In FIT, the scheduling policy of an LS
must be in a nonpreemptive manner. Thus, each task can be
viewed as having two-dimensional priorities, i.e., a global
priority and a local priority. Each global priority corre-
sponds to an LS the task is assigned to, and, a task with a
higher global priority can always preempt a task with a
lower global priority. Within the same global priority, tasks
are differentiated by their local priorities. The correspond-
ing LS schedules them in a nonpreemptive manner. The
reason we select nonpreemptive scheduling policies for LSs
in the design is that they can save context switching time,
hence incur less overhead in the second-tier schedulers.
While the scheduling policy of the GS is fixed for all
applications, the number of LSs and each LS’s scheduling
policy will be customized according to different applications,
and, they are automatically generated by our code gen-
erator in our scheduling system.

4 FLEXIBLE TwoO-TIER HIERARCHICAL FRAMEWORK

Scheduling policies in current sensornet OSs are usually
difficult to customize. Taking TinyOS-1.x, for example, the
tight coupling of the FIFO scheduling policy and the nesC
programming language makes it hard, if not impossible, to
modify. A flexible scheduling framework is important for
easier customization of different scheduling policies. This
framework should cleanly separate from other components
in the system, and ideally, provide lower level scheduling
mechanisms (as libraries) to reduce the customization
overhead to application programmers. Another fact in
current sensornet OSs is that different scheduling policies
must be employed exclusively. However, application pro-
grammers sometimes need to extend the scheduling system
without affecting the current system behavior, thus, differ-
ent scheduling policies may need to coexist. We solve this
problem through decomposition of schedulers. We propose
a two-tier scheduling hierarchy to enhance FIT’s flexibility.

4.1 Two-Tier Scheduling Hierarchy

Our two-tier scheduling hierarchy as depicted in Fig. 2a
consists of two tiers of schedulers. The first-tier scheduler
GS is designed to schedule LSs. The global scheduling
policy employed by the GS is preemptive priority scheduling.
The GS schedules LSs according to their global priorities. The
second-tier schedulers LSs are designed to schedule
individual tasks. Each LS is implemented as one thread
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and has its own thread context. The local scheduling policy
employed by each LS is in a nonpreemptive manner. An LS
schedules tasks according to their local priorities. Inside the
LS, multiple tasks share a common thread context. The local
scheduling policy depends on the number of different local
priorities it needs to handle. If there is only one local
priority, then FIFO (as in TinyOS) is employed. If the
number of local priorities is a constant c that is lower than a
threshold, then ¢-FIFO (which manages ¢ FIFO queues of
different priorities) is employed. In practice, we select this
threshold as 3, similar to that used in the implementation of
SOS [9]. The reason is that when the number of local
priorities is small, using FIFOs will incur less overhead
compared with maintaining a dedicated priority queue.
When the number of local priorities is even larger, a priority
queue is maintained and Fixed Priority Scheduling (FPS) is
employed. The number of LSs and each LS’s scheduling
policy are customized for different applications.

Fig. 2b illustrates an example customization in our two-
tier scheduling hierarchy. In this and subsequent figures,
preemptive schedulers are in a bold oblique font; non-
preemptive schedulers in an oblique font, and nonscheduler
entities in the hierarchy are in the standard font. In this
example, the GS schedules two LSs (i.e., the FPS-LS and the
2-FIFO-LS) preemptively. The FPS-LS has a higher global
priority than the 2-FIFO-LS (which manages 2 FIFO queues
of different priorities). Thus, any task in the FPS-LS can
preempt tasks in the 2-FIFO-LS. The FPS-LS schedules tasks
assigned to it nonpreemptively with the FPS scheduling
policy. The 2-FIFO-LS has a local high-priority FIFO queue
as well as a local low-priority FIFO queue. It schedules tasks
in two priority levels and uses FIFO scheduling within one
priority level.

FIT’s two-tier hierarchical scheduling framework allows
each LS to adopt a different scheduling policy from other
LSs. An LS receives control of the CPU from the GS. Control
can be taken away from the currently running task and
given to the GS by the arrival of an interrupt. The GS then
passes control down to LSs. As the scheduling policy of the
GS is preemptive, it also does context switching if
necessary. Thus, the selected LS can take the opportunity
and dispatch tasks according to its own scheduling policy.
Different local scheduling policies can coexist (as illustrated
in Fig. 2b). We also implement low-level scheduling
mechanisms as libraries to further reduce the customization
overhead for application programmers.

4.2 System Model

We formally define the system model and notations in this
section, which will be used in the rest of the paper. As
discussed in Section 4.1, in FIT system, each task is assigned
a global priority and a local priority. A task with a higher
global priority can preempt a task with a lower global
priority. Tasks with the same global priority are scheduled
by the same LS within which they may have different local
priorities. An LS schedules tasks in a nonpreemptive
manner. Tasks with both the same global priority and local
priority are scheduled in an FIFO manner.

Whenever we say task A has a higher priority than task
B, we mean that either task A has a higher global priority
than task B or task A has a higher local priority than task B

when their global priorities are equal. Tasks A and B have
the same priority if and only if they have the same global
priority and local priority.

A task consists of several jobs written with a run-to-
completion semantic, i.e., they cannot suspend themselves.
The basic scheduling unit of our system is a job. Because I/Os
must be done in split phases, we assume request to be done at
the end of a job while signal invokes the start of the next job.
There is only one active job at any instant within a task.

