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Abstract

Control dominated embedded systems have to be de-
signed for fast reaction to asynchronous external events
occurring in the environment. Such systems must be able
to perform signal emission, signal polling, preemption and
priority resolution efficiently. Current microprocessors and
microcontrollers, however, have no direct support for such
tasks and employ indirect mechanisms such as polling (via
a port) and interrupts. In this paper, we propose a new pro-
cessor core having architectural support for reactivity at the
instruction level. The new processor core (called REFLIX)
is an extension of an existing open source processor (FLIX)
core with additional instructions to support reactivity. Ini-
tial benchmarking results (for some control dominated pro-
grams) show that REFLIX performs, on an average, 5.92
times faster compared to FLIX and has 77% code size re-
duction when compared to some conventional processors.

1. Introduction

Embedded systems are application specific digital sys-
tems which normally reside within a larger electronic or
mechanical environment. They are also reactive systems,
which are in continuous interaction with their environment.
The design paradigm for embedded systems, called code-
sign [9], focuses on synthesis of interacting hardware and
software components from a high-level description of sys-
tem behavior. The hardware components are mapped to ei-
ther ASICs or FPGAs while the software components are
synthesized on a target microprocessor or microcontroller.
One of the recent trends in codesign is to rely on processors
for specific applications that better match the requirements
of those applications than general purpose processors [4].

Embedded applications may be broadly classified as ei-
ther control dominated (in which input events arrive com-
pletely asynchronously and the arrival time of these events
is critical), or data dominated (input events arrive at regu-
lar intervals and the value of the event is more critical than
the time of arrival). In control dominated systems fast reac-
tion to input events is critical. Data dominated systems, on
the other hand, require efficient processing while computing
some mathematical function of the input streams [2]. In this
paper, our focus is control dominated systems which require
fast reaction to input events. We propose a novel processor,

called REFLIX, that has architectural support for execution
of control dominated applications.

REFLIX architecture is inspired by a synchronous pro-
gramming language called Esterel [3] that provides neat set
of constructs for modelling, verification and synthesis of re-
active systems. The environment of a Esterel program con-
sists of a set of sensors and signals, which can be modeled
abstractly using constructs available in the language. The
activation clock of any Esterel program is a predefined event
called the tick. During every tick the Esterel kernel samples
its environment and performs a set of instantaneous reac-
tions based on the values of sensors and signals in its en-
vironment during the present tick. The main constructs for
interaction with the environment are await (which is a de-
lay construct), emit (which performs signal emission to the
environment), sustain (which emits a signal for ever), abort
(which is a preemption construct), and trap (which is sim-
ilar to software interrupts). These constructs together with
synchronous broadcast communication between concurrent
threads forms the core of Esterel for modelling control dom-
inated aspects of the embedded system.

REFLIX provides architectural features to directly sup-
port reactivity demanded by control dominated systems.
These include instruction level support for signal emission,
signal polling, preemption and priority resolution. Conven-
tionally, signal emission and signal polling are done in pro-
cessors using either memory mapped scheme or IO mapped
scheme. In the former, references will have to be made
to specific region of external memory and in the latter a
port needs to be accessed. In REFLIX we support instruc-
tions to do this directly. Preemption is normally handled in
processors using either polling, which wastes considerable
CPU cycles, or interrupts which are much more efficient
but have context switching overhead. For control dominated
tasks, where fast preemption is vital and there is no require-
ment to return to the exact context, interrupts have unneces-
sary overhead. We propose an alternative mechanism called
ABORT at the instruction level which is ideal for control
dominated applications. Finally, we propose a novel way of
priority resolution through nesting of ABORT instructions,
which is designed for control dominated applications.

REFLIX is implemented by introducing these architec-
tural extensions to an open source processor called FLIX
[10] using FPGA technology. Initial benchmarking results
show considerable improvement in execution time and code
size.

