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Abstract 

Model-based technologies have been 
traditionally applied to embedded systems design 
from a functional perspective. Real-time scheduling 
issues and the associated modeling concerns are 
becoming increasingly more prevalent. Traditional 
schedulability analysis is being applied to modern 
model-based systems to generate schedulable 
systems. These schedulability analysis techniques are 
also applied to communications (e.g., network) 
scheduling.  With adaptive communication 
scheduling, analysis need not simply decide the 
“pass/fail” criteria of a particular problem, but can 
explore the space of a variety of solutions. 

This paper discusses adaptive communications 
scheduling for embedded systems. A fuzzy logic 
based scheduler is used in the system to allow for 
flexibility in experimentation of different scheduling 
algorithms. Various examples are presented that 
show how a model-based adaptive scheduler can be 
used to achieve a system that adapts to environment 
conditions at system design, synthesis, and runtime. 

1. Introduction 

Embedded systems are becoming increasingly 
more complex. These systems must meet not only 
functional requirements, but also timing and resource 
requirements. In real-time systems, the worst-case 
time required to respond to particular external events 
is part of the system’s functional requirements.  

To meet the increasingly stringent functional 
and timing requirements, many systems must utilize 

distributed processor solutions.  In such cases, event 
response times become a matter of system end-to-end 
timing.  That is, the response to a particular event 
may start on one processor in the system but will not 
be completed until the event effects have been 
communicated across the system network to one or 
more other processors that must also perform 
computations before the deadline of the particular 
event expires. 

Many researchers have techniques for formal 
analysis of the schedulability in this type of 
distributed processor systems.  A notable example is 
the work in [1].  Here, the paper describes an end-to-
end deadline scheduling solution that attempts to 
break the circular dependency between deadline 
distribution and task assignment. It is interesting to 
note, that a core requirement for the successful 
application of this type of analysis is a deterministic 
and well-understood (and rolled into the analysis) 
communication-scheduling paradigm.  Thus, in the 
case of this example of end-to-end scheduling work, 
communication scheduling is directly coupled to the 
analysis [1]. 

A main thesis of our work is that the coupling 
between communication scheduling and CPU 
scheduling must exist.  As such, we explicitly open 
the connection between them.  Further, we contend 
that not all scheduling decisions can be made in a 
“crisp” fashion, particularly in the case of distributed 
systems because global state cannot be precisely 
determined in a causal fashion [7]. 

_________________________ 
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2. Scheduling Policy vs. Schedulers 

Typically researchers do not separate the 
concept of a particular scheduling policy from the 
framework in which it runs the scheduler.   
As such, the classic view of a scheduler is shown in 
the following figure.    In this classic view, the 
scheduler is a single closed policy (or possibly a 
small set of policy algorithms) that chooses what to 
do next based on the state of currently available jobs.  
For example, a rate monotonic scheduler simply 
looks at the readiness and rate of the tasks and 
always chooses the highest rate task that is ready. 
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Figure 1 Classic view of a scheduler 

The figure shown below separates the fuzzy 
decision “policy’ from the scheduler “framework”.  
By doing so, it provides logical hooks for where to 
insert/modify scheduling policies.  With the 
increasing usefulness of model-based systems (e.g. 
OMG’s Model Driven Architecture [8]) this form of 
abstraction will likely become more common.  
Separating these two items allows the policy to be 
synthesized from the model.  In this way, a 
specialized adaptive scheduling policy can be 
generated for each new system deployment.  The 
complex scheduler internals (context switch, task 
state, critical sections…) remain specialized for each 
hardware platform thereby maintaining high 
performance implementations.  With this separation 
in mind, “schedule policy” model representation and 
synthesis strategies become a primary focus for 
scheduler research. 
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Figure 2 Scheduler with explicit fuzzy decision 

policy 

In the case of a Fuzzy decision policy, crisp task 
state parameters are filtered (fuzzification) as to their 
degree of membership into various sets.  These set 
memberships are then used by rules in the fuzzy 
decision policy to evaluate degree of membership in 
output membership sets that are then used by the 
selector to choose the task state with the highest 
priority set members (defuzzification).  For those 
unfamiliar with fuzzy logic, the above process is 
described in detail in [2]. 

3. Fuzzy Logic Based  

Representation of a particular scheduling policy 
has historically been provided as a set of “crisp” 
algorithmic rules.  For example, the classic rate-
monotonic crisp rules are: the higher the rate of a 
process, the higher its priority, and higher priority 
processes always preempt lower priority processes 
[9].  However, this overly restricts the range of 
possible policies.  A logic paradigm supporting both 
hard and soft rules (as well as their interaction) 
allows a broader range of policies to be modeled.  As 
such, we use fuzzy logic as a representation format 
for describing scheduler policy rules.  Synthesis of a 
particular scheduler then becomes a matter of rule 
compilation and subsequent evaluation at runtime.  It 
is interesting to note that automated model synthesis 
tools can often compile these fuzzy rules into very 
efficient full scheduler implementations [6]. 