We formally define the system model as follows. The
system I consists of a set of n tasks 71, ..., 7,. Each task 7; is
activated by a periodic sequence of events with period T;
and specified a deadline D;. A task 7; contains |7;| jobs and
each job may not be activated (released for execution) until
the request of the preceding job is signaled. We use J;; to
denote a job. The first subscript denotes which task the job
belongs to and the second subscript denotes the index of the
job within the task. A job J;; is characterized by a tuple of
(Cij, Bij, Gij, Lij). Cy; is the worst-case execution time and B;;
is the maximum blocking time to access the shared resource
requested by the preceding job. It is the time interval from
the completion of the preceding job and the start of the
current job. G;; is the global priority used and L;; is the local
priority used. The blocking time to access a shared resource,
B;j, consists of resource service time b;; and resource waiting
time b/;. The resource waiting time b/, is related to the specific
resource scheduling scheme employed.

To summarize, the system model is formally expressed as

I':= {(7_17 Dy, Tl>7 ) <Tm D,, T7L>}7
T +— {Jﬂ, ey J7|T,\}7
Jij == (Cij, Bij, Gij, Lyj).

We make the following assumptions:

o The task deadline is specified no longer than the task
period, ie., D; <T;.

e A good estimation of Cj; and b;; is available.

e All jobs within a task share the common period
(i.e., jobs within a task are periodic albeit written
with a run-to-completion semantic) and have the
same global priority and local priority, ie., Gi; =
Gi NLij=L;,V1 < j< |7l

For many practical WSN applications, aperiodic tasks

exist. Due to space limit, the schedulability analysis in this
paper primarily considers periodic tasks and we do not
include the discussion of aperiodic tasks in this paper.
Considering general aperiodic tasks in the schedulability
analysis is a hard problem. There are some recent advances
in this direction. Interested readers are referred to [29], [30],
[31] for details.

5 LIGHTWEIGHT MTSP EXPLORATION

In the previous section, we discussed the flexible two-tier
hierarchical scheduling framework that can facilitate
customizing different scheduling policies. In this section,
we propose a method to find appropriate scheduling
policies for a specific application. Specifically, we present
the MTSP exploration algorithm, which can effectively
reduce the running thread number while ensuring system
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schedulability. It is worth noting that we make a distinction
between thread and task. Task is from the perspective of
functionality while thread is from the perspective of
implementation. Thread has implementation and running
overhead, e.g., thread context switches, thread control
block, thread stack, etc. Traditional general-purpose OSs,
including Mantis OS, treat each task as a separate thread. In
contrast, our scheduling system tries to overlap multiple
tasks so as to reduce the number of threads, and hence the
implementation and running overhead, which is important
for resource-constrained sensor nodes.

5.1 Problem Formulation

Because the number of global priorities maps directly to the

number of LSs (which are implemented as threads) to find

the MTSP, we try to minimize the number of global
priorities. The constraints are that schedulability of all tasks
must be ensured.

We start from a fully preemptive Deadline Monotonic
(DM) policy (the left part in Fig. 3). This can be seen as the
most capable scheduling policy as DM is optimal in FPS [22]
conforming the assumptions under our system model. We
call the initially assigned priority as the natural priority. Then
we try to map the natural priorities to the one with as few
global priorities as possible, thus, reducing the running
thread number. Hence, preemptions and memory consump-
tion can be reduced, which is important for resource-
constrained sensor nodes. Our problem is formally expressed
as follows:

Problem. Given a task set I' = {m,...,7,} with increasing
natural priority. i.e., natural priority assignment is (G;, L;) =
(2,0). Find a priority mapping (G;, L;) : (¢,0) — (gi,1;),1 <
9i,li < mn, such that

min
s.t.

|G|, where G = {g;},

all tasks are schedulable.

(1)

It should be noted that this problem, similar to the one
described in [32], is NP-hard. Hence, it is very important to
reduce the time complexity. Otherwise, our MTSP algo-
rithm will have limited value in practice because of
scalability issues. To address this issue, we consider finding
the optimal solution under the rule of direct mapping, which
is well studied in the real-time community and effective to
reduce the time complexity [32].

Rule (direct mapping). Assignment Q) — Assignment Q) is a
direct mapping, then, if any task =, has higher priority than
any task 1; in Assignment (D, task T; cannot have higher
priority than that of task 7; in Assignment Q).

For an illustrative example, let’s look at the assignment
in Fig. 3. The left part assignment gives a separate global
priority to each task. It implies that up to six LSs are needed
which correspond to six threads. This is a relatively costly
scheme. It may be fine in traditional general-purpose OSs,

NO. 1, JANUARY 2010
where CPU speed and memory capacity are abundant.
However, for sensor platforms where resources are usually
limited, the left assighment is not desirable. Using the
MTSP, we can perform static analysis at compile time to
effectively reduce the thread number while still ensuring
schedulability. The result is shown in the right part. The
thread number could be reduced to three.

5.2 MTSP Exploration Algorithm

Our MTSP exploration algorithm is presented in Algorithm 1.
After initially assigning a separate global priority to each
task, we explore opportunities whether a task could be
overlapped with a lower global priority. After iterating for all
tasks, we obtain the final result. The time complexity of the
MTSP exploration algorithm is hence O(n), i.e., it scales
linearly with the number of tasks. From our experience,
executing 5-10 tasks (i.e., threads) on current sensor nodes
represents quite complex applications. For such task sets, the
algorithm runs within a few seconds on a typical PC (e.g.,
Intel 2.8 GHz CPU, 1 GB DDRII RAM).