The main contributions of the paper are as follows:

1. Instruction set architecture (ISA) that directly supports
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reactivity: the proposed architecture is a first attempt
to support reactivity at the native instruction set level.
One of the main extensions is the inclusion of a mech-
anism called ABORT for handling preemption and pri-
ority. This will enable easy and efficient implementa-
tion of control driven embedded software during code-
sign.

2. Reusability: Though some reactive languages and
tools support direct hardware synthesis from high-level
specifications, new netlist will have to be generated for
every new design. REFLIX, on the other hand, can be
reused for the software component of any new embed-
ded application.

3. Better performance and code density: The proposed
extensions lead to about 5.95 times speedup com-
pared to FLIX and about 77% reduction in code size
compared to four conventional processors (FLIX, Intel
8051, Motorola 68HC11 and Altera NIOS).

1.1. Related Work

One of the trends in implementation of embedded sys-
tems, such as cell phones, medical appliances and home ap-
pliances is to rely on processors for specific applications
that better match the requirements of those applications
than general purpose processors [4]. There are several ap-
proaches suggested for customization of processors. Some
of them rely on using existing architectures, such as those
of ARM [5] or MIPS [12] or use parametrized processor
cores that are customized at the the time of their compila-
tion such as the Altera NIOS processor [1]. None of these
processors, however, support any generic mechanism of re-
activity and preemption beyond usual interrupt structures.
REFLIX, supports a novel preemption mechanism called
ABORT which is better suited to control dominated appli-
cations.

REFLIX processor core is inspired by some of the fea-
tures of Esterel language. Esterel language has been used
in the past for the generation of hardware circuits [6]. Es-
terel language is designed to capture requirements of con-
trol dominated systems at a higher level. By capturing simi-
lar features at native instruction level, REFLIX is to provide
an efficient and reusable platform for the design and imple-
mentation of control dominated embedded systems.

This paper is organized as follows: In Section 2 we
present the new instructions for native support of reactivity
and then compare this to conventional processors. In Sec-
tion 3 we present a prototype design for supporting the new
instructions. In Section 4 we present some results on com-
parison of REFLIX to other processors. The final section is
devoted to some concluding remarks.

2. Reactivity and REFLIX

Five most important features required to support con-
trol dominated reactive tasks are: Signal emission, Signal
polling, Preemption, Priority resolution and Concurrency.
REFLIX has native instruction set and architectural support
to handle a subset of these features, as presented in the next
section.

2.1. Architectural Support for Reactivity in RE-
FLIX

In this section, we introduce the main architectural fea-
tures of REFLIX processor and the main ideas that lead to
its design. For rapid prototyping, an open source processor
core called FLIX [10] was selected.

The main extensions to FLIX core are as as follows:

1. A new preemption mechanism suitable for reactivity
called ABORT for handling asynchronous events with
different priorities.

2. Variable number of input sensor and output sensor
lines: in the initial prototype we support 16 sen-
sor input lines, Sin[15..0], and 16 signal output lines
Sout[15..0]. These lines are used for immediate reac-
tion to external events.

3. Introduction of internal timers that generate user pro-
grammable time out signals. Time out signals can be
used for interaction with the environment and also can
be fed back to REFLIX core for synchronization pur-
poses.

4. An instruction set that has native support for all the re-
active features discussed in the previous section except
concurrency.

The external view of REFLIX is shown in Figure 1.

REFLIX

Din[15..0]
Dout[15..0]

Sin[15..0]

EndFU[3..0]

clk

A[15..0]

R/W

T[3..0]

IRBUS[15..0]

TIMEOUT[3..0]

Sout[15..0]

Figure 1. REFLIX: External View

2.2. Native Reactive Instructions

The instruction set architecture (ISA) of REFLIX is an
extension of the FLIX ISA [10]. The original FLIX pro-
vides basic instructions for memory reference operations,
which use direct or register addressing, register transfer op-
erations, arithmetic/logic operations, conditional and un-
conditional control transfer operations. All instructions are
16 bits and are fetched as one word from memory.