Utilizing the fuzzy based approach does not lose 
generality over classic crisp schedulers.  There exist 
many proofs that map classic CPU scheduling 
algorithms (RMS, EDF, PCP, DM - to name a few) 
to fuzzy logic implementations[2][6]. It can further 
be shown that there exist fuzzy logic based 
scheduling paradigms that are mathematically 



equivalent to the classic real-time communication 
schedulers such as: Priority Driven Protocol (PDP), 
the Timed Token Protocol (TTP), and the distributed 
version of Generalized Rate Monotonic Scheduling 
(GRMS). 

4. Timed Token Protocol 

The Timed Token Protocol, standardized in [10] 
and [11], divides all communication into two classes, 
Synchronous and Asynchronous.  Synchronous 
communication is periodic and subject to deadline 
constraints while asynchronous messages are 
aperiodic.  A TTP network reserves system 
bandwidth for all synchronous messages and allows 
transmission of asynchronous messages as resources 
permit.  The decision to transmit asynchronous 
messages depends on the early or late arrival of the 
synchronization token. 

Appendix A contains a fuzzy logic based 
construction of the Timed Token Protocol that 
provides a solid base upon which to experiment and 
explore the space of hybrid scheduling paradigms.  
This exploration and experimentation benefits greatly 
from model based system design techniques that 
allow the designer to regenerate the complete system 
as the scheduler design parameters change. 

5. Modeling 

In order to experiment with adaptive 
communication scheduling techniques, the 
Embedded Systems Modeling Language (ESML) 
defined in [3], has been extended to support the 
fuzzy scheduler through Adaptive Services 
Coordination (ASC). The ASC extensions support 
modeling of linguistic variables used by the fuzzy 
rule set, as shown in the condensed metamodel in 
Figure 1 – Linguistic Variable Metamodel . 

 
Figure 1 – Linguistic Variable Metamodel  

Here, the metamodel is a language that allows 
the overall modeling environment to be defined.  By 
modifying the metamodel, a new modeling paradigm 
is created.  Metamodels are formally defined as UML 
Class Models [4]. 

The metamodel excerpt in Figure 2 
demonstrates some small changes to the 
“Configuration” model of a pre-existing ESML 
paradigm, to implement the associations of fuzzy 
rules with communication ports. 

 
Figure 2 – Metamodel for Connection of 

Communication Port to Fuzzy Rules 

These changes allow the domain expert to 
model the physical configuration of the processors 
and networks and to associate a fuzzy scheduler with 
the communications. 

A summary of the two add-ons (shown in 
Figures 1 and 2) is that the ESML paradigm has been 
extended to support “ASCPolicyStates”. These 
ASCPolicyStates have associated rules for state 
changes, fuzzy scheduling (based on the formal FCL 



grammar [5]), and connections to linguistic variables, 
which allow application specific parameters to affect 
the scheduling rules.  Figure 2 highlights the ability 
to connect a scheduling policy not only to a 
processor, for classic CPU scheduling, but also the 
communication ports. 

6. Practical Example 

ESML was originally developed by Vanderbilt 
University. This modeling language allows us to 
create a simple Digital Signal Processing (DSP) 
example that illustrates the need for communications 
scheduling. 

Figure 3 shows the interaction diagram for the 
example, which consists of five functional 
components distributed across two processors.  The 
components model a system that calculates the Fast 
Fourier Transform (FFT) of the input signal, searches 
for peaks in the spectrum issues “alarms” for those 
peaks and displays both the peaks and the spectrum 
on separate parts of a display.  For this example the 
FFT, Peak Search and Alarm Generator components 
reside on one processor while the Spectrum and 
Alarm Displays reside on another processor. 

 
Figure 3 – Example DSP Interaction Diagram 

The first observation that can be made about this 
example pertains to the relative size of the two 
messages being sent across the network.  The 
Spectrum Display receives an FFT data block, every 
100ms, consisting of on the order of 103 bytes or 
greater.  However the Alarm Display receives many 
asynchronous messages, each on the order of 10 
bytes in size.   

In a simple networking situation, each message 
will finish sending before the next message will 
begin.  This would cause some Alarm Display 
messages to be delayed due to pending transmission 
of FFT data blocks causing potentially harmful side 
effects. 

One solution is to break the large FFT data 
blocks into smaller messages prior to scheduling 
communication over the network.  This will allow 
the Alarm Display messages to be inserted between 
fragments of a larger FFT data block allowing the 
alarm to arrive with a lower end-to-end latency. 