Algorithm 1. MTSP exploration algorithm
Input: A task set I' with decreasing deadlines
Output: Assignment to (G, L;) = (g;, 1)
1: fori+— 1,n do
22 (G, L;) < (3,0)

(Gi, Li) < (Gi-1, Li—1)

if test_task(i) == TRUE then
10: continue

12:  if test_task(i) == TRUE then
13: continue

14: restore G;, L;

Let’s revisit Fig. 3 as an example. First, we start with each
task assigned with the natural priority. It is worth noting
that in this paper, we use a larger value to indicate a higher
priority. Then we test if all tasks are schedulable with the
most capable scheduling policy, i.e., preemptive DM. If that
fails, we report a nonschedulable message and end up with
each task assigned to the natural priority. While the task set
is schedulable, we examine whether it is still schedulable
with a less capable but more lightweight scheduling policy.
We start from 7. We test whether it is schedulable when
assigned with the same global priority and local priority as
the previous one (7 in this case). If it is, iterate for the next
one (73 in this case). Otherwise, we test whether 7, is
schedulable when assigned with a higher local priority and
with the same global priority as the last one 7. If it is, iterate
for the next task. If 7 is unschedulable in both of the cases,
we leave its global priority and local priority unchanged
and iterate for the next task. After iterating for all of the
tasks, we end up with the resulting global priorities and
local priorities while ensuring schedulability.

In Algorithm 1, note that we only test the schedulability
of 7; in the loop. This is ensured by the following theorem.

3: if test_all_tasks() ! = TRUE then
4:  print unschedulable task set
5: return

6: fori — 2,n do

7: save G;, L;

8:

9:
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Theorem 1. When 7; moves to a lower priority, the schedulability
of all tasks is ensured as long as T, is schedulable.

Proof. We consider the interference caused by 7; to any other
task 7;. V7, the interference caused by 7; will not increase
after the move. Thus, the schedulability of any other task 7;
is ensured and the schedulability of all tasks is ensured as
long as 7;’s schedulability is ensured after the move. O

Under the rule of direct mapping, the MTSP exploration
algorithm is optimal in the sense that for a given task set and
a given number of global priorities, if the task set can feasibly
be scheduled using the MTSP exploration algorithm, the
number of global priorities required is minimal; if there is an
algorithm making the task set schedulable, then the MTSP
exploration algorithm can also make it schedulable.

Theorem 2. Given a schedulable task set, the MTSP exploration
algorithm generates a minimum number of global priorities
under the rule of direct mapping.

Proof. Assume that the number of global priorities
generated by MTSP is p. If another algorithm @) exists,
making I' schedulable and the number of global
priorities is ¢ < p, then there is at least one global
priority ¢ in which tasks must be repartitioned into
other global priorities. If the first task of i, denoted by
7;, is mapped to ¢ — 1, the system will be unschedulable.
Otherwise, it will be mapped to ¢ —1 rather than ¢
using Algorithm 1. If 7; is mapped to i + 1, the system
will also be unschedulable because of a certain task of
i+ 1, denoted by 7;1;. Otherwise, 7,41 will be mapped
to i rather than i+ 1 using Algorithm 1. It is in
contradiction with the assumption that algorithm @) can
make I' schedulable. ]

Theorem 3 (Optimality). Given a schedulable task set, if there
is any direct mapping under which the system is schedulable,
then the system is also schedulable under the MTSP
exploration algorithm.

Proof. The approach we take to prove this theorem is to
assume that some schedulable direct mapping exists,
and to show that we can derive a schedulable MTSP.

Let us assume that some direct mapping exists. Take
the lowest natural priority task 7 that is assigned to
global priority 1 and overlap it into the lower global
priority 0. According to Theorem 1, the system will be
schedulable iff 7 remains schedulable. We repeat this
procedure moving the next lowest natural priority task
from global priority 1 to global priority 0, as long as the
moved task remains schedulable. Clearly, if we continue
this procedure for all the tasks, the resulting mapping
will be the one that is resulted from using the MTSP
exploration algorithm. Hence, the theorem holds. ]

6 REAL-TIME SCHEDULABILITY ANALYSIS

In this section, we consider the real-time constraints
presented in the minimization problem in Section 5.1. It is
worth mentioning that our schedulability analysis is
conducted on tasks instead of individual jobs. To derive
the schedulability test, we analyze the processor demand

[22] of each task. In FIT, the processor demand of a task
consists of the following:

e (;: the execution time of 7;.

e [ the interference time from lower priority tasks.

e I, the interference time from the same priority
tasks.

e [, the interference time from higher priority tasks.

e  B;: the blocking time to access shared resources.

A sufficient condition to make 7; schedulable is [22]:

- Wi(t)
min
o<t<D; t

<1, where Wi(t) IOg—‘y-Ilp—‘r[sp—i-I}Lp—i-Bi,

(2)

Note that C;, I}, I,p, I1,, and B; may depend on ¢. When
there is no ambiguity occurred, we omit it here and in the
following sections for the simplicity of notations.

It is also worth noting that in order to find the minimal of
W;(t)/t over all possible t, we check all discrete ¢ that is a
multiple of any task’s period, i.e., t € {t = nT}|0 <t < D;,
7 € I',n € Ni}. Itis because the processor demand of a task
Wi(t) is a step function of ¢ and only increases at these
discrete points [22].