The original FLIX instruction set is appended with
new group of instructions that support reactive processing.
There are eight basic instructions in the reactive category
and they are presented in Table 1. Most of REFLIX in-
structions are only one word long, but some of the reactive
instructions require two words for immediate operand or ad-
dress information.
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Esterel Feature Instruction Syntax Length Description
Preemption ABORT signal, address 2 Words Preemption instruction. ABORT has

a body up to the instruction whose
address is indicated in the instruction
(called continuation address since
after preemption program continues
from this address). signal can be
either an external one or a TimeOut
received from internal timer.

Signal Emission EMIT signal 1 Word The specified signal is set high for
one instruction cycle.

Signal Polling SAWAIT signal 1 Word Wait until specified signal occurs in
the environment.

Delay TAWAIT delay 2 Words Wait until delay (no. of instruction
cycles) elapses.

Conditional Signal Polling CAWAIT signal1, signal2, address 2 Words Wait until either signal1 or
signal2 occur. If signal1
occurs then execute instructions
from the address following this
instruction, else from specified address.

Signal Presence PRESENT signal, address 2 Words If signal is present
next instruction is fetched
from the next consecutive address.
Otherwise, it is fetched
from the specified address.

Delay TAWAIT delay 2 Words Wait until delay (no. of instruction
cycles) elapses.

Signal Sustenance SUSTAIN signal 1 Word Specified signal is set high for ever.

Table 1. REFLIX instructions supporting reactive processing.

EMIT and SUSTAIN are instructions to generate exter-
nal signals (outputs) which can last one system tick (EMIT)
or indefinitely (SUSTAIN). SAWAIT and TAWAIT repre-
sent busy waiting mechanism on two types of events: ex-
ternal signals and time outs (generated by internal timers).
CAWAIT is a conditional polling mechanism to support
branching after delay. PRESENT instruction is like a
branch instruction where the branch condition is dependent
on external signal. Finally, ABORT is the preemption in-
struction and also can handle priority. We illustrate the in-
struction set using the following example.

2.3. Example: Pump Controller

Consider, for example, the following specification of a
simple pump controller [7]:

A pump controller is used to control the operation of a
pump inside a mine which may have high methane levels.
The pump is used to pump out water (whenever the water
level exceeds the desired level) provided the methane level
is below the desired level (RIGHT-METHANE). Whenever,
methane level goes above this desired level (NOT-RIGHT-
METHANE), the controller must stop the pump and wait
until right methane level is restored.

An implementation of this specification in REFLIX as-
sembly language is as follows:

start1:
ABORT NOT-RIGHT-METHANE, L1

#abort body
loop:

SAWAIT HIGH-WATER-LEVEL
EMIT START-PUMP
SAWAIT LOW-WATER-LEVEL
EMIT STOP-PUMP
JMP loop

#end of abort body
L1:
#handle exception

EMIT STOP-PUMP
SAWAIT RIGHT-METHANE
#return to resume normal operation
JMP start1

The pump controller is implemented in two parts: nor-
mal behavior, which is enclosed by an ABORT statement
(preemption mechanism in REFLIX), and exception behav-
ior, which is provided from the continuation address of the
ABORT (when the body of the ABORT is preempted, pro-
gram control resumes from this address). The behavior
of the ABORT body has an SAWAIT statement that sam-
ples the water level. Whenever water level is high (HIGH-
WATER-LEVEL triggers), signal START-PUMP is emitted
to start the pump. Another SAWAIT is used to check the
water level again when it reaches the low level. Then the
pump is immediately stopped using another EMIT state-
ment.

This normal behavior is continued until the enclosing
ABORT triggers (activates). ABORT activates either when
the signal NOT-RIGHT-METHANE occurs in the environ-
ment and the body has not finished execution, or when the
body terminates before this signal occurs. In this case, since
the body is an infinite loop, it never terminates and ABORT
triggers only when the signal NOT-RIGHT-METHANE oc-
curs.