7. ASC Communication Components 

To facilitate modeling of communications 
scheduling, Adaptive Services Coordination (ASC) 
components were created within the ESML model.  
Figure 4 demonstrates the use of ASC 
communication components in a simple Avionics 
example.  This test scenario consists of six functional 
components assigned to two processors with three 
ASC components inserted at the processor-network 
boundary. The Pilot Control and Sensor Coordinator 
are assigned to processor one while the Waypoint, 
Flight Plan Display, Radar and Radar Display are 
assigned to processor two. 

 

 
Figure 4 – A Simple ASC Scenario 

The Pilot Control component transfers a large 
block of data to the Waypoint at 200ms intervals.  
The ASC_OA component breaks the pilot data into 
message fragments that the ASC_OB component 
receives and reconstructs prior to passing it to the 
Waypoint. The Sensor Coordinator sends a small 
notification event to the Radar component at 25ms 
intervals. The ASC_E component receives the event 
and passes it to the Radar component in a 
communication-scheduled fashion. 



The ASC communication components 
coordinate the transfer of each message or message 
fragment according to the fuzzy logic based 
communication-scheduling algorithm generated by 
the modeling tools.  A simple rule-set for this 
example, written in the Fuzzy Control Language 
(FCL)[5] is shown in Figure 5. 

 
Figure 5 – FCL Rules based on Message Size and 

Queue Length 

In the normal case, the smaller messages 
correspond to higher priorities. However, as the 
queue length approaches full the larger messages get 
higher priorities (to drain the queue faster).  A three-
dimensional view of this rule-set is shown in Figure 
6. 

 
Figure 6 – 3-D view of FCL Rules 

It is interesting to note that the flat area seen in 
the surface of Figure 6 represents the classic 
communications paradigm working within its 
expected region, that is, all messages have equal 

priority.  As long as the design assumptions of this 
paradigm remain correct, the synthesized scheduler 
will operate in an identical fashion to its classic 
counterpart.  However when/if the assumptions prove 
incorrect due to unforeseen environment changes, the 
control surface slopes off in a more desirable fashion 
than its crisp (and thereby brittle) counterpart. 

8. Summary 

All communication schedulers are connected to 
their respective CPU schedulers, either implicitly or 
explicitly.  Those scheduling paradigms that 
explicitly handle communication and CPU activity 
jointly, in an adaptive fashion, are more robust and 
flexible than their separated, “crisp” counterparts.  
The flexibility to define and utilize linguistic 
variables that are domain specific provides the power 
to tailor the system to domain specific needs.    
Adaptive schedulers based on fuzzy logic rule-sets 
support classic communication and CPU scheduling 
paradigms as well as hybrid designs synthesized on a 
deployment-by-deployment basis.  Therefore a 
scheduler can easily be created which, under light 
load, is equivalent to a classic paradigm, but with 
increasing system load transitions smoothly across 
the control surface to better handle resource-
constrained conditions. 
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Appendix A. Fuzzy Logic Based TTP 

Theorem:  There is a fuzzy scheduler that 
implements the timed token protocol.  The protocol 
is not a priority schedule so this fuzzy scheduler 
apportions transmit time rather than priority 

Proof: By construction. 

Each station in the network receives a token.  
Each station Si has a synchronous message transmit 
time (Ci) and an asynchronous message frame time 
or asynchronous overtime (Taf).  The fuzzy input sets 
are the arrival time of the token (linguistic variables: 



early, on-time, or late) and the dummy fuzzy set I1 
for the presence or absence of an asynchronous 
message in the station message queue.  The fuzzy 
output set is transmission time.  Defuzzification is 
accomplished by calculating the maximum 
membership of the outputs. 

At ring initialization, a Target Token Rotation 
Time (TTRT) is determined and synchronous 
bandwidths are set for each station (Hi).Two 
constraints are added: 

1) τ−=∑ =
TTRTHn

i i1
 

2) Xi > Ci where Xi is the minimum amount of 
time needed to transmit message I and overheads are 
ignored 

The arrival time of the token is modeled by its 
membership in one of three sets: early, on-time, late. 

If the token is early, its earliness (Et  = TTRT – 
time of token arrival) defines a limit on the number 
of asynchronous frames that can be transmitted, nTaf 
< Et where Taf is the fixed asynchronous frame 
transmission time and n is an integer 

If token early AND async message = TRUE, 
transmit time membership = Ci + nTaf , 

 aft TEn /= . 

Output is: min(transmit time membership, Hi)If 
token ontime OR async message = 0  

transmit time = Ci 

If token late transmit time = 0If the token arrives 
before the TTRT, an asynchronous message is ready, 
and there is at least one asynchronous period before 
the allocated bandwidth for that station is exceeded, 
then an asynchronous message is transmitted.  
Otherwise, only the synchronous messages are 
passed. This implements the TTP.  
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