6.1 Determining C;

C; is 7,/s execution time, which equals the sum of the
execution time of all jobs within 7, i.e.,

Ci=Y Gy (3)

Note that the job execution time Cj; is estimated using
existing WCET estimation tools for MicaZ motes (see
Section 8.2).

6.2 Determining I;,

Iy, is the maximum interference time caused by lower
priority tasks. In FIT, as lower global priority tasks can
always be preempted by 7, they can never block the
execution of 7;. Thus, they introduce no interference. Tasks
with the same global priority but with lower local priorities,
however, can block the execution of 7; as they are scheduled
nonpreemptively with 7,. We denote Ip(i) as the task set in
which tasks have the same global priority but have lower
local priority. Ip(i) represents the lower priority tasks,
which actually cause interferences.

The maximum interference occurs when there is a lower
priority task executing each time a job in 7; releases. 7; can
be at most blocked for |r;| times as there are |r;| run-to-
completion jobs. The blocking time each time will not
exceed the maximum execution time of all the lower priority
jobs. Hence,

Ly < max {Cyy} - |7il.
1<j< 7|

It is worth noting that a tighter bound exists because the
time of interference caused by a job J; is limited to [¢/T}].
That means the job with the maximum execution time is not
able to block 7; for || times if [¢t/T}] < |r;|. We sort {Cy;},
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for all kelp(i),1 <j<|n|, in nonincreasing order, ie.,
Ckljl 2 Ck‘QjQ Z : 2 Ck = v th-el’ll

mJIm —

t t
Iy, < C,j, {ﬁ-‘ + Clyj {ﬁw + + G+ + Ch -
1 v2

There are total |7;| number of Cj;
(4)

We end up with either |7;| number of Cj; are added up or
we have added all the terms under consideration.

6.3 Determining I;,

I, is the maximum interference time caused by the same
priority tasks. All the same priority tasks have opportu-
nities to interfere the execution of 7;. We denote sp(i) as the
task set in which tasks have the same priority as 7;.

In FIT, tasks in sp(%) are scheduled in an FIFO manner with
7;. As with the computation of I, 7; can be blocked at most |7; |
times. The blocking time each time will not exceed all jobs
ahead of 7; in the same priority FIFO. As there is only one
active job among tasks, the blocking time each time is at most
> pmax;{Cy;}, where k € sp(i), 1 < j < |7|. Hence,

Iy<| Y

kesp(i)

max {C;} | - |7
1<5<ml

As with the same reasoning in Section 6.2, a job J;;; may
not be able to block 7; for |r;| times because it is further
limited by [¢/T}]. For each ke sp(i),1 < j <|r|, we sort

{Cl;} in nonincreasing order, i.e., Cy;, > Cij, > -+ = Cy;jp_ .
The interference caused by 7, is
t t
In = Cjy 7| + Oy | 7| 7+ Cligy + -+ Cli -
T; T;

There are total |7;| number of Cy;

Also, we end up with either |7;| number of C}; are added
up or we have added all the terms under consideration. The
overall interference is then

Iy< > I (5)

kesp(i)

6.4 Determining I,

Iy, is the maximum interference caused by higher priority
tasks. As all higher priority tasks can interfere the execution
of 7;, we denote hp(i) as the task set in which tasks have
higher priority than 7;. The processor demand of higher
priority tasks is limited by

Iy, < Z Cr[t/T], (6)

kehp(i)
where Cj, is given by (3).

6.5 Determining B;

7; blocks |1;| — 1 times (assume that there is no blocking for
the first job to execute) to access shared resources. As
discussed in Section 4.2, B;; denotes the maximum blocking
time to access the shared resource requested by the
preceding job J;;_1). Each blocking time B;; consists of
resource service time b;; and resource waiting time b;;. Hence,
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Il
Bi=Y B;=

J=2 J

|7i]

(bij + bj;) (7)
=2

The resource service time b;; is estimated beforehand (see
Section 8.2) while the resource waiting time depends on the
resource scheduling scheme. We denote rc(i, j) as the task
set in which tasks also use the same resource as that J;;
blocks on (before execution). Further, we introduce re,, (4, j)
to represent all the jobs in task m, that Vk € re,, (4, 7), Jok
blocks on the same resource as that J;; blocks on. If FIFO
resource scheduling scheme is employed, then

b Y

merc(i,j)

b
e B}

7 EXTENTION

It is worth mentioning that this paper primarily considers
real-time task scheduling on a single node. However, FIT’s
task model can be extended to distributed networking
systems. It is feasible because we perform an end-to-end
schedulability analysis for a multiple of jobs, which could
potentially be located at different nodes. According to a
similar procedure as described in [32], we demonstrate how
FIT’s approach can be applied using the concrete steps as
listed below.

Initial assignment. The algorithm assigns separate
global priorities to all tasks (including global tasks that
consist of jobs residing on different nodes) according to DM.

Schedulability analysis. The algorithm next performs
schedulability analysis on the tasks. The distributed
schedulability analysis procedure has two extensions.
First, when considering the inference from other tasks
for task 7;, we separately consider the interference for each
job (within task 7;) at a single node the job resides on. This
is because only jobs at the same node contend with each
other. Then, we sum up interferences to all the jobs (within
task 7;) to get the interference for task 7. Second, the
communication link is also modeled as a shared resource
and its resource service time is defined to be the maximum
MAC delay (we assume a TDMA schedule at the MAC
layer to avoid transmission collisions). With this distrib-
uted schedulability analysis procedure, we test the
schedulability of the whole system. If the system is
schedulable, it goes to the next step. If the system is not
schedulable, then the algorithm quits since no mapping
will ever improve the schedulability of the system.