When ABORT triggers, current instruction in the body is
completed and the next instruction is automatically fetched
from the continuation address provided with ABORT (L1
in our example). So whenever, NOT-RIGHT-METHANE
is detected the pump is immediately stopped (by an EMIT
statement) and the controller waits for methane level
to restore (RIGHT-METHANE is sensed using another
SAWAIT) before resuming normal operation.
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2.4. Comparison to Conventional Processors

Consider how the same behavior can be achieved using
a conventional microcontroller such as Intel 8051:

#setup interrupt vector
ORG addr
DD HighMethanLevel

#wait for high water level
start: MOV A, HIGH-WATER-LEVEL
loop1 CJNE A, Px, loop1

#water level high detected; start pump
MOV Px, START-PUMP
#wait for low water level

loop2 CJNE A, Px, loop2
#water level low detected; stop pump
MOV Px, STOP-PUMP
LJMP start

#Interrupt service routine (ISR)
HighMethaneLevel
#save registers to be used in ISR
PUSH A
#stop the pump
MOV Px, STOP-PUMP
#wait for right methane level
MOV A, RIGHT-METHANE

loop CJNE A, Px, loop
#restore registers
POP A
#before return from interrupt
#modify point of return to start
POP direct
PUSH start
#return from interrupt
RETI

In this implementation, an interrupt vector needs to be
setup for handling high methane level within the mine. The
main routine samples the water level and starts or stops the
pump appropriately. The interrupt routine stops the pump
when methane level is not right and waits until right level
is detected before returning to main program. This example
illustrates that even ignoring the initialization and context
switching overhead in 8051, which might have significant
impact for some applications, we still have 14 instructions
in 8051 (or, 17 instructions with a polling mechanism for
abort handling) compared to 9 instructions in REFLIX. RE-
FLIX code has no context switching overhead since saving
and restoring context is not a requirement of the application.

2.5. Priority

Let us now consider a slightly modified pump controller
specification as given below [7]:

A pump controller is used to control the operation of a
pump inside a mine which may have high methane levels.
The pump is used to pump out water (whenever the water
level exceeds the desired level) provided the methane level
is below the desired level (RIGHT-METHANE). Whenever,
methane level goes above this desired level (NOT-RIGHT-
METHANE), the controller must stop the pump and wait un-
til right methane level is restored. If at any time, however,
the methane level is too high (NOT-RIGHT-METHANE is
only marginally high) then the pump must be stopped im-
mediately and an ALARM must be generated. Pumping is
stopped until right methane level is restored

Note that in this specification there is a higher prior-
ity preemption condition triggered by HIGH-METHANE
over NOT-RIGHT-METHANE. Priority is implemented in
REFLIX using nesting of ABORT instructions with outer
ABORT instructions having higher priority over inner ones.
Let us consider the following implementation of this speci-
fication in REFLIX:

start:
ABORT HIGH-METHANE ADDR1

start1:
ABORT NOT-RIGHT-METHANE ADDR

#abort body
loop:

SAWAIT HIGH-WATER-LEVEL
EMIT START-PUMP
SAWAIT LOW-WATER-LEVEL
EMIT STOP-PUMP
JMP loop

#end of abort body
ADDR:
#handle exception

EMIT STOP-PUMP
SAWAIT RIGHT-METHANE
#return to resume normal operation
JMP start1

ADD1:
#handle high methane
EMIT STOP-PUMP
EMIT ALARM
SAWAIT RIGHT-METHANE
JUMP start
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Figure 2. REFLIX Data Path

In this implementation, HIGH-METHANE has higher
priority over NOT-RIGHT-METHANE. Hence, whenever
HIGH-METHANE is detected, the pumping is stopped and
alarm is generated. This example illustrates the simplicity
of priority handling in REFLIX. In a conventional proces-
sor, implementation of this would require explicit polling to
determine when the higher priority signal triggers (nested
interrupts if employed will be equally expensive as some ex-
tra overhead will have to be incorporated to force non-return
to the interrupted program). ABORT provides an elegant
mechanism to incorporate priorities in control dominated
tasks. Also, the overhead associated with context switching
is completely eliminated since this is not a requirement for
the task involved.
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3. Prototype Design