Scan and overlap. The goal here is to overlap as many as
necessary into fewest number of global priorities at each
node without making the system unschedulable. The
algorithm scans the tasks in increasing global priority order,
trying to overlap the currently scanned task into a lower
priority. The distributed mapping procedure has one
distinction, which is worth noting. That is, within the
currently scanned task, we consider moving each job (in
their execution order) to a lower priority on the node the job
resides on. The reason is that this strategy may reduce the
global priority number at certain nodes. After each moving
step, the algorithm tests the schedulability of the task. If it is
found to be schedulable, the priorities of all jobs within the
task are changed accordingly and the scan goes on to the
next moving step (i.e., for the next job in execution time or
the first job within the next higher global priority task). If the
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TABLE 1
APIs for the GS

Prototype Description

sched_init () Initialize the scheduling system
sched () Schedule jobs whenever necessary
post (JOBx) Post a job to the appropriate

scheduling queue

Create an LS whose global priority
is gp. The prototypes of post and
start are implemented by an LS.
Destroy the LS whose global pri-
ority is gp

ls_new(uint8_t gp,
uint8_t (xpost) (JOBx),
void(*start) (void))
ls_destroy(uint8_t gp)

Initialize the execution context of
an LS

Save the execution context of a LS
Restore the execution context of
an LS

CONTEXT_INIT()

CONTEXT _ SAVE ()
CONTEXT_RESTORE ()

task is found to be nonschedulable, the algorithm quits and
we left with the priorities making the system schedulable.

8 IMPLEMENTATION

We have implemented our scheduling system on the MicaZ
platform, which has 7.37 MHz Atmegal28L microcontrol-
ler, with 128 KB program flash, 4 K data RAM, Chipcon
C(C2420 radio, and MTS310 multisensor boards.

In the following, we select and discuss some important
aspects of the implementation.

8.1 Two-Tier Hierarchical Framework

The implementation of FIT’s two-tier hierarchical schedul-
ing framework is divided into two parts: the GS implemen-
tation and the LS implementation. The GS implementation is
fixed for all applications. It schedules LSs preemptively
according to their global priorities. We summarize the APIs
for the GS in Table 1. 1s_new () is used to create an LS with
the specified global priority. Two function pointers, i.e.,
post and start, are passed in as two parameters, where
post is used to post a job, and start is used to dispatch
tasks in the LS. The platform-dependent operations are all
related to manipulations on the execution context of LSs,
which are listed in the bottom-half of Table 1.

The number of LSs and each LS’s scheduling policy,
however, are customized according to application require-
ments. Table 2 gives an example LS implementation for the
FIFO scheduling policy. We implement prototypes of post
and start, ie., fifo_post () and fifo_start () in this
case. Once the FIFO-LS gains the CPU control in fifo_
start, it applies its local scheduling policy. The number of
LSs and their corresponding policies are identified by the
MTSP exploration algorithm and the source code is generated
by our code generator.

TABLE 2
APIs for the FIFO-LS

Prototype
void fifo_init (void)
uint8_t fifo_post (JOBx)

Description

Initialize the FIFO-LS

Post a job to the specified queue of
the FIFO-LS

The FIFO-LS gains the CPU con-
trol

void fifo_start (void)

Time (ms)
~ o
T T

w
T

1 L L L L
10 20 30 40

# of bytes

Fig. 4. Resource service time for MicaZ’s serial port.

8.2 Timing Analysis

In order to make our MTSP exploration algorithm work, it is
important to estimate the job execution time (i.e., Cj; as
described in Section 4.2) and the resource service time (i.e.,
b;; as described in Section 4.2) accurately.

To obtain the job execution time, we use existing WCET
estimation techniques [27]. For the MicaZ platform with
Atmegal28L processor, there are existing tools to provide
such estimation accurately [28].

It is worth noting that to ensure the safe execution of
hard real-time tasks, it is necessary to consider safe (and
tight) WCET bounds rather than the average WCET that is
unsafe or constrained to probabilistic analysis [28]. Sche-
duling based on safe WCET may consume more RAM
under certain conditions, but it is required for meeting the
time constraints under all the possible conditions. Generally
speaking, there is an inherent trade-off between real-time
guarantees and resource consumptions. We do allow
further reducing resource consumption via programmer
assistance. Our algorithm generates scheduler construction
code for execution on motes. Based on the assigned
priorities, application programmers can further overlap
tasks to the same global priority to reduce RAM consump-
tion. In this case, programmers must be aware that the task
moved to a lower priority may potentially miss its deadline.
It is suitable when the task that is moved to a lower priority
could suffer amount of computational delays.

To obtain the resource service time, we quantify the clock
cycles to perform common I/O operations on MicaZ under
FIT. As Fig. 4 illustrates, the resource service time scales
linearly with the number of bytes for I/O and can be well
estimated for a given system implementation.

8.3 MTSP Exploration
MTSP exploration is used to determine how many LSs are
needed and what are their corresponding local scheduling
policies. The number of LSs equals the number of global
priorities and the local scheduling policy depends on the
number of different local priorities within the global
priority. If there is only one local priority, then FIFO (as
in TinyOS) is employed. If the number of local priorities is a
constant ¢ < 3, then ¢-FIFO is employed. When the number
of local priorities is even larger, a priority queue is
maintained and FPS is employed (discussed in Section 4.1).
We have implemented the MTSP exploration algorithm
(together with our code generator that will be described in the
following section) in Java. Its implementation is outlined in
Algorithm 1. The input of the algorithm is the application task
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set I with specified job execution time, resource service time,
and task deadlines.

The output of the algorithm is a priority assignment for
each task which is used to carry out customizations for LSs.

8.4 Code Generation

As the final step, the code generator converts the output of
the MTSP exploration algorithm, i.e., the priority assign-
ment, into source code which is then incorporated into FIT’s
scheduling framework. The code generator has two major
tasks as follows:

o Constructing LSs using 1s_new ();

e DPosting jobs to the correct scheduling queue.

As illustrated in Fig. 3, when the result of the MTSP
exploration algorithm is as shown in the right part, the LS
construction code using our code generator will be

1. // for task 1, 2, 3;

ls_new(l, 1lsl_fifo_post, 1lsl_fifo_
start) ;

3. // for task 4, 5;

4. 1s_new(2, 1ls2_2fifo_post, 1s2_2fifo_
start) ;

5. // for task 6;

6. ls_new(3, 1ls3_fifo_post, 1s3_fifo_

start) .

9 EVALUATION

We implemented FIT on MicaZ motes and carried out
extensive tests to evaluate the flexibility, lightweightness,
and real-time performance of FIT. First, we examine
whether FIT is flexible enough to incorporate scheduling
policies in existing sensornet OSs. Second, by a case study
of typical workloads on sensor nodes, we examine whether
FIT can effectively reduce the running thread number to
reduce preemptions and memory consumption. Third, we
examine the real-time performance of FIT. Finally, we
evaluate FIT’s implementation overheads compared to
TinyOS and Mantis OS.

9.1 Flexibility

Fig. 5 depicts four existing scheduling policies in sensornet
OSs under FIT’s two-tier scheduling hierarchy. Fig. 5a
shows the two-tier scheduling hierarchy for TinyOS [7]. It
has only one LS, i.e., the FIFO-LS. Whenever the GS gains
the CPU control to dispatch jobs, it always passes the
control down to the FIFO-LS, which schedules tasks in a
nonpreemptive FIFO manner. Fig. 5b shows the two-tier
scheduling hierarchy for SOS. Also, it has one LS, i.e., the
3-FIFO-LS, which manages three FIFO queues of high,
system, and low priorities, respectively [9]. The scheduling
hierarchy of Mantis OS [10] is shown in Fig. 5c. It has five
LSs with different global priorities. Each LS, different from
the previous two, is a preemptive round-robin scheduler.
Although as discussed in Section 4.1, each LS is assumed
as a nonpreemptive scheduler, FIT’s two-tier scheduling
hierarchy is general and does allow each LS to employ
arbitrary scheduling policy. The real-time schedulability
analysis and the MTSP exploration algorithm, however,
need to be revised once this assumption is broken. Fig. 5d
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Fig. 5. Existing scheduling policies under FIT’s two-tier scheduling
hierarchy. (a) Two-tier scheduling hierarchy for TinyOS. (b) Two-tier
scheduling hierarchy for SOS. (c) Two-tier scheduling hierarchy for
Mantis OS. (d) Two-tier scheduling hierarchy for the PL scheduler.

shows the scheduling hierarchy of the PL scheduler [21] for
TinyOS-2.x. The GS schedules three LSs in a preemptive
manner. The 3-FIFO-LS manages three FIFO queues of
different local priorities and schedules tasks in a non-
preemptive manner. As we can see in Fig. 5, FIT’s two-tier
scheduling hierarchy is indeed flexible as a series of
existing scheduling policies can easily be implemented
under this framework.

9.2 Lightweightness

A typical metric to evaluate FIT’s lightweightness is its
resource usage. Specifically, RAM usage (for data) and
program flash (for code) are two important metrics as they
are restricted for current mote platforms. For program flash
usage, we compare machine code sizes for TinyOS, Mantis
OS, and FIT (see Section 9.4). For RAM usage, we have
chosen the metric of the number of threads because of two
reasons. First, number of threads impacts RAM usage to the
largest extent. For example, in Mantis OS, a thread occupies a
stack of size 128 bytes. This is relatively large compared to a
total of 4 K RAM on MicaZ motes. Second, compared to
overall RAM usage, this metric is more suitable because it
does not involve system overheads other than the scheduling
system. In the following, we examine how FIT reduces the
number of threads.

We set up experiments to generate random inputs to our
MTSP exploration algorithm to study how many threads
are actually needed to ensure the system’s schedulability.
The parameters we used are as follows. The system consists
of |I'| =5 number of tasks where all tasks fall into two
categories: long executing tasks with C;; ~ U(250,350) and
real-time tasks with Cj; ~ U(2,18). In addition, real-time
tasks have a more urgent deadline than long executing
tasks. Each task contains 1-5 number of jobs. The default
number of shared resources is |R| =4 and the resource
service time varies from 1 to 24 ms. Meanwhile, FIFO
resource scheduling scheme is assumed.