The datapath of REFLIX prototype is shown in Figure 2.
The datapath is organized around two internal buses, called
ABUS and DBUS. ABUS is used for carrying address in-
formation between internal registers while DBUS is used
for carrying data. They also enable two pairs of transfers
between two internal registers at the same time (machine
cycle). This datapath is similar to the FLIX datapath, an
open core processor [10]. Conceptual operation of the con-
trol unit of REFLIX is shown in Figure 3.

FLIX
instruction 
execution 
cycle

Fetch next instruction

1

1

JAF

Check for
non−preemptive
termination of 

ABORT
(deactivate if 

necessary)

Initialization of 
system registers, etc.

Reset

(activation)
execution
ABORT

termination
of ABORT

Preemptive 

PAEF

ABORT

1

Figure 3. REFLIX Control Unit

Upon power-up or reset, REFLIX goes through initial-
ization phase to set the initial condition of all registers. In
the execution step, priority is given to handling of preemp-
tions, which may trigger during current instruction cycle
(because of pending ABORT instructions that might trigger
now). For ABORT handling, all recorded events on moni-
tored signals during one instruction cycle will be given at-
tention in the following instruction cycle. When there is no
pending event for preemption, the control unit performs one
or both of the following actions:

1. Next instruction is fetched from memory and executed.

2. Non-preemptive termination of ABORT instruction, if
any, is performed. This happens when ABORT body
finishes execution before preemption happens.

PAEF (pending abort event flag) and JAF (joint abort
flag) shown in Figure 3 are discussed in the next section.

3.1. Abort Handling Block

ABORT instruction is introduced in REFLIX to per-
form preemption with priorities. In the current prototype,
ABORT instruction can work with up to 16 different exter-
nal input signals and up to 4 internal timer generated sig-
nals. Up to four levels of nesting of ABORTs is supported
for handling priorities. A dedicated hardware unit has been

added to facilitate the execution of ABORT instructions,
which is termed as the Abort Handling Block (AHB).

An ABORT instruction is active from the instant it is ex-
ecuted to the instant it is preempted or the ABORT body
has been fully executed. Body is preempted either when
the preemption condition happens in the environment be-
fore the body has finished execution (preemptive ABORT
termination) or if the body finishes execution before this
(non-preemptive ABORT termination).

ABORT instruction is executed through two stages,
which are supported by the AHB:

1. ABORT Activation: When an ABORT instruction is
fetched and decoded, it becomes active. The continu-
ation address and the signal involved are stored in ap-
propriate registers (called Active Abort Address Regis-
ter (AAAR) and Active Abort Signal Register (AASR)
respectively).

2. ABORT Termination: Once the designated signal oc-
curs in the environment (and provided no higher prior-
ity ABORT signal is also active), ABORT is taken and
an unconditional jump to the continuation address is
executed, or, if the continuation address is reached and
the designated signal has not occurred in the environ-
ment, ABORT is automatically terminated.

Abort Handling Block (AHB) supports nesting of
ABORT statements. The AHB contains active abort sig-
nal register (AASR) block with four 16-bit registers. These
four registers are provided to support four levels of ABORT.
Similarly, active abort address register (AAAR) has four 16-
bit registers to store the continuation address of four lev-
els of ABORT. (AAAR(0) and AASR(0) correspond to the
outer most ABORT, and AAAR(3) and AASR(3) to the in-
ner most ABORT). Each bit in a 16-bit register of AASR
indicates if the corresponding signal is active. A detailed
design of AHB and REFLIX control can be found in [11].

4. Implementation and Discussion

REFLIX has been implemented using FPLD technology
as a proof of concept prototype. The open-source VHDL
code available for FLIX in [10] was modified to introduce
the architectural extensions discussed in the previous sec-
tion. We first simulated the design using Active HDL from
ALDEC and then mapped the design to Altera FPGAs.