We are interested to see how many threads are required
as the average percentage of real-time tasks increases. We
generate 1,000 cases of task sets for each percentage. Note
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Fig. 6. Number of required threads.

that some of the task sets might be schedulable while
others are not. The average results are shown in Fig. 6. The
solid line represents the percentage of schedulable cases
out of all the generated cases. The white bar represents the
average number of threads out of all the generated cases
while the gray bar represents the average number of
threads out of all the schedulable cases. As we can see
from the solid line, as the average percentage of real-time
tasks increases, the percentage of schedulable cases out of
all the generated cases decreases. Our MTSP exploration
algorithm ends up with the maximum number of threads
when it encounters an unschedulable case. Thus, the
average number of threads out of all the generated cases is
approaching |I'| = 5 when the average percentage of real-
time tasks reaches 80 percent as the majority of the cases
are unschedulable. To get a closer look at the cases when
the task sets are schedulable, as shown by the gray bar in
Fig. 6, we observe that the average number of threads out
of all the schedulable cases never exceeds three, reducing
at least two threads compared with the worst case.

9.3 Real-Time Guarantee

We show FIT’s real-time guarantee via a case study. The
system we studied has two shared resources, R4 and Rp, and
their individual service time is 1 ms (R4) and 18 ms (Rp),
respectively. The system consists of the following tasks:

e Task 7y that consists of four jobs. The individual job
execution times are selected as 3, 4, 5, and 3 ms,
respectively. The shared resources accessed between
consecutive jobs are chosen to be R4, Rp, and Ra.
Task 7’s period (17) and deadline (D,) are set to 1 s,
i.e., T1 = D1 =1s.

e Task » with the same setting as 7.

e Task 73 with the same setting as 7.

e Task 74 that consists of three jobs. The individual job
execution times are selected as 3, 4, and 18 ms,
respectively. The shared resources accessed between
consecutive jobs are chosen to be Rz and R4. This is
the task under consideration and we vary T, = D,
from 20 to 160 ms.

e Task 75 that consists of three jobs. The individual job
execution times are selected as 3, 36, and 524 ms. The
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Fig. 7. Varying D, from 40 to 800 ms. (a) Varying D, from 40 to 200 ms.
(b) Varying D, from 200 to 800 ms.

shared resources accessed between consecutive jobs
are chosen to be R4 and Rp. 15 = D5 = 10 s.

Figs. 7a and 7b illustrate the cases when we vary the
deadline D, within 40-200 ms and 200-800 ms, respectively.
We can see in Fig. 7a that from the theoretical analysis
discussed in Section 6, the system will be schedulable when
D, reaches 120 ms. When D, < 120 ms, there could be
missed deadlines from the theoretical analysis. The results
collected from testbed show that when D, > 100 ms,
employing the MTSP (with two LSs) will result in no
missed deadlines in practice. The gap (between 120 and
100 ms) exists because the theoretical analysis considers the
worst case, while in practice, the runtime interference could
be smaller, thus, mitigating the percentage of missed
deadlines even in the face of an unschedulable system.
When Dy < 120 ms, FIT’s real-time schedulability analysis
will also report 74 as the unschedulable task, thus, designers
can take various ways (e.g., relaxing its deadline, reducing
concurrency, etc.) to redesign a schedulable system. Fig. 7a
also indicates that using the theoretical analysis, when D, >
120 ms FIT can ensure that there are no missed deadlines by
employing the MTSP while the simple FIFO or 2-FIFO
scheduling policy may produce missed deadlines in
practice. Also note that the percentage of missed deadlines
may increase in Fig. 7a. This is because as Di(=Ty)

increases, the total number of jobs released is reduced.
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TABLE 3
Spatial Overheads Comparisons
TOS-1.x | TOS-2.x | Mantis | FITE | FIT-T
Machine code
size (bytes) 1530 2206 17224 | 5180 | 6192

Fig. 7b shows when D; > 700 ms, from the theoretical
analysis, the system will be schedulable with a 2-FIFO
scheme, and, when D, > 740 ms, the system will be
schedulable with an FIFO scheme. In practice, this transi-
tional region (700-740 ms) is located with a smaller D, (650-
700 ms) because runtime interference is smaller than worst-
case predictions. As Figs. 7a and 7b indicate, FIT always
selects a lightweight scheduling policy while at the same
time ensuring the schedulability of the system.

9.4 Implementation Overheads

To evaluate FIT’s implementation overheads, we first
examine the spatial overheads of FIT in terms of machine
code size. Next, we examine FIT’s temporal overheads.
Finally, we conduct a comparative evaluation between
TinyOS, Mantis OS, and FIT in terms of CPU utilization
using two typical benchmarks.

First, to compare the spatial overhead (i.e., machine
code size), we use a GNU tool, avr-size, to count the
binary code size of the Blink benchmark under TinyOS,
Mantis OS, and FIT. We select this benchmark because of
two reasons. First, the Blink benchmark is available for all
the three systems (it is named blink_led in Mantis OS).
Second, the Blink benchmark is suitable for comparing
task scheduling overheads as it does not involve other
system services. Under FIT, we implement an event-driven
scheduling system as in TinyOS, denoted by FIT-E; and
we also implement a multithreaded scheduling system,
denoted by FIT-T.

Table 3 reports the results. As we can see that TinyOS
(both versions 1 and 2) has the smallest code complexity
because the basic scheduling system is relatively simple.
Besides, TinyOS and nesC [33] do full program analysis and
optimizations, which leads to a very compact single image.
Mantis OS borrows code from traditional multithreaded
systems and uses dynamic memory allocation. Hence, it is
far more complex than TinyOS. FIT’s current implementa-
tion on MicaZ has larger code size than TinyOS and smaller
code size than Mantis OS. One reason that FIT’s code
complexity is relatively low is that the complex MTSP
algorithm is executed at the PC side and the final generated
code is optimized for execution on motes. As expected, FIT-
T has larger code size than FIT-E as the code for multi-
threading is more complex. Finally, it is worth mentioning
that the machine code sizes for all the systems are acceptable
for the MicaZ platform which has 128 K program flash.