Since we developed a processor for control dominated
applications, we needed a set of benchmark programs to
validate the ideas. Since, no such benchmark is directly
available, we created a set of benchmark applications for
control dominated systems. These include a transmission
control protocol (TCP) transmitter and receiver, a pump
controller [7], an automatic tellering machine (ATM) con-
troller, a traffic light controller taken from the POLIS code-
sign tool [2], a lift controller and a startup benchmark [8]
which builds a segment of the cell modem startup proce-
dure.

In all these applications, we abstracted the data handling
code and only focused on the reactive code (as a result the
benchmarks are small). As our first comparison, we com-
pared the execution time for FLIX and REFLIX over the
same application programs. They are compiled and exe-
cuted for both REFLIX and FLIX. Table 2 indicates the total
number of instruction cycles for each of these benchmarks.
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Application Nesting REFLIX FLIX Speedup
TCP Transmitter 0 10 46 4.6
TCP Receiver 0 9 41 4.55

Pump Controller 2 12 83 5.92
Startup benchmark 1 23 102 4.43

ATM Machine 3 22 244 11.09
Traffic Light Controller 2 23 152 6.60

Lift Controller 0 27 116 4.14
Average 5.92

Table 2. Comparison of execution time of RE-
FLIX and FLIX.

Since the instruction cycle duration of FLIX and REFLIX
are identical, comparing the number of instruction cycles is
equivalent to the execution time. On an average, REFLIX
turns out to be 5.92 times faster than FLIX while execut-
ing these control dominated programs. This shows that an
existing processor can be modified to enable more efficient
implementation of the same control dominated application
programs.

In this section, we present some preliminary compar-
isons (number of 16-bit words) of REFLIX with three pop-
ular processors widely used for embedded applications. We
have used the same control dominated applications (Table
2), initially written in Esterel and subsequently mapped to
REFLIX, Motorola 68HC11 , Intel 8051, and NIOS (16-bit
version) processors.

Figure 4 summarizes these results. The Y-Axis indi-
cates the code size increase for each processor (for every
benchmark which appears in the X-Axis) when compared
to REFLIX (which is normalized to 1). These results show
that native reactive support produces very compact code for
control dominated applications compared to conventional
processors.

Intel 8051 supports both memory mapped and direct IO
and also has some instructions for signal polling, due to
which it has better code density compared to 68HC11 and
NIOS. REFLIX has, on an average, 77% reduction in code
size as it directly supports most features of control dom-
inated applications. The most interesting point to note is
that, 8051 and REFLIX have marginally different code size
when the levels of nested aborts are low. With increasing
levels of nesting of aborts, conventional processors require
much more instructions to handle priority and preemption.
This is highlighted by the fact that code size increase in
these processors were minimal in the TCP transmitter and
receiver benchmarks, which has no aborts but maximum
code size increase happened in the ATM benchmark, which
has 3 levels of nesting of aborts.

5. Conclusion and Future Work

Control dominated embedded applications are intrinsi-
cally reactive and require fast reaction to external events.
This paper presents a new approach to designing architec-
tures that better support control dominated embedded ap-
plications. We built a prototype processor, REFLIX, by
extending an open source processor FLIX with native sup-
port for reactivity and a new preemption mechanism called
ABORT. We then compared execution time of FLIX and
REFLIX on a set of control dominated applications and ob-
tained an average speedup of 5.92 times using REFLIX. We
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Figure 4. Code size increase for each proces-
sor compared to REFLIX.

also made memory footprint comparisons of REFLIX and a
set of conventional processors. REFLIX produced consid-
erably more compact code compared to all these processors.

Though native support for reactivity is very novel, the
proof of concept prototype (REFLIX) has several limita-
tions. Firstly, REFLIX is not pipelined and its design is
also not parametric. Secondly, we have no support for con-
current task execution in REFLIX. Finally, a set of tools to
support research on REFLIX are under development at the
moment.
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