Next, to examine the temporal overhead of FIT’s two-tier
scheduling, we select four metrics as follows:

e overhead of posting a job;

e overhead of scheduling jobs in the same task which
is measured as the time interval from the completion
of the preceding job to the start of the current job
without considering the blocking time to access
shared resources for simplicity;

e overhead of LS creation, which corresponds to
thread creation in Mantis OS; and
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TABLE 4
Temporal Overheads Comparisons (in Clock Cycles)
Operations TinyOS | Mantis | FIT
Posting a job 42 N/A 90
Scheduling jobs in the same LS 63 N/A 130
LS/thread creation N/A 2481 366
Scheduling jobs in different LSes N/A 447 409

e overhead of scheduling jobs in different LSs, which
incurs context switching.

We measure the clock cycles of each operation by using
Avrora [34]. The results are reported in Table 4. The
postoperation of TinyOS is 42 cycles while FIT has 90 cycles.
The extra overhead lies in the fact that we make scheduling
decisions in our postoperation while TinyOS does not need
to as priority preemption is not allowed between TinyOS
tasks. When just the postoperation is measured, FIT takes
about 44 cycles, which is very close to that of TinyOS.
Scheduling jobs in the same LS, however, consumes more
time than TinyOS because FIT will pass the CPU control to
the GS whenever a job returns. Then the GS passes the CPU
control down to the LS, which schedules the next job. In FIT,
LS scheduling is about 55 cycles which is close to TinyOS;
GS scheduling consumes about 67 cycles, which is an extra
overhead introduced by our two-tier hierarchical schedul-
ing. LS/thread creation in FIT consumes 366 cycles, as
opposed to 2,481 cycles in Mantis OS. The significant
difference stems from the fact that Mantis OS uses dynamic
memory allocation, which consumes about 1,655 cycles as
well as invoking a thread dispatching routine that con-
sumes about 447 cycles. Without considering these over-
heads, it leaves 379 cycles, a little larger than that of FIT. In
FIT, scheduling jobs in different LSs involves context
switching, which consumes 409 cycles, much larger than
scheduling jobs in the same LS, but slightly smaller than
Mantis OS. As we can see, FIT’s flexible two-tier hierarch-
ical scheduling scheme has acceptable temporal overheads.

Finally, we conduct a comparative evaluation among
TinyOS, Mantis OS, and FIT in terms of CPU utilization
using two typical benchmarks.

Table 5 reports the results for the Blink benchmark.
We have compared among TinyOS, Mantis OS, FIT-E
(event-driven scheduling under FIT), and FIT-M (the
implementation of FIT we port to Mantis OS). For event-
driven scheduling, FIT has a 0.0231 percent increase in
CPU utilization. For multithreaded scheduling, FIT has a
0.0706 percent increase in utilization. This is because two
levels of scheduling are involved in FIT. Considering the
fact that CPU utilizations are typically quite low for many
benchmarks for WSNs [35], this small difference in CPU
utilization will not significantly impact the energy
efficiency of WSNs as CPU energy consumption is
dominated by energy consumption in the idle mode
(which lasts for vast majority of the time).

TABLE 5
CPU Utilization Comparisons for the Blink Benchmark
TinyOS Mantis FIT-E FIT-M
0.0273% | 0.5482% | 0.0504% | 0.6188%
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TABLE 6
CPU Utilization Comparisons for the CntToRfm Benchmark
TinyOS-1.x | TinyOS-2.x FIT
5.8816% 8.3399% 6.0102%

Table 6 reports the results for the CntToRfm benchmark.
We compare TinyOS (both versions 1 and 2) and FIT-E. We
did not compare for Mantis OS because it currently lacks
implementation for this benchmark. TinyOS-2.x has larger
overhead than TinyOS-1.x in terms of CPU utilization
because TinyOS-2.x computes the lowest low power mode
to enter into before the system becomes idle, which
consumes extra CPU cycles. As expected, FIT’s overhead
is larger than TinyOS-1.x (as two levels of scheduling are
involved). FIT’s overhead is lower than TinyOS-2.x because
FIT’s scheduling overhead is small compared to the system
service (i.e., low power computation) TinyOS-2.x invokes.

10 CONCLUSION AND FUTURE WORK

In this paper, we present a novel scheduling system FIT for
microsensor platforms. FIT is flexible in terms of supporting
customizable application-specific scheduling policies. This
is achieved through the careful design of its two-tier
hierarchical scheduling framework in FIT. It is lightweight
by exploiting the proposed MTSP exploration algorithm
that effectively reduces the running thread number to
reduce preemptions and memory consumption while
ensuring system schedulability. In addition, FIT provides
detailed real-time schedulability analysis to predict the real-
time behavior of the underlying system running on top of it,
thus, helps designers to check if application’s temporal
requirements can be met in design time.

While we have shown that FIT is a promising scheduling
system for implementing complex real-time applications in
sensor networks, there are several enhancements and
optimizations we would like to explore. In particular, we
are currently designing a new language to support
programming easily under FIT’s system model.
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